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Aggregation response of triglyceride hydrolysis prod-

ucts in cyclohexane and triolein†

Sampsa Vierros,a Monika Österberg,∗b and Maria Sammalkorpi∗a

Here, we examine the aggregation response of a series of triglyceride-based biosurfactants in cy-
clohexane and triglyceride solvents via all-atom molecular dynamics simulations and supporting
experiments. The surfactant aggregation follows in all systems, with only minor deviations, a multi-
ple equilibrium, i.e. open association, model. Monoglyceride aggregation in cyclohexane exhibits
a critical micellization concentration, cmc, showing a cmc can exist even in a system following
open association. However, the cmc is associated with a change in balance with oligomeric and
larger aggregates in the solution, not an onset of aggregate formation. It is demonstrated that
reverse micelles can form in the absence of water stabilized by intersurfactant hydrogen bonds
alone, and that the polarity and hydrogen bonding capability of triolein systematically reduces
surfactant aggregation in comparison to cyclohexane. A comparison between CHARMM27 and
CHARMM36 simulation models reveals that while trends are preserved, the models differ in quan-
titative prediction. Finally, consolidation of the general aggregation response trends predicted by
the modelling are obtained via 7,7,8,8-tetracyanoquinodimethane dye (TCNQ) solubilization ex-
periments on the corresponding model plant oil systems. The findings provide guidelines for pre-
dicting and controlling surfactant aggregation response in organic solvents via tuning the solvent
polarity and hydrogen bonding ability, and a critical assessment of simulation and aggregation
models for surfactant systems in organic solvents.

Introduction

Reverse micellar systems formed in organic solvents by surfac-
tant self-assembly offer a highly dynamic and tuneable platform
for synthesis of nanomaterials, solubilization, and controlled ex-
traction of impurity or product species. Their polar cores pro-
vide a solubilization environment for polar molecules in the or-
ganic, nonpolar solvents. This enables, e.g. enhanced protein
separation and chemical synthesis in biotechnology1,2, and pro-
vides isolated, well-confined nanoenvironments for aqueous reac-
tions toward nanoparticle synthesis and mesostructure construc-
tion2–5. Additionally, interesting responses to additives, such as
a macroscopic phase change from a freely running solution into
a viscous organogel upon addition of a suitable primer molecule,
e.g. water, inorganic salts, or bile acids, have been reported for
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reverse micellar systems6. Systems with such structure and vis-
cosity changes could have applications in topical drug delivery
and as industrial lubricants.

In aqueous solutions, micellization is represented by a closed
equilibrium between freely dispersed surfactants S1 and micelles
of aggregation number g

gS1 ⇋ Sg (1)

This simple model leads to onset of aggregate formation, micel-
lization, at a well-defined concentration known as the critical mi-
cellization concentration (cmc) and captures quite well the aggre-
gation response in aqueous solutions. Experimentally, the onset of
micellization in water solutions shows typically as sharp changes
in solution properties, and surfactant aggregation in aqueous so-
lutions is relatively well understood since many decades ago, see
e.g. Refs. 7 and 8. In contrast, the self-assembly of surfactants
in organic, apolar solvents remains relatively poorly understood.
This is highlighted, e.g. by the discussions over the nature of
the cmc9 and the role of water in the reverse micellization pro-
cess10,11. Even the basic mechanism of aggregation remains in
many cases illusive12.

Similar to aqueous solutions, some apolar solvent surfactant
systems show sharp changes in solution properties at specific sur-
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factant concentrations9,13–15, characteristic of cmc, but more typ-
ically in apolar solvents, the aggregate formation sets on more
gradually over a range of concentration, and a transition may re-
main altogether absent, see Refs. 12,15 and 16. The low overall
aggregation numbers and continuous increase of the aggregate
size with concentration point toward stepwise growth of the ag-
gregates

S1 +S1 ⇋ S2

S1 +S2 ⇋ S3

S1 +S3 ⇋ S4

...

(2)

In this so called open association or multiple equilibrium model,
monomers S1, dimers S2, and aggregates of higher aggrega-
tion numbers Si are assumed to coexist in the solution in ther-
mal equilibrium. Aggregates grow and decrease in size by
stepwise monomer additions or removals, which leads to the
model predicting continuously varying solution properties, in ac-
cordance with experimental observations for many apolar sol-
vent/surfactant systems. However, unlike Equation 1, it does not
reproduce the sharp transition associated with a critical micelliza-
tion concentration, see Figure 1.

Experimentally establishing the mechanism of surfactant asso-
ciation in organic solvents is restricted by several practical ob-
stacles. First, the aggregate size distribution generally cannot be
measured directly but instead it must be inferred from indirect
measurements. Second, probe molecules used in certain tech-
niques, e.g. dye solubilization or labels, can influence the asso-
ciation propensity by acting as nucleation sites or by otherwise
disrupting the association14,17,18 or molecular conformations19.
Third, the presence of residual water and variations in water con-
tent in experiments make comparisons between different systems
difficult as many reverse micellar systems exhibit considerable
sensitivity to water11,20,21. Finally, impurities in especially non-
ionic surfactants can influence the system behaviour via introduc-
ing additional surface active components into the system22.

In the present work, we target clarifying surfactant association
in apolar solvent environment for a model set of surfactants con-
sisting of monopalmitin, dipalmitin, and palmitic acid – all hy-
drolysis products of tripalmitin – via detailed molecular dynam-
ics simulations, and corroborating experiments. Our model sol-
vents of choice are cyclohexane and a model plant oil, i.e. a
triglyceride solvent (triolein). Figure 2 shows the structures of
the examined solvents and surfactants. Simulations are the main
method of choice in the study because they allow complete con-
trol over the system composition and resolution down to the level
of atoms in individual surfactants. The examined surfactants have
applications as emulsifiers and structuring agents23 in food and
cosmetic industry, as well as, are an important feedstock for the
manufacturing of, e.g. biodegradable surfactants24. Particularly
this set of surfactants is chosen as it offers a convenient series
of closely related molecules with similar tails but differing head-
groups, which allows systematic probing of the effect of head-
group polarity. Cyclohexane models a generic apolar hydrocar-

