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Abstract
The influence of the head group structure on the critical micelle concentration of cationic 
surfactants, mainly quaternary ammonium bromide salts with one alkyl tail, has been stud-
ied theoretically by QSPR using molecular connectivity indices and also the atomic partial 
charges. Two models obtained allow to study the effect of head group structure modifica-
tion on the value of the critical micelle concentration. The model, which contains molecu-
lar connectivity indices together with the charge localized on the central nitrogen atom, has 
a wider descriptive capability than the model which contains topological indices only. The 
present semi-empirical charge investigations of different quaternary ammonium salts show 
that the charges of the quaternary ammonium head groups are approximately the same, but 
one of the obtained models shows that the significant part of that charge, which is localized 
on the central nitrogen atom, affects the value of the critical micelle concentration.

Keywords Cationic surfactants · Head group · Critical micelle concentration · Molecular 
connectivity indices · Atomic partial charges

1 Introduction

Cationic surfactants have attracted the attention of chemists for a long time due to their 
wide application in various fields of industry and medicine. Their utility results from, 
among other things, their antimicrobial activities [1–3] and anticorrosion properties [4, 5]. 
The medical applications of cationic surfactants include their use as antimicrobial agents, 
as drug delivery agents and also as gene delivery agents. Studies of the complexing and 
transfection of DNA have been presented in recent years [6–10]. The use of cationic sur-
factants continues to increase and new surfactants are constantly synthesized. Recently, 
cationic surfactants and their critical micelle concentrations were investigated by Quantita-
tive Structure–Property Relationship (QSPR) studies [11–17].
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Many properties of the surfactants that make them so useful are due to their unique 
structure. The common feature of all the surfactants is their amphiphilic nature. They con-
tain both hydrophobic groups called tails and hydrophilic groups called heads. The tail in 
many cationic surfactants is a linear alkyl chain and the head group is a quaternary ammo-
nium group.

The architecture of the hydrophilic head group is the factor which plays an important 
role in regulating physical/chemical properties [18–20] and biological activities [21–23] 
of many cationic surfactants. It is well known that the electrostatic repulsion of the sur-
factant’s ionic head groups counteracts micelle formation but some modifications of the 
structure of the head group can reduce the electrostatic repulsion of the head groups and 
facilitate aggregation. Experimental studies [19, 20] show that variations in the surfactants’ 
head group structure influence the values of critical micelle concentration and the changes 
of the cmc values caused by structure modification can be even larger than one order of 
magnitude.

Recently, the effect of the spacer group of cationic gemini surfactants on the critical 
micelle concentration using the molecular connectivity indices has been reported [24]. This 
effect was studied using gemini surfactants with fixed alkyl chains and head groups but 
with various spacer groups. Continuing these studies, the author has decided to examine 
the effect of the head groups on the critical micelle concentration of cationic (monomeric) 
surfactants using, as in the previous paper [24], only the molecular connectivity indices and 
also a combination of the molecular connectivity indices with atomic charges.

The main aim of the present work is to find simple formulae which allow the study, in 
particular, the effect of the head group structure modifications on the value of the critical 
micelle concentration. The formulae have been derived for compounds with the same alkyl 
chains and the same counterion, but with various head groups. To the author’s best knowl-
edge, there was no paper presenting theoretical studies on the head group structure’s effect 
on the critical micelle concentration using different descriptors, in particular the topologi-
cal indices.

2  Data and Methods

To determine the influence the surfactants head group structure on the value of critical 
micelle concentration the surfactants with various head group sizes and varied hydrophilic-
ity of the head were taken into account. The data set contains 15 compounds of the training 
set (Fig. 1) and 4 compounds of the test set (Fig. 2). The compounds in the training set 
have a hexadecyl hydrocarbon tail and bromide as the counterion.

The first series of the training set (compounds 1–4) consists of compounds with quater-
nary ammonium head groups with three linear alkyl chains containing one to four carbon 
atoms attached to the nitrogen atom [20]. In the second series (compounds 5–7) the –CH3 
groups of compound 1 are successively replaced by–CH2CH2OH groups [8]. The com-
pounds of the third series (compounds 8–10) have cyclic head groups with the quaternary 
ammonium groups incorporated into rings in size from five to seven atoms [20]. The head 
group of the compound 11 is a pyridinium ring [25]. The replacement of the –OH groups 
of compounds from the second series by–OCH3 groups [19] gives the last series of the 
training set (compounds 13–15).

