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Abstract. The surfactant shell stabilising the calcium cabonate core in overbased 
detergent additives of lubricant base oils was characterised by computational and 
experimental methods, comprising classical force-field based molecular simula-
tions and spin-probe Electron Spin Resonance spectroscopy. An atomistic model 
is proposed for the detergents micelle structure. The dynamical behaviour ob-
served during diffusion simulations of three nitroxide spin-probe molecules into 
micelle models could be correlated to their mobility as determined from ESR 
spectra analysis. The molecular mobility was found to be dependent on the 
chemical nature of the surfactants in the micelle external shell. 

1   Introduction 

The lubrication of modern internal combustion engines requires the addition of spe-
cific additives to the base oils to improve the overall performance (minimization of 
corrosion, deposits and varnish formation in the engine hot areas) [1]. Calcium sul-
phonates are the most widely used metallic detergent additives. They are produced by 
sulfonation of synthetic alkylbenzenes. The simplest member would be a neutral al-
kylbenzene sulphonate with an alkyl solubilizing group approximately C18 to C20 or 
higher to provide adequate oil solubility. In addition to metallic detergents such as the 
neutral sulphonate, modern oil formulations contain basic compounds which provide 
some detergency. Their main function, however, is to neutralize acid and to prevent 
corrosion from acid attack. It is economically advantageous to incorporate as much 
neutralizing power in the sulphonate molecule as possible: excess base in the form of 
calcium carbonate can be dispersed in micelles [2, 3] to produce the so-called over-
based sulphonates. Dispersions of calcium carbonate stabilized by calcium sulpho-
nates have been characterized [4] using different techniques: electron microscopy [5], 
ultracentrifugation [6], and neutron scattering [7]. SAXS results show that overbased 
calcium sulphonates appear as polydisperse micelles having an average calcium car-
bonate core radius of 2.0 nm with a standard deviation of 0.4 nm [8]. The overbased 
calcium sulphonates form reverse micelles in oil, consisting of amorphous calcium 
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carbonate nanoparticles surrounded by sulphonate surfactants. The polar heads (sul-
phonate) are attached to the metal core, while the hydrocarbon tails of hydrophobic 
nature stabilize the colloidal particle in the non-polar oil medium. Coupling three sur-
face analyses techniques (XPS, XANES and ToF-SIMS) it was observed that there is 
a presence of some residual calcium hydroxide in the micellar core which is located 
prevalently at the surroundings of the micelle core [9]. ToF-SIMS shows that the mo-
lecular structures of detergent molecules are in good agreement with micelles synthe-
sis data; little is still known on surfactant shell physical nature. 

The compactness of the surfactant shells could play an important role to prevent 
negative consequences due to the interaction of carbonate core with other additives 
used in oil formulation or with water molecules. Such interactions cause the calcium 
carbonate separation by precipitation. In this study the molecular dynamics within the 
surfactant shell was probed in a combined computational and experimental approach 
by a small nitroxide such as TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) and two 
nitroxide-labelled fatty acids (5- and 16-doxyl-stearic acids). In fact, nitroxides are 
known to exhibit ESR spectra that depend on the mobility of the spin-probe and the 
micro-viscosity of the probe environment. They have been used to evaluate the micro-
structure of the absorbed layer of surfactants and polymers at the solid-liquid interface 
[10-14] and also inside composite polymers [15, 16]. 

Detailed three-dimensional models were previously proposed for small overbased 
micelles containing various classes of surfactants [17-21]. Experimental measure-
ments collected in our laboratory (data not shown) pointed to a couple of important 
micelle features: a flat disk shape for the inner core and a tightly packed outer shell. 
The core is mainly composed of amorphous calcium carbonate and it is surrounded by 
a distribution of surfactant molecules, arranged as a single layer with polar groups 
contacting the core surface. The diffusion of TEMPO and labelled fatty acids through 
the overbased micelle surfactant shell was simulated by a classical molecular mechan-
ics methodology. The force-field based simulations protocols were applied to detailed 
atomistic models, which were built limited to the central portion of the micelle struc-
ture and contain all its essential features. The slow molecular motions of the stable 
surfactant layer around the rigid inorganic core could be reproduced by performing 
molecular dynamics calculations. Furthermore, the movements of the nitroxide spin-
probes were studied by an approach combining forced diffusion and constraint-free 
molecular dynamics. Stable locations of such small molecules could be defined for 
each micelle model under investigation. 