Fig. 1 Schematic view of aggregate size distributions (left panels) and
the resulting concentration dependency of unimer concentration as pre-
dicted by closed association (green lines, Eq. 1) and open association
(blue lines, Eq. 2)). Dashed lines correspond to typical aqueous ag-
gregate size distribution, which the closed association model approxi-
mates. The boundary of the shaded region is set by unimer concentra-
tion equalling total concentration, i.e. the boundary shows the theoretical
maximum unimer concentration.

bon solvent, commonly used as a carrier media and solvent in
lipase catalyzed production of fatty acid esters, including mono-
glycerides and diglycerides1. Triolein is a surrogate for vegetable
oil, i.e. the natural environment of monoglycerides, diglycerides,
and free fatty acids. It also provides a slightly more polar en-
vironment than cyclohexane and enables comparison of the ag-
gregation responses between the two different solvents and also
assessing the role of solvent hydrogen bonding capability.

Experimentally, the self-assembly of monoglycerides in nonpo-
lar media has been studied extensively15,22,25–32 in various hy-
drocarbon and triglyceride solvents but only a few works address
aggregate formation of diglycerides and fatty acids21,33–35. Vapor
pressure osmometry, calorimetry, light scattering, and small an-
gle X-ray scattering (SAXS) studies indicate that small to medium
sized reverse micelles of monoglycerides form in a wide range of
hydrocarbon solvents15,22,25–29. The morphology of the aggre-
gates can be controlled through temperature, solvent structure,
and polar impurities22,26,28,36. In vegetable oils, monoglycerides
can form inverse lamellar structures30–32, which dissolve to form
an isotropic fluid-like phase at a temperature dependent on the
surfactant structure, concentration, and water content30,31. It is
unclear what type of surfactant aggregates the isotropic phase is
composed of, if any33. Contrary to monoglycerides, the aggrega-
tion of diglycerides and free fatty acids has been studied only in a
few publications, and usually over a limited concentration range:
both X-ray scattering33 and dye solubilization21,34,35 suggest that
no diglyceride nor fatty acid aggregation takes place in oil solu-
tions of up to 5 and 80 wt % of surfactant, respectively. These
molecules may still form small aggregates in the oil: the experi-
mental techniques have detection limits, or the aggregation could
take place at a higher concentration.

An overwhelming majority of computational studies of reverse
micellar systems have focused on the anionic Aerosol OT sur-
factant (sodium bis-(2-ethylhexyl)sulfosuccinate)37–47. In re-



cent years, however, there has been a surge of studies in which
other surfactants and reverse micellar systems have been consid-
ered21,48–60. Due to time-scale challenges, many of these studies
have focused on preassembled aggregates, their structure, and
the structure of confined water, while the self-assembly process
and the resulting aggregate size distribution have been character-
ized only in a very few publications, see Refs. 49,60–62.

Here, we assess the self-assembly characteristics of
monopalmitin, dipalmitin and palmitic acid in triolein and
cyclohexane in terms of hydrogen bonding ability, aggregate
radii and size distribution. We extract aggregation energetics
from the data, and investigate the nature of critical aggregation
concentration in those systems that exhibit one. We assess
critically the sensitivity of the self-assembly process to simulation
model by comparing the predictions of two different versions of
the CHARMM empirical force field, C27 and C36. As the findings
indicate some discrepancy, 7,7,8,8-tetracyanoquinodimethane
dye (TCNQ) solubilization characterization of the model plant
oil system are performed to corroborate the findings. To our
knowledge, this is the first micellization mechanism examination
in organic solvents in which such an extented and systematically
varying set of surfactants and solvents is examined. Additionally,
the effect of force field on the size distribution and aggregation
has not been explicitly addressed in prior studies of similar
systems. The findings bear significance in understanding sur-
factant aggregation in organic solvents and provide means of
engineering the response of surfactant-containing non-aqueous
solutions.

Methods

Simulations. GROMACS 5.1.2 simulation package63 with the all-
atom empirical CHARMM3664 and CHARMM2765,66 lipid force
fields were utilized for the molecular dynamics simulations. The
CHARMM models are among the leading biomolecular force fields
currently available and the two models compared in this article
differ mainly in the degree of implicit polarization built into the
partial charges of the ester moiety. Triolein molecular model was
constructed based on dioleyl phosphatidylcholine by replacing the
phosphorylcholine residue with an additional oleyl chain. The
1-palmitoyl glycerol (monopalmitin) and 1,2-dipalmitoyl glyc-
erol (dipalmitin) models were constructed from dipalmitoyl phos-
phatidylglycerol parameters. Palmitic acid was constructed based
on an acetic acid residue. The specific monopalmitin and di-
palmitin isomers used in the simulations were chosen for no par-
ticular reason. The structure of the molecules and the abbrevia-
tions used for them in this work are shown in Figure 2.

Parrinello-Rahman barostat67 (Pref = 1 bar, τP = 2 ps) and
Bussi et al. thermostat68 (Tref = 70◦C, τT = 0.5 ps) were uti-
lized for pressure and temperature control of the simulations.
The relatively high 70◦C temperature was selected to speed-up
diffusion in the apolar oil media, as well as, to ensure solubil-
ity of monopalmitin and dipalmitin. Electrostatic interactions
were treated with the smooth Particle-Mesh Ewald scheme69 (1.2

nm cutoff, ∼0.12 nm grid spacing, and 4th order interpolation).
Lennard-Jones interactions were switched to zero between 1.0

Fig. 2 Molecular structures of the surfactants and solvents utilized in this
study. The abbreviations used throughout this work are given in paren-
thesis.

nm and 1.2 nm. The recent buffered Verlet implementation was
utilized for neighbour searching70. Leap-frog integrator with a
2 fs timestep was utilized to propagate the system configuration
in time. Bonds involving hydrogens were constrained with the
LINCS71 algorithm.