The test set compounds contains surfactants with primary, secondary, tertiary and qua-
ternary ammonium head groups. To compare the effect of the variation in the head group 
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Fig. 1  Structures of compounds from the training set
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structure on the values of critical micelle concentration, the experimental values of cmc, 
available in the literature, have been taken also (except compound t4) for compounds with 
a dodecyl hydrocarbon tail (R = C12H25) and bromide as counterion.

The chemical structures of the surfactants and the experimental values of cmc were 
taken from the literature [8, 19, 20, 25–27]. The experimental values of cmc of compounds 
from the training set are given in Table 1. The cmc values were measured in pure water [8, 
19, 25] or in aqueous buffer of pH = 7.0 [20]. All cmc values were measured at 25.00 °C.

Some cmc values used in the calculations, which were measured in aqueous buffer solu-
tion (0.03 mmol·L−1 Tris buffer) of pH = 7.0 [20], were compared with values obtained in 
pure water [28] and found to be good agreement. The values taken from Ref. [28] are: 1.01 
(mmol·L−1), 0.799 (mmol·L−1) and 0.585 (mmol·L−1) for compounds 1, 2 and 3, respectively.

In the figure below (Fig. 3) are presented the structures of additional surfactants, pro-
posed by the author, which will be needed in the discussion.

The Kier and Hall [29] molecular connectivity indices were calculated based on the 
graphic structural formulae of the molecules using the expression shown in Appendix A. 
The atomic partial charges were calculated using the semi-empirical molecular orbital pack-
age MOPAC 7 included in the VEGA program [30], employing the semi-empirical Hamil-
tonian PM3. The statistical calculations were performed using the program STATISTICA 
12 [31].

3  Results

The values of all descriptors for compounds from the training set are contained in Table 2.
As follows from Table  2, ten topological descriptors: five molecular connectivity 

indices from zeroth to fourth order, and five valence molecular connectivity indices also 
from zeroth to fourth order, were used in the search for the best model. In this study other 
descriptors namely the charge localized on the central nitrogen atom ( QN+ ) and the total 
head group charge ( Qtot ), were also taken into account. The total head group means the 
head group that contains α-methylene group, i.e. the first –CH2– group of the alkyl tail 
attached to the nitrogen atom.

Each formula expressing the relationship between the log10 cmc and the descriptors was 
generated using the least-squares method. The final equation was obtained using the step-
wise method. The quality of the derived formulae was tested using three statistical param-
eters: the correlation coefficient ( r ), the Fisher ratio ( F ) and the standard deviation ( s ). The 
best model was selected according to the following statistical principles: highest values of 
r and F , lowest value of s and smallest possible number of significant descriptors in the 
model. Thus, the search for the best equation was stopped on three descriptors.
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3.1  Model 1, Using Molecular Connectivity Indices

The correlation formulae which contain the molecular connectivity indices only were 
derived basing on data contained in Tables 1 and 2. In the case of Model 1 the search for 
the best equation consisted of three steps. The results of all correlations for Model 1 are 
presented in Table 3.

As follows from Table 3, the highest values of the correlation coefficients in the third 
step are for the relationships containing the 0� , 0�� , and 3�c indices and also for 0� , 0�� , 
and 3��

c
 . Because the 3�c , 3��

c
 indices highly correlate ( r = 0.997), and also the 3�c index 

encodes only information about the number of branches and their environment while the 
3��

c
 index additionally encodes the information about heteroatoms, i.e., the relationship 

which contains the 3��
c
 index is richer in structural information [29], thus the relationship 

which contains the 3�c index will be ignored in further considerations.
Thus, Model 1 is defined by the following molecular connectivity indices: the zeroth 

order molecular connectivity index ( 0� ), the zeroth order valence molecular connectivity 
index ( 0�� ) and the cluster valence molecular connectivity index of third order ( 3��

c
 ). The 

final formula for Model 1 is the following:

The plot of the experimental values of log10 cmc versus the values of log10 cmc cal-
culated using Eq.  1, along with the plot of residuals versus the experimental values of 
log10 cmc , are presented in Fig. 4.