It is assumed that the polar head groups of the probe molecules (nitroxide for 
TEMPO and carboxylic for fatty acids) tend to be placed on the surface of the calcium 
carbonate cores. ESR spectra give information about the viscosity of the local envi-
ronment at different distances from carbonate surface (at the boundary for TEMPO, 
while at 5- and 16- carbon positions for the two spin-labelled fatty acids). In our labo-
ratory different surfactant molecules were used in the synthesis of overbased deter-
gents with high calcium carbonate content, expressed as Total Base Number (the 
amount of soluble colloidal carbonate and of metal oxide and hydroxide, measured as 
equivalent milligrams of KOH per gram of sample [22]). Three overbased detergents 
with TBN=300 and a mixture of mono- and di-alkyl-benzene-sulphonate were  
analyzed. 
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2   Experimental Methods 

An approach combining computer graphics and atomistic simulations [17, 19]  
produced a detailed model for the central portion of the overbased micelle structure. 
The essential model features (thickness and internal structure of the core, concentra-
tion and location of excess hydroxide ions, density and molecular arrangement of the 
shell) were inferred from analytical determinations performed on the detergent mi-
celles that were produced in our laboratories (data not shown). Different relative con-
centrations of the surfactants were used to build the external shell of three micelle 
models, referred to as model a, b, c throughout this paper. The starting molecular and 
ionic building blocks were selected and manually manipulated within the InsightII 
[23] graphical interface in order to set up initial atomic distributions. A partial micelle 
model was built as an inorganic slab surrounded by two surfactant layers, one on top 
of each of its largest surfaces. Three-dimensional periodic boundary conditions were 
constantly applied during simulations in order to avoid model truncation effects. 
Atomic parameters were assigned from the pcff force field [24]. Afterwards an amor-
phous calcium carbonate core (with a small concentration of hydroxide ions) and a 
tight surfactant shell were generated by applying stepwise Monte Carlo docking and 
molecular dynamics [25] to limited portions of the micelle models. These simulations 
were performed by using InsightII and Discover [23], respectively. Along this part of 
the model building process, the uninvolved atoms were kept frozen. Nitroxide spin-
probes were then added to the system assembly, after subjecting the obtained micelle 
models to extensive energy relaxation. The starting configurations contain a small 
cluster of spin-probe molecules, packed in a single layer contacting the micelle sur-
factant shell. Respectively, 14 molecules of TEMPO, 6 of 5-doxyl-stearic acid and 6 
of 16-doxyl-stearic acid were used. The forced diffusion procedure available within 
InsightII [23] was carefully tailored to suit the overbased micelle model features. Its 
application followed the thorough energy minimisation of each one of the starting 
system configurations. Since the molecular motions within tightly packed assemblies 
are very slow, they were accelerated by adding a directional force for a very short 
time period at the beginning of the simulations, with the effect of gently pushing the 
nitroxide spin-probes toward the micelle core. In this way the extremely long process 
of generating spontaneous but unfrequent diffusion pathways could be avoided and 
the simulations were concentrated on the more interesting task of studying the small 
molecule motions throughout the micelle surfactant shell. The potential energy of the 
system and the relative distances between the nitroxide groups of the spin-probes and 
the micelle core center were derived by analysing the trajectories collected during the 
following free molecular dynamics simulations. These values were finally compared 
to the results from equivalent simulations, performed without the previous application 
of the forced diffusion protocol and used as a reference (non-diffusive) state. 

All spin-probe molecules (Aldrich Chemie) were diluted at 0.3 mM concentration 
into a mixture of SN150/SN500 (produced by ENI according to ASTM standard 
specification) lubricant bases (2/1 by weight). The overbased detergents were dis-
solved (at 30% by weight) into the spin-probe/lubricant solutions. The ESR spectra 
were collected with a Bruker ESP 300E spectrometer conditioned at a temperature  
of 50°C. 
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3   Results 

The diffusion pathways of TEMPO and of 5- and 16- spin-probe labelled stearic acids 
were followed and compared in the three model-built partial micelles (identified as a, 
b, c) with share an identical inorganic core but differ by the molecular distribution of 
surfactants in the external shell. 
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Fig. 1. Plot (left): -Δdistance (Å) vs ΔEpotential (kcal·mol-1) from the simulation of TEMPO into 
micelle models a (grey), b (blue), c (magenta). Pictures (right): simulation boxes with 14 mole-
cules (orange, Van der Waals) diffused into models a (green), b (yellow), c (cyan), composed 
of inorganic core (Van der Waals) and surfactant layers (ball and stick). 