The starting configurations of the simulations were constructed
by first placing the surfactant molecules in random orientations
and locations in a vacuum box. For simulations with cyclohex-
ane as the solvent, the box was filled with equilibrated bulk sol-
vent, followed by the removal of overlapping solvent molecules.
Although standard for small molecule solvents, this scheme pro-
duces poor configurations when the solvent molecules are large,
like triolein. Hence, for the simulations with triolein as the sol-
vent, the dispersed surfactants were brought into equilibrated
bulk triolein by performing a brief, 50 ps λ -coupling simulation,
in which the interactions between the surfactants and the sol-
vent molecules were smoothly turned on. To prevent numerical
instabilities from overlapping particles, soft-core interactions as
implemented in GROMACS were utilized.

Systems with up to 30 wt-% surfactant (or 200 molecules) and
(10 nm)3 in size were simulated. Production simulations were
200 ns long and the configurations were saved every 20 ps. The
presented results correspond to an average over the last 175 ns of
simulation trajectory. The 25 ns equilibration time for the systems
was determined by following the convergence of free surfactant
concentration and aggregate size distribution. Supplementary In-
formation contains the complete list of simulated system compo-
sitions and sizes, as well as, the additional equilibration details.

In the analysis, an aggregate is defined as a group of surfactants
whose polar headgroups are within a cut-off distance of 0.33 nm
from the headgroup of at least one other surfactant in the group.
The cut-off distance was determined by matching the generated
size distributions to visual analysis of a handful of representa-
tive configurations at the higher end of the studied concentration
range. Error of the size distribution was estimated based on the
standard deviation of block averages.

Theory. Let us consider a surfactant system with free surfactant
molecules S1 and surfactant aggregates Sg where g is the aggre-
gation number. In equilibrium, the chemical potential of a free
surfactant molecule µ1 is equal to the average chemical potential
of a surfactant in aggregate µg/g, i.e. gµ1 = µg, for all aggrega-



tion numbers g. This relation leads to the well-known aggregate
size distribution

cg = c
g
1

γ
g
1

γg
exp

(

−g∆µ◦

g

RT

)

(3)

Here cg is the concentration of aggregates of size g, ∆µ◦

g is the
difference in the standard chemical potentials for a free surfac-
tant and the aggregate of size g, i.e. association free energy of
aggregates of size g at infinite dilution. The activity coefficients
of free surfactant molecule and aggregates of size g are γ1 and
γg, correspondingly. As usual, R is the molar gas constant and T

temperature. In dilute solutions, the activity coefficients can be
taken as γ ≈ 1. Now, the ∆µ◦

g profile can be solved based on, for
example, the size distribution from simulations or the functional
forms resulting from established micellization thermodynamics,
such as the closed or open association models, Equations 1 and 2.

Here, the ∆µ◦

g profile is solved based on the open association
model, Equation 2; aggregate distributions from molecular mod-
elling commonly present significant statistical noise and are thus
not used directly for the ∆µ◦

g profile. The choice also simplifies the
interpretation of the findings in terms of the aggregation mode as
deviations from the open association model, if present, are di-
rectly visible.

An equilibrium constant Kg for each step in the step-wise asso-
ciation process of Equation 2 can be written as

Kg =
[Sg+1]

[S1][Sg]
=

cg+1

c1cg
. (4)

In the most simple, classical formulation, K is assumed to be equal
for all steps. A constant K leads to exponential size distribution
cg = c

g
1Kg−1. Plugging this into Equation 3 and solving for ∆µ◦

g

yields

∆µ◦

g

RT
= (g−1

−1) lnK. (5)

This solution, however, is limited due to the assumption of con-
stant K. For example, it cannot reproduce cmc as aggregates of
increasing size are always present even at low concentration. Let
us next assume that ∆µ◦

g takes the form of an open association
model but with two unique association steps after which energet-
ically equivalent steps follow, i.e.

∆µ◦

g

RT
=

{

(g−1
−1) lnK2 g < 3

−g−1 lnK2K3Kg−3 g > 3
(6)

where K2 and K3 are the dimerization and trimerization equilib-
rium constants, and K the equilibrium constant of subsequent as-
sociation steps. The equilibrium constants can be converted to
free energies of association following

∆G = RT lnK. (7)

So far, the treatment has omitted the activity coefficients γ in
Equation 3. In concentrated systems, the activity coefficients can-
not be neglected. As the concentration and size dependency of
the activity coefficients is unclear in the current system, we fol-
low the semi-empirical approach of Desplat and Care72 in which

size-dependent activity coefficients are replaced with a single av-
erage activity coefficient, i.e. γ1(ctot)≈ γg(ctot) = γ̄(ctot). The con-
centration dependence of γ̄(ctot) is approximated using the Taylor
expansion of ln γ̄ , ln γ̄ ≈ actot . Here a is a fitted constant. This
treatment has been successfully applied to regular micelles72, and
the approach can be expected to perform adequately also for the
present systems.

In fitting Equation 7 to the molecular simulations distributions,
the relation of aggregate concentrations cg and the total surfac-
tant concentration ctot is needed:

ctot =
∞

∑
g=1

gcg. (8)

In the general case, the above sum is evaluated numerically up to
a large enough g to cover the aggregates present in the solution.
Here, the optimization is done using the Powell optimization al-
gorithm, and the summation is truncated to include only the first
120 terms.

The presence of a cmc was examined via an extrapolation
scheme that mimics osmometric determination of cmc. For this,
Equation 3 is fit to the simulated size distributions to obtain the
association energy ∆µ◦

g for all aggregate sizes. The obtained ∆µ◦

g

allows aggregate size distribution to be calculated at any concen-
tration and the distribution enables deriving expectation values
for experimental observables such as the number-average aggre-
gation number Ng. A cmc shows as a break in the slope of the
Ng vs. ctot curve. The cmc was numerically determined from the
position of maximum in the second derivative of Ng with respect
to surfactant concentration (N′′

g vs. ctot).

To compare the distribution present in the simulations with the
absorption response in the experiment, a means to estimate the
absorption of TCNQ based on the aggregate size distribution is
needed. If we assume, that the dye only solubilizes inside aggre-
gates of a certain minimum size, and that at saturation the mean
number of TCNQ molecules per aggregate, n̄, is independent of
surfactant concentration, the absorbance A can be crudely esti-
mated from the size distribution as

A = εdn̄
∞

∑
g=Nmin

cg (9)

where ε is the absorptivity of TCNQ, d is the path length, and
Nmin is the minimum aggregation number for dye solubilization.
Parameters Nmin and n̄ cannot be resolved from the simulations,
and are therefore fitted to experimental absorption data. This
model presented by Equation 9 presents a direct, albeit coarse,
means of comparing the simulated size distribution with the ex-
perimentally measured absorption response.