(1)
log10 cmc = − (1.002 ± 0.325) − (0.777 ± 0.060) ⋅ 0�

+ (0.674 ± 0.062) ⋅ 0�� − (0.436 ± 0.107) ⋅ 3��
c
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3.2  Model 2 Using Molecular Connectivity Indices and Atomic Partial Charges

The correlation formulae which contain the molecular connectivity indices and the charges 
were derived based on data contained in Tables 1 and 2. The search for the best equation of 
Model 2 consists of three steps. The results of all correlations for Model 2 are presented in 
Table 4.

As shown in Table  4, two molecular connectivity indices define Model 2: the zeroth 
order molecular connectivity index ( 0� ) and the zeroth order valence molecular connectiv-
ity index ( 0�� ). The third descriptor which defines Model 2 is the charge ( QN+ ) localized 
on the central nitrogen atom. The final formula for Model 2 is the following:

The plot of the experimental values of log10 cmc versus the values of log10 cmc cal-
culated using Eq.  2, along with the plot of residuals versus the experimental values of 
log10 cmc , are presented in Fig. 5.

The values of log10 cmc calculated using Models 1 and 2 and the experimental ones 
are given in Table 5 for the compounds of the training set and in Table 6 for the test set 
compounds.

Models 1 and 2 were derived based on the training set compounds so all calcu-
lated values of log10 cmc are for compounds with the hexadecyl hydrocarbon tail and 

(2)
log10 cmc = (0.684 ± 0.584) − (0.675 ± 0.053) ⋅ 0�

+ (0.600 ± 0.056) ⋅ 0�� − (4.451 ± 0.989) ⋅ QN+

Table 3  Values of correlation coefficients in each step of Model 1

Connectivity index 0� 1� 2� 3�
c

4�
pc

0�� 1�� 2�� 3��
c

4��
pc

Step 1 0.621 0.563 0.536 0.130 0.210 0.415 0.260 0.132 0.111 0.215
Step 2 – 0.660 0.631 0.630 0.633 0.936 0.920 0.791 0.629 0.630
Step 3 – 0.961 0.939 0.974 0.938 – 0.961 0.939 0.974 0.940
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Fig. 4  Plot of the experimental log10 cmc values versus the calculated using Eq.  1 for the training set 
( r = 0.974, F = 242.104, s = 0.102), and plot of residuals versus the experimental log10 cmc values
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bromide as counterion. To compare the effect of the variation in the head group struc-
ture on the cmc value, the experimental log10 cmc values (those available in literature) 
contained in Table 6 have been taken (except for compound t4) for compounds with a 
dodecyl hydrocarbon tail (R = C12H25), but the calculated values using Models 1 and 2 
are for compounds with the hexadecyl hydrocarbon tail (R = C16H33). Table 6 contains 
also the log10 cmc value of compound 1 from the training set which will be helpful in the 
discussion.

The values of calculated log10 cmc for compounds of the additional set are given in 
Table 7.

4  Discussion

As follows from Table 5, the calculated values of log10 cmc using Models 1 and 2 are very 
close to the experimental ones. Table 6 shows that Model 1 better predicts the log10 cmc 
value of test compound t4 than Model 2, that means it may have better predictive ability. 
Perhaps this is due to the fact that the error of the additive parameter in Model 2 (Eq. 2) is 
only slightly lower than the value of the additive parameter itself, what makes that equa-
tion weaker in respect of the estimation capability. But the main aim of this work is to find 
the formula that allows to study the effect of the head group structure modifications on the 
cmc value, i.e. the formula which will show how the cmc values of cationic (monomeric) 

Table 4  Values of correlation coefficients in each step of Model 2

Descriptor 0� 1� 2� 3�
c

4�
pc

0�� 1�� 2�� 3��
c

4��
pc

QN+ Qtot

Step 1 0.621 0.563 0.536 0.130 0.210 0.415 0.260 0.132 0.111 0.215 0.450 0.118
Step 2 – 0.660 0.631 0.630 0.633 0.936 0.920 0.791 0.629 0.630 0.704 0.755
Step 3 – 0.961 0.939 0.974 0.938 – 0.961 0.939 0.974 0.940 0.978 0.957
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Fig. 5  Plot of the experimental log10 cmc values versus the calculated using Eq.  2 for the training set 
( r = 0.978, F = 284.876, s = 0.09), and plot of residuals versus the experimental log10 cmc values
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surfactants change with change in the head group structure, which means that the additive 
parameter is not so significant in these investigations and therefore Model 2 will be also 
taken into account.