The force constant application produced diffusive pathways during dynamics tra-
jectories (Fig. 1) for the micelle models containing TEMPO. The average penetration 
depth of the TEMPO nitroxide group into the micelle model is shortest and most en-
ergetically unfavourable (Fig. 1, left) within model a, while the results are slightly 
better with model b and at their best within model c. The potential energy cost payed 
for the production of TEMPO diffusive pathways appears high and generally increas-
ing with the force constant value. For fast comparison among the micelle models only 
very short trajectories were analysed. Further, longer molecular dynamics simulations 
(data not shown) completely release all strain accumulated during the first part of the  
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Fig. 2. Plot (left): -Δdistance (Å) vs ΔEpotential (kcal·mol-1) from the simulation of 5-doxyl-
stearic acid into micelle models a (grey), b (blue), c (magenta). Pictures (right): simulation 
boxes with 6 molecules (orange, Van der Waals) diffused into models a (green), b (yellow), c 
(cyan), composed of inorganic core (Van der Waals) and surfactant layers (ball and stick). 
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diffusive process, while the final configurations do not differ significantly. One of the 
final, energetically relaxed TEMPO diffusion configurations is depicted for each of 
the three models a, b, c (Fig. 1, right). While most spin-probe molecules are located 
into the surfactant shell, only a few of them can get in contact with the carbonate core. 

These results can be compared to the dynamic behaviour of 5-doxyl-stearic acid 
(Fig. 2). The average equilibrium penetration depth towards the micelle core (Fig. 2, 
left) is similar to what observed with TEMPO, but the generally lower potential  
energy cost reveals an easier diffusion through the surfactant shell. Anyway the struc-
ture of the two spin-probes is different: the stearic acid bears a nitroxide group later-
ally grafted to its long tail, therefore the reported distances from the micelle core  
(Fig. 2) apply to a longer molecule than in the case of TEMPO (Fig. 1). However, the 
order of spin-probe diffusion efficiencies through the three micelle models is again 
found as: a < b < c. Three of the resulting relaxed configurations are reported (Fig. 2, 
right). Differently from TEMPO, only a small fraction of the labelled stearic acid 
molecules is able to reach a deep location into the surfactant shell. 
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Fig. 3. Plot (left): -Δdistance (Å) vs ΔEpotential (kcal·mol-1) from the simulation of 16-doxyl-
stearic acid into micelle models a (grey), b (blue), c (magenta). Pictures (right): simulation 
boxes with 6 molecules (orange, Van der Waals) diffused into models a (green), b (yellow), c 
(cyan), composed of inorganic core (Van der Waals) and surfactant layers (ball and stick). 

Comparable results were obtained from the analysis of the 16-doxyl-stearic acid 
dynamics trajectories (Fig. 3). The average equilibrium penetration depth (Fig. 3, left) 
plotted against the potential energy cost still reveals some differences: model c is 
slightly favoured over b, and this last over a. Limited penetration into the surfactant 
shell is generally observed, compared to 5-doxyl-stearic acid. This can be attributed to 
the nitroxide group location further away from the the spin-probe polar head in the 
16-doxyl-stearic acid. Three energetically relaxed configurations, resulting from the 
interaction of a cluster of 16-doxyl-stearic acid with models a, b, c, are reported  
(Fig. 3, right). As previously evidenced, the penetration of the surfactant shell by 
these spin-probe molecules is limited and they do not get in close contact with the 
core surface, differently from what happens with TEMPO. 

The ESR spectra recorded for spin-probe molecules in solutions containing over-
based micelles a, b and c are presented in Fig. 4, 5, and 6. Frequently such spectra 
show the superimposition of two components, an isotropic triplet produced by freely 
moving molecules and an anisotropic feature typical of a species located in a rigid  
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environment. The characteristic shape of that anisotropic signal originates from the 
rotation of cylindrical molecules. In the adopted conditions 2A// hyperfine parallel 
coupling could be measured on most recorded spectra; its values are reported on  
Table 1. 