Experiments. Food grade rapeseed oil (Euro shop-
per, Bordeaux, France), monoglyceride (Danisco, Copen-
hagen, Denmark), diglyceride (Bachem, Babendorf, Switzerland)
and 7,7,8,8-tetracyanoquinodimethane (Sigma-Aldrich, Missouri,
USA) were used without further purification. Rapeseed oil act-
ing as the solvent consisted of 97.1 wt % triglycerides, 0.6 wt %
free fatty acids and less than 0.6 ppm phosphorus. Monoglyc-
eride consisted of 97.1 % monoglycerides, 2.6 % diglycerides, 0.2



% triglycerides, and other minor impurities. The fatty acid com-
position was 36.3 wt % palmitic acid, 33.0 wt % oleic acid 8.4

wt % linoleic acid, 4.0 wt % stearic acid, as well as other minor
fatty acid components. The diglyceride was composed of 99.7 %
1,2-dipalmitoyl-rac-glycerol, 0.2 % other monoglycerides and less
than 0.1 % triglycerides.

Prior to use, all lipid material was dried. Rapeseed oil was
dried overnight at 40◦C by adding 3 % (w/w) 3 Å molecu-
lar sieves (Sigma-Aldrich). Monoglyceride and diglyceride were
dried in a vacuum desiccator at room temperature using silica
granules (Merck). Moisture contents of all the lipid material were
determined using Karl-Fisher titration (Mettler-Toledo Titrator
DL38). The moisture content of the vegetable oil was 0.015 wt-
%, while the monoglyceride and diglyceride solutions contained
0.015−0.037 wt-% and 0.015−0.12 wt-% water, respectively, with
the precise moisture content depending on surfactant concentra-
tion in the sample. Above 0.1 wt-% surfactant concentration the
moisture levels correspond to molar water-to-surfactant ratio well
smaller than one, suggesting that the systems can be considered
practically water-free31. Below 0.1 wt-% the residual moisture
in the solvent and the low surfactant concentration causes rapid
increase of the water-to-surfactant ratio.

7,7,8,8-tetracyanoquinodimethane (TCNQ) dye solubilization
technique73,74 was used to determine the critical micellization
concentration of monoglyceride and diglyceride in rapeseed oil.
The method works by detecting light absorption from surfactant-
dye charge-transfer complexes, which are postulated to form in-
side reverse micelles. Samples containing different concentra-
tions of surfactant were prepared by diluting stock solutions with
pure rapeseed oil. The TCNQ dye (1 mg / 1 g sample) was added,
followed by 5 hours of agitation (70◦C). Excess dye was sedi-
mented by centrifugation (Heraeus Megafuge 1.0) at 40◦C (the
maximum temperature of the apparatus). To prevent the sam-
ples from cooling, the centrifugation time was decreased to 5 min
and force increased to 2000 G in comparison to Kanamoto et al.
procedure74. After centrifugation, the absorbance spectra of the
supernatant was measured at 70◦C using a UV spectrophotometer
(Shimadzu UV-1800).

Results

The self-assembly occurring in solutions of monoglyceride, diglyc-
eride, and fatty acid in organic solvents is characterized by simu-
lations of monopalmitin, dipalmitin and palmitic acid at varying
concentrations in model apolar solvent (cyclohexane) and model
plant oil solvent (triolein). All examined systems show tendency
towards surfactant self-aggregation. Figure 3 shows representa-
tive snapshots of the aggregates formed in the examined systems,
their mean sizes and the principal axes lengths of ellipsoids fit-
ted to the aggregates. The aggregates formed in both triolein and
cyclohexane are highly dynamic, i.e. constantly form and break:
monopalmitin in cyclohexane is the only system forming well-
defined and persistent reverse micelles. In the other systems, the
aggregates are mainly surfactant oligomers but occasionally tran-
sient larger aggregates form, and break. Visual analysis of the
snapshots reveals that even the larger aggregates do not have a
well-shielded polar core, a traditional characteristics of a reverse

micelle, but instead are filamentous in shape or form lace-like
threads. Typically, one axis of the ellipsoid fitted to the aggregates
is much longer than the other two indicating axial elongation.

The exponential decay of the aggregate size distribution data
of Figure 4 shows that in triolein the aggregate formation fol-
lows closely the classical open association model. In triolein, the
first and second association steps deviate slightly from classical
open association model while for monopalmitin, the deviation
persists throughout the size distribution in simulations with the
C27 force field but not by using the C36 force field. The devi-
ation indicates that a population of larger monopalmitin reverse
micelles could exist in triolein, but with low aggregate concen-
tration. In comparison to triolein, in cyclohexane the distribu-
tions vary more: palmitic acid and dipalmitin exhibit an energet-
ically unique dimerization step which is followed by regular open
association response for the subsequent aggregation steps (ex-
ponential decay after clear deviation at first aggregation steps).
Monopalmitin aggregate size distribution, on the other hand, is
broad and clearly nonexponential in its decay. The response sig-
nifies that monopalmitin aggregates into well-defined reverse mi-
celles in cyclohexane.

To quantify the aggregation propensities of each surfactant
from the simulations, Figure 5 presents the calculated free sur-
factant (unimer) concentration as a function of total surfactant
concentration. The data reveals that the aggregation propensity
of the surfactants is smaller in triolein than in cyclohexane. Ad-
ditionally, the outcome of the C36 and C27 force fields disagree
to some extent. The smaller aggregation propensity in triolein
is likely due to the higher polarity and hydrogen bonding capa-
bility of triolein, and the difference in force field predictions is
discussed later in this article.