An inspection of data contained in Table 5 reveals that, in agreement with the experi-
ments, as the head group size increases the critical micelle concentration decreases. The 
slight decrease in the cmc value is then when with the increase of the head group size the 
hydrophobicity of the head group chains also increases (compounds 2–4 and 8–10). The 
exceptions are compounds 1 and 2 for which the calculated values of the cmc increase a 
little when the –CH3 groups are replaced by –CH2CH3 groups. A larger decrease in the 
cmc is then when the size of the head group increases by replacing all of the –CH3 groups 
by –CH2CH2OH groups. A comparison of the head groups which contain hydrocarbon 

Table 6  Calculated and literature 
values log10 cmc of compounds 
t1–t4 from the test set and 
compound 1 from the training set

a The cmc values were determined for compounds with the dodecyl 
hydrocarbon tail

Compound Experimental log10 cmc Calculated log10 cmc

Model 1 Model 2

t4 − 3.100 [26] − 3.193 − 2.687
t1 − 1.951a [27] − 2.498 − 4.130
t2 − 1.959a [27] − 2.461 − 3.716
t3 − 1.873a [27] − 2.669 − 3.393
1 − 1.836a [27] − 3.208 − 3.172

Table 5  Calculated and literature values of log10 cmc of compounds from the training set

Compound Experimental 
log10 cmc

Calculated 
log10 cmc

Model 1

Residual Calculated 
log10 cmc

Model 2

Residual

1 − 3.041 [20] − 3.208 0.167 − 3.172 0.131
2 − 3.091 [20] − 3.095 0.003 − 3.103 0.012
3 − 3.319 [20] − 3.314 − 0.005 − 3.326 0.007
4 − 3.444 [20] − 3.533 0.090 − 3.524 0.080
5 − 3.695 [8] − 3.589 − 0.106 − 3.598 − 0.096
6 − 3.815 [8] − 3.998 0.183 –3.998 0.183
7 − 4.444 [8] − 4.431 − 0.012 − 4.461 0.017
8 − 3.081 [20] − 3.046 − 0.034 − 3.062 − 0.019
9 − 3.119 [20] − 3.120 0.001 − 3.139 0.02
10 − 3.174 [20] − 3.193 0.019 − 3.202 0.028
11 − 3.194 [25] − 3.198 0.004 − 3.158 − 0.036
12 − 3.213 [19] − 3.216 0.003 − 3.213 − 0.0001
13 − 3.692 [19] − 3.491 − 0.202 − 3.517 − 0.175
14 − 3.914 [19] − 3.802 − 0.111 − 3.791 − 0.122
15 − 4.137 [19] − 4.137 0.001 − 4.108 − 0.029
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chains and those which contain heteroatoms shows that replacement of the –CH2– group 
by –O– in the head group (compounds 4 and 15) causes a decrease the experimental and 
also the calculated using the Models 1 and 2 values of the cmc. Also, the experimental cmc 
values and those calculated using Models 1 and 2 are lower as the –CH3 group is replaced 
by an –OH group (compounds 3 and 7). As follows from Tables 5 and 7, the replacement 
the –CH2– group by a –NH– or –CH3 group by –NH2 (compounds 3 and A1, 4 and A2) 
causes a decrease the theoretical cmc values too. From the comparison of compounds 7 
with A1 and compounds 15 with A2, it follows that the replacement the –OH group by 
–NH2, or –O– by the –NH– group causes an increase the cmc values calculated using Mod-
els 1 and 2.