 

Fig. 4. ESR spectra of a solution of TEMPO in base lubricant oil containing, respectively, 
overbased micelles a (top), b (middle), c (bottom) 

The results obtained with TEMPO (Fig. 4) clearly show the two components de-
scribed above. The 2A// values (Table 1) for the three overbased micelles are quite simi-
lar to each other, though a somewhat lower rigidity is suggested for model a (Fig. 4, 
top). The aspect of ESR spectrum for model b (Fig. 4, middle) is dominated by the iso-
tropic signal, revealing a lower population of the anisotropic species, compared to the 
other two overbased micelle solutions. 

 

Fig. 5. ESR spectra of a solution of 5-doxyl-stearic acid in base lubricant oil containing, respec-
tively, overbased micelles a (top), b (middle), c (bottom) 

The 2A// values (Table 1) measured for 5-doxyl-stearic acid (Fig. 5) reveal a less 
rigid environment around the nitroxide group, as compared to TEMPO. This is 
slightly more evident for models b and c (Fig. 5, middle and bottom). 

 

Fig. 6. ESR spectra of a solution of 16-doxyl-stearic acid in base lubricant oil containing, re-
spectively, overbased micelles a (top), b (middle), c (bottom) 
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With the 16-labelled stearic acid spin-probe (Fig. 6) a 2A// value could be meas-
ured (Table 1) only in the spectrum recorded for micelle a (Fig. 6, top), whereas in the 
other cases no hyperfine coupling could be detected by the peak analysis. 

Table 1. Hyperfine parallel coupling 2A// values measured from the ESR spectra of overbased 
micelle solutions with three different spin-probes 

Spin-Probe TEMPO 5-doxyl- stearic acid 16-doxyl-stearic acid 
micelle a 72.9 66.3 69 
micelle b 74.5 64.5  
micelle c 74.1 63.5  

The differences in mobility observed by comparing the ESR spin probe spectra 
mainly ensued from their diverse spin-label distances from the micelle core polar sur-
face. The carboxyl group of both labelled fatty acids was strongly attracted but could 
not reach it through the surfactant shell. On the contrary TEMPO was able to pene-
trate deeply and produced the highest 2A// values. The larger coupling value for 5-
doxyl spin probe in micelle a is due to peculiar alkyl chain features of that surfactant 
shell. This effect is observed only with labelled fatty acids and is put into greater evi-
dence when the nitroxide sits at a long distance from the micelle core as in 16-doxyl-
stearic acid: the 2A// value is higher than for 5-doxyl-stearic acid in micelle a, while 
in micelles b and c the mobility is comparable to that of a free molecule in solution. 

4   Discussion 

The development of new generations of surfactants for lubricant oil additives requires 
an accurate characterisation of the reverse micelle structure of the overbased deter-
gents [26]. In this study a combination of experimental and computational results 
helped defining a correlation between the chemical nature of the stabilising surfactant 
shell and the environmental rigidity imposed upon diffusing small molecules. The 
surfactant shell compactness, responsible for the remarkable stabilisation of the 
strongly basic micelle core in a non-polar environment, can be reasonably distin-
guished from shell viscosity. The first property is commonly attributed to a tight 
packing of surfactant aromatic moieties [19, 21], while the second is mainly influ-
enced by the molecular features of their alkyl chains. The ESR spectra analysis con-
tributed a quantitative measurement of the micelle shell viscosity, revealing a subtle 
modulation of the mobility experienced by spin-probe molecules in different locations 
throughout the surfactant shell. The spin-probes diffusion was found to depend on 
both their molecular shape and the polar groups location along the structure. The mo-
lecular dynamics simulations of such process provided a pictorial description of the 
surfactant shell viscosity effects on diffusion. Moreover, its distance dependence from 
the micelle core was quantitatively confirmed. Small molecules like TEMPO were 
able to penetrate into a highly rigid environment next to the core surface, while la-
belled fatty acids were shown to fill the available room among surfactant alkyl chains, 
further away from the core. Compared with TEMPO, the nitroxide grafted next to the 
fatty acid polar group (5-doxyl-stearic acid) experienced higher mobility. When  
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attached to the apolar end (16-doxyl-stearic acid) molecular freedom was found as 
high as in solution and an environmnetal rigidity effect was revealed only by the pe-
culiar surfactant shell structure of micelle a. In conclusion, the previously defined 
structural features of overbased reverse micelles [2, 17-21, 26] have been further  
detailed by this study, in view of developing improved performances as detergent  
additives of lubricant base oils. 
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