In Figure 5, the free surfactant concentration of palmitic acid
grows monotonously in both solvents with increasing total sur-
factant concentration but for monopalmitin and dipalmitin the
free surfactant concentration saturates to a constant level. Such
plateauing is characteristic to micellization rather than open as-
sociation – this observation is seemingly at odds with the size dis-
tributions following exponential decay in triolein. The discrep-
ancy could be explained by 1) nonideal effects due to, e.g. in-
teraggregate interactions, which are known to decrease the free
surfactant concentration in concentrated solutions72,75 or by 2)
weakly oligomerizing systems exhibiting cmc-like behaviour pro-
vided that the first association step is less favourable than subse-
quent association steps, as proposed based on theoretical calcula-
tions in Ref. 76. Our data contains support for both explanations:
the first aggregation step of monopalmitin and dipalmitin are typ-
ically slightly less favoured than the following steps and the ag-
gregation energies calculated based on the size distributions de-
pend on surfactant concentration – a possible sign of nonideality
(data provided in Figure S3 in Supplementary Information).

Let us next assess the presence of cmc in the systems, as de-
scribed in Methods. Table 1 lists the results of fitting Equation 3
to the simulated size distributions while Figures S5-S6 compare
the fit with the actual size distributions (see Figure 4 for a subset
of the data). Generally, the fit quality is good even for large ag-
gregation numbers and the concentration dependency in the size



Fig. 3 Simulation snapshots of monopalmitin, dipalmitin, and palmitic acid aggregates formed in triolein and cyclohexane. For each cluster, the number
above indicates the aggregation number while the three numbers below show the average semiaxis lengths of an ellipsoid matching the polar core size
(headgroups) in nanometers. Surfactant headgroups are colored green and tails blue, respectively. All snapshots are to scale (see scalebar).

distributions is accurately captured. Table 1 shows by the positive
∆G values that in triolein, surfactant aggregation is energetically
disfavoured (palmitic acid) or just barely favoured (dipalmitin
and monopalmitin) while in cyclohexane all three species present
a negative free energy of aggregation ∆G indicating preference to
aggregate.

It is worth noting that the activity factors a in Table 1, obtained
by the fit procedure show relatively large scatter in value. This
could indicate that the term also compensates for simulation re-
lated artefacts such as slightly wrong cluster cutoff or finite-size
effects in addition to correcting for nonidealities in aggregation
response. However, tests on the effect of system size and the clus-
ter size sensitivity analysis presented in SI show that neither the
cluster cutoff choice or finite size effects are particularly preva-
lent. Because the activity factors a could also be compensating for
the simulation model, no physical meaning is given to the values
of a, and instead it is treated as a generic correction parameter.

Figure 6 presents the average aggregation numbers calculated
from the simulations (symbols) and from the fitted size dis-
tributions (lines). In triolein, all examined surfactants show
monotonous growth of the average aggregate size with increas-
ing surfactant concentration, and simulated aggregate sizes fol-
low closely exponential growth. This means that no cmc can be
identified for these systems. However, in cyclohexane the aver-

age aggregate size initially grows fast but eventually reaches a
constant value with increasing surfactant concentration for di-
palmitin and palmitic acid. Monopalmitin is an exception as its
mean aggregate size first shows an initial lag period before start-
ing to increase fast with increasing concentration. Such inflec-
tion point between the slow and fast aggregate size growth re-
gions is commonly interpreted as an operational cmc, which was
determined to be 14 mM for both C27 and C36 force fields for
monopalmitin. Although the two force fields capture a virtually
identical cmc value for monopalmitin, the sharpness of the inflec-
tion point (as judged from the magnitude of N′′

g (ctot) at cmc) was
eight times higher in the simulations by the C27 in comparison
those by the C36 force field. This difference between the force
fields in the inflection point sharpness presumably reflects the
larger difference between propensity of oligomeric and micellar
aggregates in the simulations using C27 force field.

Before moving to more detailed analysis of the modelling re-
sults, it is instructive to assess if and how the transient, thread-like
aggregates predicted by the modelling manifest in real solvent
systems in experiments, and if verification for the simulational
findings can be obtained from experiments. For cyclohexane the
presence of 1-mono-olein cmc, in agreement with the observa-
tions, has been previously established15. However, as the aggre-
gation of monoglycerides and diglycerides in triolein has been
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Fig. 4 Aggregate size distributions in triolein (top panel) and cyclohex-
ane (bottom panel). Filled and open symbols correspond to data calcu-
lated using C36 and C27 force fields, respectively, while solid and dashed
lines show the corresponding fit to Equations 3 and 6. Purely exponential
decay (straight line) means open association model is valid for the sys-
tem, whereas curviness indicates micellization. For visual clarity, only the
most concentrated systems are presented. The more dilute systems fol-
low closer the exponential decay in their aggregate size distribution and
the decay becomes steeper with decreasing total surfactant concentra-
tion.

characterized in prior experimental studies only over a limited
concentration range33,34, we investigated their aggregation re-
sponse via experiments using the widely used TCNQ solubiliza-
tion method73,74. The absorbance of TCNQ, see Figure 7, with
varying amounts of dispersed monoglyceride changed abruptly at
10 wt-% (∼ 250 mM) concentration. This suggests aggregation
or some form of surfactant-dye interaction is taking place at ele-
vated concentrations of monoglyceride. We note, however, that
the samples lack the bright color change associated with TCNQ
complexes, suggesting that the change in absorbance could also
result from the intensive color of monoglyceride that affects the
absorbance at these very high concentrations. The photographs
of the experimental samples showing the colors of the samples
are presented in the Supplementary Information as Figure S4.
Diglyceride samples, on the other hand, do not show substantial
changes in the absorbance data nor in visual appearance, suggest-
ing lack of diglyceride aggregates in vegetable oils. Our previous
work21 contains data for the aggregation response of fatty acids
in the same oil system: no aggregation, even at surfactant con-
centrations as high as 80 wt% is observed. In total, the TCNQ
data on the monoglyceride and diglyceride addition can be in-
terpreted so that aggregation in the diglyceride-vegetable oil sys-
tem is insignificant over the studied concentration range but for
monoglyceride some aggregation may take place.
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Fig. 5 Free surfactant (unimer) concentration as a function of total surfac-
tant concentration in triolein (top panel) and cyclohexane (bottom panel).
Filled symbols correspond to simulation using the C36 force field and
open symbols to the C27 force field. Black, blue and green lines repre-
sent the fit of Equation 3 to the data.