Comparison of the compounds with straight and branched hydrocarbon chains and the 
same number of atoms in the head group (compounds 4 and A3) shows that the branches 
cause a decrease the calculated cmc values (Tables 5 and 7). In the case of calculated cmc 
values using Model 1, this decrease is significant: 0.293 mmol·L−1 and 0.078 mmol·L−1 
for compounds 4 and A3, respectively. But in the case of cmc values calculated using 
Model 2, this decrease is slight: 0.299 mmol·L−1 and 0.285 mmol·L−1 for compounds 4 
and A3, respectively. From Tables 5 and 7 it also follows that the comparison of com-
pounds with straight and branched chains containing heteroatoms and the same number of 
atoms in the head group (compounds 15 and A4) shows that the presence of heteroatoms 
on branches, in comparison with those in straight chains, cause the decrease the calculated 
cmc values too. The comparison of the compounds A3–A5 (Table 7) shows that, similarly 
to compounds with straight chains in the head group, the replacement of the hydrophobic 
branch by a hydrophilic one, namely the –CH3 group by the –OH group, results in lower 
calculated using Models 1 and 2 values of the critical micelle concentration and, in the 
case of Model 2, the changes of cmc value are at least one order of magnitude.

An inspection of data contained in Table 6 shows also that the experimental values of 
critical micelle concentration of bromide dodecyl chain surfactants with primary, second-
ary, tertiary and quaternary ammonium head groups (compounds t1–t3, 1) increase with 
the increase of the head group order. For dodecyl chain surfactants with primary, second-
ary, tertiary and quaternary ammonium head groups the experimental cmc values are: 
11.2 mmol·L−1, 11 mmol·L−1, 13.4 mmol·L−1 and 14.6 mmol·L−1 [27]. As follows from 
Table 6, the cmc values of the hexadecyl chain surfactants (compounds t1–t3, 1) calculated 
using Model 1 at first increase a little and next decrease with further increase of the head 
group order, but by using Model 2 the changes in the calculated cmc values for these com-
pounds are in good agreement with the experimental ones.

Table 7  Calculated values 
log10 cmc of compounds from the 
additional set

Compound Calculated log10 cmc

Model 1 Model 2

A1 − 4.161 − 4.225
A2 − 3.944 − 3.870
A3 − 4.109 − 3.545
A4 − 4.932 − 4.805
A5 − 5.917 − 5.793
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Model 1 (Eq. 1) contains the zeroth order molecular connectivity index ( 0� ), the zeroth 
order valence molecular connectivity index ( 0�� ) and the cluster valence molecular con-
nectivity index of the third order ( 3��

c
 ), whereas Model 2 (Eq. 2) contains also the zeroth 

order molecular connectivity index ( 0� ) and the zeroth order valence molecular connec-
tivity index ( 0�� ) but along with the charge ( QN+ ) localized on the central nitrogen atom. 
All the molecular connectivity indices were calculated based on the hydrogen-suppressed 
graphic structural formula of the molecule. The values of the 0� and 0�� indices increase 
when the number of atoms in the head group increases but the values of the 3��

c
 index 

increase with the increase number of branches in the head group. The analysis of the vari-
ation of the values of nitrogen charges ( QN+ ) in Table 2 shows that the charge localized on 
the quaternary nitrogen atom increases with the increase of size caused by elongation of 
the hydrocarbon chains (compounds 2–4), or it decreases with the increase of the number 
of –CH2CH2OCH3 groups in the head group (compounds 13–15). For the compound with 
a pyridinium ring (compound 11) the value of the nitrogen charge ( QN+ ) differs signifi-
cantly from the others. In the remaining cases (compounds 5–7, 8–10) the increase in size 
of the head group does not cause any significant changes in the value of QN+.

The cluster valence molecular connectivity index of the third order ( 3��
c
 ) appearing in 

Model 1 represents three-bond cluster terms within the molecule and it differentiates heter-
oatoms [29]. Thus the 3��

c
 index is calculated from that part of the molecules of the training 

set which includes the quaternary nitrogen atom, and only the changes in the nearest envi-
ronment of that atom influence the value of the 3��

c
 index for most investigated compounds. 

Whereas the charge on the central nitrogen atom depends on all atoms in the head group. 
Maybe therefore the inclusion of the the nitrogen atom charge ( QN+ ) in the correlation analy-
sis gives better description capability. In general, Model 1 is very good in describing mainly 
compounds with quaternary ammonium head groups, namely those compounds which were 
used in the correlation analysis and probably the inclusion to the correlation analysis of the 
compounds from the test set could give a model a better descriptive capability.