If the increase in monoglyceride absorbance results from mono-
glyceride aggregation, i.e. corresponds to presence of an apparent
cmc, the monoglyceride experiments are seemingly at odds with
the simulation results in Figure 5 which suggests a lack of cmc.
However, the surfactant-TCNQ complexation takes place only in-
side reverse micelles, not in the presence of freely dispersed sur-
factants. This suggests the technique can not detect aggregates
that are smaller than some minimum detection size limit - un-
like e.g. vapor pressure osmometry. To investigate if this bias
to detect only the larger aggregates can explain the discrepancy
between the experiments and simulations, i.e. absence of abrupt
changes in the aggregate size distribution in the simulations, the
absorbance response of TCNQ was estimated from simulated size
distributions using the simplified model presented by Equation
9. Figure 7 shows the comparison of the experimentally mea-
sured absorbance, and that calculated from the simulated dis-
tribution assuming that dye solubilization (complexation) takes
place only in aggregates that are larger than 4-5 surfactants in
size. The data shows that the characteristics of the experimen-
tal absorbance data of monoglycerides can be reproduced to a
very good match from the simulated size distributions. This sug-
gests that TCNQ absorbance data which shows potentially an on-
set of aggregation can plausibly result from the TCNQ being sub-
ject to detecting aggregates larger than some limiting size while
the analysis of the simulation size distribution counts all, even
small oligomeric aggregates, and predicts a continuously evolv-
ing size distribution. This means, that the differences rise from
the method of detection, rather than from major differences in
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Fig. 6 Average aggregation numbers in triolein (top panel) and cyclohex-
ane (bottom panel) as a function of surfactant concentration calculated
from the simulations. The symbols correspond to simulated data and the
lines are the corresponding fit to Equation 3.

the underlying experimental and simulational size distributions.
Curiously, the simulated dipalmitin systems also show increas-
ing absorbance at elevated concentrations. This indicates that
the aggregation propensity of dipalmitin - particularly in the case
of the C36 force field - may be overestimated in comparison to
monopalmitin. Obviously, the approach presented by Equation
9 for deriving the expected absorbance response from the simu-
lated size distribution is rather crude here, but it demonstrates
how differing detection limits could explain the discrepancy in
the evolution of experimental absorbance data and simulational
number-average aggregation numbers.

To characterize the interactions driving the observed aggre-
gation response in the simulations, Figure 8 presents the mean
number of surfactant-solvent, surfactant-surfactant, and surfac-
tant intramolecular hydrogen bonds normalized per surfactant in
triolein and cyclohexane. Hydrogen bonding is analyzed here
as association of surfactants in oil is mainly driven by polar in-
teractions between the surfactant headgroups. In cyclohexane,
no solute-solvent hydrogen bonds are possible, but each triolein
molecule contains three ester groups that are capable of accept-
ing hydrogen bonds from hydroxyl or carboxylic acid groups of
the surfactants. The data shows that in triolein surfactant-triolein
hydrogen bonds are replaced by surfactant-surfactant hydrogen
bonds following an almost linear dependency on the surfactant
concentration. Intramolecular hydrogen bonding, on the other
hand, appears insensitive to surfactant concentration. In contrast
to this, in cyclohexane both intermolecular and intramolecular
hydrogen bonding show clearly non-linear concentration depen-
dence. This difference arises from the lower polarity of cyclohex-

Table 1 Association energies of dimerization ∆G2, trimerization ∆G3, and
subsequent steps ∆G, as well as the activity factor a, calculated based
on fitting Equation 3 to the simulated size distributions of the surfactants
palmitic acid (PA), dipalmitin (DPG), and monopalmitin (MPG) in solvents
triolein (TOG) and cyclohexane (CHX). The energies of association relate
to equilibrium constants via Equation 7.

Surf. Solv. Model ∆G2 ∆G3 ∆G a

( kJ
mol

) ( kJ
mol

) ( kJ
mol

) (M−1)
PA TOG C36 5.10 5.50 5.08 0.424
PA TOG C27 1.68 3.35 2.95 0.421
DPG TOG C36 0.09 -0.64 -1.43 0.945
DPG TOG C27 0.32 -0.70 -1.26 0.540
MPG TOG C36 -0.50 -1.39 -2.14 0.667
MPG TOG C27 -0.74 -1.84 -2.92 0.587
PA CHX C36 -12.46 -3.95 -5.17 0.177
PA CHX C27 -12.55 -4.11 -5.51 0.136
DPG CHX C36 -7.34 -7.52 -7.33 0.519
DPG CHX C27 -3.46 -4.98 -5.35 0.015
MPG CHX C36 -7.61 -8.36 -10.29 0.186
MPG CHX C27 -6.22 -8.13 -11.54 0.033
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Fig. 7 Comparison of the experimental absorbance of monoglyceride
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using Equation 9.

ane and the lack of hydrogen bonding capability of the solvent.
While the hydrogen bonding data in Figure 8 shows similar

general trends for systems described within the C27 and C36
force fields, the two models result in significantly differing pre-
diction for the absolute numbers of formed hydrogen bonds. In
triolein, the C36 force field results in 16− 144 % higher values
for the number of solvent-surfactant hydrogen bonds than the
C27 force field. Interestingly, the surfactant-surfactant hydrogen
bonding responds differently to the change of force field for the
three studied surfactants: For monopalmitin and palmitic acid,
intramolecular hydrogen bonding is reduced and surfactant ag-
gregation enhanced with the C27 force field description in com-
parison to description with the C36 force field. However, with
dipalmitin, the C36 force field reduces the number of intermolec-
ular surfactant-surfactant hydrogen bonds and increases signifi-
cantly intramolecular bonding (by 77− 79 %) in comparison to
C27 force field.

Inspection of the simulation trajectories suggests that this dif-
ference in force field response between monopalmitin and di-
palmitin is due to the hydroxyl-carbonyl group arrangement of
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dipalmitin being optimal for the formation of intramolecular hy-
drogen bonds. Additionally, the lack of a second hydroxyl group
connected to the same chain reduces the pulling and pushing the
hydrogen bonds experience which enhances their lifetime, and
proportionally also the mean number of hydrogen bonds.

Figure 9 shows the distribution of surfactant-surfactant hydro-
gen bonds formed to different types of acceptor oxygens. The
data shows that the fraction of number of hydrogen bonds formed
between hydroxyl groups and ester group oxygens and the num-
ber of hydrogen bonds between two hydroxyl groups is somewhat
sensitive to the force field employed. Specifically, C27 model pre-
dicts a higher fraction of hydroxyl-hydroxyl hydrogen bonds for
monopalmitin and dipalmitin than C36. While this difference
could result from changes in either hydroxyl or ester group pa-
rameters in the two models, the data in Figure 8 for palmitic acid
suggests that the force field dependence of the hydrogen bond-
ing, and by extension the differences in the resulting size distri-
butions in Figure 4, originate particularly from the differences in
ester group parametrization between C27 and C36. The isolation
of the cause to a single functional group, and its parametrization,
demonstrates the importance of force field validation.

Discussion

In this paper, the aggregation of monopalmitin, dipalmitin and
palmitic acid in triolein and cyclohexane solvents was exam-
ined by molecular dynamics simulations. Additionally, TCNQ
dye solubilization experiments were conducted using vegetable
oil as the solvent. In the simulations, all three surfactant species
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Fig. 9 Fraction of hydrogen bonds formed to each type of acceptor oxy-
gen in a surfactant in triolein (right) and cyclohexane (left). Solid bars
correspond to the C36 force field and patterned bars to the C27 force
field results. The data corresponds to simulations closest to 320 mM sur-
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were found to self-aggregate in both solvents but the aggregation
propensity was much weaker in triolein. The formed aggregates
in both solvents were predominantly small clusters composed of
only a few molecules, with the exception of monopalmitin form-
ing also thread-like, weak aggregates in triolein and spherical
and elongated reverse micelles in cyclohexane. The aggregate
size distributions and system response to increase in surfactant
concentration were found to match a modified open association
model. The model predicted absence of cmc for all systems ex-
cept monopalmitin in cyclohexane. In total, the findings show
that also relatively weakly polar surfactants can form reverse mi-
celles in apolar solvents without water to support the formation of
a polar core. However, for surfactant aggregation in the absence
of water, the hydrogen bonding capability of the surfactants is in
key role – a minimum of two hydrogen bonding groups (mono-
glyceride) was needed here for the emergence of larger surfactant
aggregates. The findings provide understanding on surfactant ag-
gregation in organic solvents, but also on how to choose surfac-
tants and solvents for desired aggregation response.

In the current work, only monopalmitin in cyclohexane system
formed clear aggregates and had a cmc of 14 mM based on nu-
merical fitting. Previously, Konno et al.15 have reported that the
cmc of 1-monoolein varied between 4.2 mM and 8.3 mM in the
temperature range 30− 50 ◦C. A simple extrapolation based on
these values yields an estimate of 12 mM for the cmc in 70◦C –
in reasonable agreement with our simulation estimate of 14 mM
for 1-monopalmitin considering the differences in system compo-
sition and uncertainties associated with experimental and com-
putational determination of cmc. Further confidence in the sim-
ulation results is provided by the apparent aggregation numbers
reported by Konno et al. matching closely those shown in Fig-
ure 6. The aggregation numbers of monocaprin (at 30◦C), as
reported by Debye and Coll26, are likewise in good agreement
with the current findings; however, their measured concentration
range is extremely narrow. Finally, Shrestha et al.28 investigated
monomyristin/cyclohexane system (5 wt %, 70◦C) with SAXS and
found the aggregates to be prolate ellipsoids with maximum di-
mensions of 2.8 nm. While exact comparison is difficult due to the
slightly different surfactants and because their samples contain



unknown levels of moisture, the formation of prolate aggregates
is in qualitative agreement with our results. Hence, considering
the existing literature data, both employed simulation models,
C27 and C36, seem to perform with almost quantitative accuracy
in capturing the monoglyceride/cyclohexane system aggregation
response as function of the surfactant concentration.

Even though the term cmc is used here, the aggregation re-
sponse phenomenon in the monopalmitin/cyclohexane system is
somewhat distinct from the critical micellization concentration in
aqueous systems. Namely, in aqueous systems the cmc marks the
onset of micellization yet in the organic solvents of our work large
aggregates are present in significant quantity only at concentra-
tions exceeding several times the apparent cmc. As discussed in
length by Nyrkova and Semenov76, the answer to this discrep-
ancy lies in the shape of the aggregate size distribution: The first
few association steps here are always slightly less favourable than
subsequent steps. This effectively splits the distribution into two
populations, oligomeric and micellar, which compete for domi-
nance over solution properties. At low surfactant concentration,
the contribution of the micellar population is negligible but with
increasing surfactant concentration, micelles become the domi-
nant species because of the lower energy of the micellar aggre-
gates and the greater width of the micellar population. The sharp-
ness of the resulting transition depends on the energy difference
between the oligomers and micellar aggregates, as illustrated by
the differences in C27 and C36 size distributions and aggrega-
tion numbers. This means that the apparent cmcs observed here
mark the onset of the solution properties being dominated by ag-
gregates from the micellar population; the apparent cmc in these
systems does not correspond to the onset of aggregation or for-
mation of larger reverse micelles as such.