The results obtained for cationic monomeric surfactants, the experimental and the pre-
sented theoretical are consistent with those obtained for gemini surfactants. For example, 
when the head group size of the gemini surfactants increases with successive replacement 
the methyl groups by hydroxyethyl groups, the cmc values decrease [32]. Also, when the 
hydrocarbon parts of the head group of gemini surfactants increase from methyl to butyl, 
the cmc values decrease too [33].

It is worth to note that for the training set compounds, i.e. the compounds with a qua-
ternary ammonium head group, the charges calculated on the total head group are approxi-
mately equal to 0.9 (Table 2). As was described in the “Results” section, the total head 
group means the head group which contains an α-methylene group. Recent calculations of 
the charge on the α-methylene group for different ionic surfactants show that the charge on 
that group is significant [34, 35] and often this group is hydrated [36]; this suggests that the 
α-methylene group should be considered as a part of the head group [34]. Thus, assuming 
that the α-methylene group is included in the head group, the charges of the head groups 
are about 0.9 regardless of whether that group is more or less hydrophilic, smaller or larger. 
Similar values (0.885 and 0.891) were obtained by Huibers [34] for trimethylammonium 
and pyridinium surfactants and also by Zhao et al. [35] for trimethylammonium and tripro-
pylammonium surfactants (0.893, 0.899), using also PM3 calculations. This means that 
the changes of the head group structure do not affect significantly the value of the quater-
nary ammonium head group charge, while the critical micelle concentration in some cases 
changes significantly. The values of the total head group charges ( Qtot ) included in Table 2 
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show that only for compounds 2–4 there is a slight decrease of the head group charge along 
with the increase the length of the hydrophobic head chains.

The paper [35] reported a study of the ammonium salts with methyl to butyl head chains 
( C12NMe+

3
 , C12NEt

+

3
 , C12NPr

+

3
 , C12NBu

+

3
 ) and also different alkyl tail lengths ( C10NMe3+

3
 , 

C12NMe+
3
 ). The authors of this paper noted that the cmc values change though these cati-

onics surfactants have nearly the same charge on the alkyl tail. Although the authors of 
paper [35] do not write directly about the head groups, this observation is consistent with 
results of the present work obtained for a larger number of compounds and for compounds 
with more diverse head groups. Also, in paper [35] it was suggested that, together with the 
α-methylene also the second to fifth –CH2– groups of the alkyl tail also may be considered 
as a part of the head group. In this case the values of the head group charges are of course 
larger but still they are approximately the same. Thus, also in this case, the changes in the 
head group structure do not affect significantly the charge of the quaternary ammonium 
head group.

5  Conclusions

The present theoretical QSPR study confirms the experimental results that the structure 
and nature of the head group influence the cmc value.

The presence of heteroatoms in the head group of cationic surfactants causes a decrease 
of the critical micelle concentration. Also, an increase in the number of branches in the 
head group causes a decrease of the cmc values. The –OH and –O– groups reduce the cmc 
value more than the –NH2 and –NH– groups and the –OH group more than the –O– group. 
Considering the effect of the head group on the value of the critical micelle concentra-
tion, the results obtained suggest that the most active surfactants would be those that con-
tain many –OH groups in the head group, for example the A5 compound proposed in the 
Sect. 2.

The present investigations of the atomic partial charges of the head groups show that, in 
general, the head group charges of different quaternary ammonium salts are approximately 
the same. The structures of the surfactants are different and the cmc values also differ but 
the total head group charges ( Qtot ) are approximately equal to 0.9. This means that the 
changes in the head group structure do not significantly change the charge value of the 
quaternary ammonium head group while the critical micelle concentration changes and in 
some cases even considerably.

The models obtained will be helpful in designing novel cationic surfactants that are 
more active in micelle formation.
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Appendix A

The expression for m-th order molecular connectivity index is the following [29]:

where �i is the connectivity degree, i.e. the number of non-hydrogen atoms to which the 
i-th non-hydrogen atom is bonded, m is the order of the connectivity index, k denotes the 
type of the fragment of the molecule: path (p), cluster (c) and path cluster (pc), nm is the 
number of fragments of type k and order m.

The replacement of �i by ��
i
 defined by

where Z�
i
 is the number of valence electrons in the i-th atom, hi is the number of hydrogen 

atoms connected to the i-th atom and Zi is the number of all electrons in the i-th atom, 
defines the valence molecular connectivity index m��

k
.
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