A significant debate whether the formation of large reverse mi-
celles is possible without the presence of, at least trace amounts
of, water persists in the literature. Recently, the topic has been in-
vestigated mostly computationally – with mixed results. Atomistic
simulations of Bradley-Shaw et al.48 resulted in spontaneous for-
mation of monoolein reverse micelles in anhydrous heptane and
toluene while Khoshnood and Abbas77 suggested on the basis of
coarse-grained simulations and thermodynamic modeling that a
polar impurity is necessary for initiating aggregation. Our simu-
lation results are in line with Bradley-Shaw et al. and show that
the hydrogen bonding capacity of two hydroxyl groups is enough
to trigger the formation of large reverse micelles in cyclohexane –
even at the relatively high temperature of 70◦C. However, one
hydroxyl group in the surfactant (such as found in dipalmitin
and palmitic acid) appears to be insufficient to cause aggrega-
tion beyond oligomerization. The aggregation propensity is also
influenced by the structure and number of hydrocarbon moieties
which affect both the surfactant solubility and micelle formation
due to steric effects. Here, the aggregates were very small and
thus steric hindrance probably did not affect micelle formation.
However, no cmc was detected for palmitic acid (having one hy-
drocarbon tail) suggesting that indeed the head group structure
is the dominating factor in the examined systems. In total, the
observations suggest that nonionic surfactants with intrinsically
weak hydrogen bonding donor capabilities may require water to

initiate reverse micellization, while surfactants with sufficient hy-
drogen bonding power in the headgroup do not.

Interestingly, replacing cyclohexane with a solvent containing
hydrogen bonding sites appears to prevent the formation of large
aggregates, even for those surfactants that have two hydroxyl
groups per surfactant (monopalmitin). Actually, this mirrors the
findings of Debye and coworkers22,26 who investigated the aggre-
gation tendency and hydrogen bonding of monoglycerides in ben-
zene, carbon tetrachloride and chloroform. They found evidence
of aggregation and intermolecular hydrogen bonding in benzene
and carbon tetrachloride but not in chloroform22,26. This sug-
gests that the hydrogen bonding capabilities of the slightly polar
C-H bond in chloroform78 serve a similar role to the ester groups
in our triolein solvent. It should be noted that the surfactant ag-
gregation propensity is also slightly altered by solvents incapable
of forming hydrogen bonds26,29,48,77. This is presumably due to
differences in solvent polarity and surfactant tail - solvent mix-
ing energy. Our work in which a model organic solvent without
hydrogen bonding capability (cyclohexane) and triolein solvent
were compared systematically, however, suggests that the hydro-
gen bonding capacity of the solvent is in a key position at atten-
uating or enhancing reverse micellization in systems driven by
surfactant-to-surfactant hydrogen bonding.

We observed significant differences in, e.g. the aggregation
propensities of monopalmitin and in the hydrogen bonding pat-
terns between predictions by the C27 and C36 force fields. In
prior simulational studies of reverse micellar systems, the force
field dependency of the results has typically not been addressed
explicitly despite several reports suggesting force fields as an im-
portant factor in accuracy of reverse micellar descriptions38,54.
As discussed earlier, both the experimental literature and our own
experiments provide confidence in the simulation results. How-
ever, given the assumptions and simplifications required to com-
plete the comparison of the simulational distribution and the ex-
perimental absorbance in Figure 7, the data here and the existing
literature data do not quite enable discerning which of the two
examined models is more accurate. However, inspection of the
differences in the C27 and C36 lipid models reveals that in the
update of the older C27 force field, major changes were made
in the ester linkage. Both the partial charges and the van der
Waals parameters were modified, and the dihedrals refitted ac-
cordingly with the purpose of alleviating the underestimation of
the gel-to-liquid transition temperature of lipid bilayers in aque-
ous environment that the C27 force field is subject to64. Specifi-
cally, in C36 the hydration free energy of the ester moiety, −20.3

kJ/mol, was intentionally overestimated in comparison to exper-
imental value, −13.9 kJ/mol. This implicit polarization enables
more accurate reproduction of the lipid bilayer response in aque-
ous solvent but may not be so accurate in an organic solvent en-
vironment. Indeed, the hydrogen bonding data in Figures 8 and
9 suggests that the C36 force field favours hydrogen bonding to
ester groups which results in diminished aggregation propensity
due to solvent competition and looser micelle packing.

While implicit polarization may be necessary to capture the
response of lipids and related species in aqueous bilayers, the
old C27 force field with all its short comings may actually rep-



resent interactions in the present anhydrous and apolar systems
more accurately, as the charges are closer to unpolarized vacuum
charges. Consequently the predictions of the C27 force field in
this work are more plausible to be the ones closer to actuality in
the modelling here. While the C27 force field may still be slightly
off, the performance it demonstrates for cyclohexane in terms of
cmc, average aggregation number and aggregate shape suggests
that the predicted size distributions in triolein are at least qualita-
tively correct. We note, however, that the C36 force field might be
more appropriate for reverse micellar lipid simulations with large
amounts of water.

Conclusions

We have investigated the self-assembly behaviour of
monopalmitin, dipalmitin and palmitic acid in anhydrous
cyclohexane and triolein. The results show moderate oligomer-
ization in all systems, non-traditional thread-like aggregates
for monoglyceride in model vegetable oil (triolein), while large
reverse micelles and an apparent critical micellization concen-
tration were found for monopalmitin in cyclohexane. Contrary
to aqueous systems, the apparent cmc was found to correspond
to a smooth transition from oligomers to larger aggregates –
the finding highlights that concepts or models used in aqueous
micellization are not directly, as such, transferable to micel-
lization in organic solvents. The findings of this work suggest
that a modified open association model is a more appropriate
approach to describing the present systems, and similar systems,
than the classical open or closed association models which are
traditionally used for predicting surfactant aggregation.

Comparative simulations using CHARMM27 and CHARMM36
lipid models showed qualitative agreement but relatively large
deviations, which were traced to differences in ester group polar-
ization. In particular, CHARMM36 force field involves an implicit
polarization contribution, which enables more accurate descrip-
tion of lipid bilayers in aqueous solvent but is perhaps less accu-
rate in an organic solvent which screens much less the charges.
The presence of reverse micelles in cyclohexane but not in tri-
olein insinuate that aggregation can be switched off by introduc-
ing hydrogen bonding sites to the solvent. Additionally, the re-
sult implies that water is not strictly necessary for nonionic re-
verse micellization provided that the headgroup is sufficiently po-
lar for the solvent. The findings enable engineering surfactant-
apolar solvent systems such as emulsions and gels via the hydro-
gen bonding capability, i.e. surfactant and solvent choice, and
provide tools for improved understanding of biological surfactant
aggregation in organic media for biotechnology, drug delivery, al-
imentary uses, and chemical engineering processes.
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