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Abstract. The focus of this work is on aggregation and micellization in a lattice
model for nonionic surfactants. Formation of micellar aggregates as a function of
temperature and surfactant chemical potential was studied by histogram reweight-
ing grand canonical Monte Carlo simulations. Two different sets of site-site inter-
actions were utilized. The critical micellar concentration (CMC) was determined
from the equation of state obtained from simulations in small systems. Results were
obtained for the micellar size distributions. The introduction of effective repulsive
site-site interactions between nearest-neighbour head-head and head-tail groups, in
addition to the attractive tail-tail segmental interactions considered in earlier inves-
tigations, was shown to cause a significant decrease in the CMC. It was also found
to attenuate the dependence of micellar size on surfactant chemical potential. The
observed dependence of the CMC on temperature for the present model disagrees
with experimental results for the n-alkyl m-ethoxyl series of surfactants in water.
This is attributable to the failure of the model to take into account the (entropic)
hydrophobic effect important for amphiphilic aggregation in aqueous solutions.

1 Introduction

The formation of self-assembled aggregates in aqueous solutions of amphi-
philes has been investigated using experimental and theoretical methods [1-
4], and, more recently, computer simulation studies [5-9]. As the surfactant
concentration is increased at a fixed temperature, various macroscopic prop-
erties of the solution, e.g. the electrical conductivity or osmotic pressure,
show abrupt changes in their dependence on surfactant concentration [3].
These changes are associated with the formation of mesoscopically ordered
amphiphilic aggregates, which may be of spherical, cylindrical, or lamellar
architecture. The overall surfactant concentration at which such aggregates
first form is defined as the critical micellar concentration (CMC). The CMC
generally depends on temperature, surfactant architecture and the presence
of additional components in solution. For overall surfactant concentrations
above the CMC, the concentration of free (monomeric) amphiphiles in the
bulk is observed to be relatively constant, and the added surfactant leads
to an increase in the number or size of the micellar aggregates. Formation
of mesoscopically ordered microphases has been studied extensively for the
case of relatively high molecular weight diblock copolymer systems [10]. Such
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systems may be regarded as amphiphiles with a large degree of polymeriza-
tion and exhibit very rich phase behavior at temperatures low enough that
the incompatibility between the segments in the individual blocks leads to
microphase separation [12].

In recent years, several computer simulation based studies have examined
the aggregation process for amphiphiles of lower molecular weight (compared
to block copolymeric systems) for surfactant molecules having both linear as
well as “gemini” architectures. The pioneering studies in this context were
initiated by R.G. Larson [13], who examined equilibria between surfactant mi-
crophases at relatively low temperatures and high surfactant volume fractions
using lattice Monte Carlo simulations performed in the canonical (constant
NVT) ensemble for model molecules with short-ranged nearest-neighbor in-
teractions. More recently, the greater flexibility of the grand canonical en-
semble (constant uV'T' conditions) together with histogram reweighting tech-
niques have been employed in the low (near CMC) surfactant concentration
regime to investigate the onset of micellization and the dependence of the
CMC on temperature [9]. These studies have focussed primarily on model
amphiphilic molecules of symmetric architecture, and a single fixed choice
of the microscopic interactions describing head-head, head-tail, and tail-tail
interactions has been employed. The present study explores a situation in
which the model surfactant molecule may be of asymmetric structure, re-
flecting the relative volumes of head and tail group segments of real ex-
perimental hydrophobic and hydrophilic moieties, and also investigates in
a preliminary manner the effects of using a different choice of microscopic
interaction strengths.

2 Models and Methods

The model studied consists of linear amphiphile molecules, each occupying a
set of connected sites on a simple cubic lattice. All vacant sites, i.e., those that
are not occupied by either hydrophilic head (H) or hydrophobic tail (T) sites,
are considered to be occupied by structureless solvent particles. The specific
amphiphilic molecule we investigate in this study has the structure HgyT§; if
we identify each lattice site as having a volume of approximately = 60;13,
this structure has head and tail group volumes which correspond roughly to
those of the hydrophilic and hydrophobic portions of the nonionic n-dodecyl
octaoxyethylene glycol ether surfactant C»Eg, the aggregation of which has
been extensively investigated experimentally under aqueous conditions [14].

Two sets of site-site interaction sets were studied; in both cases, the only
interactions assumed to be present (besides excluded volume) were between
nearest-neighbor head-head (HH), head-tail (HT), and tail-tail (TT) con-
tacts, where the set of nearest-neighbours of a given site refers to the 26 loca-
tions given by the relative vectors (1,0,0), (1,1,0), (1,1,1), and their symmetry-
equivalent analogues. Periodic boundary conditions are employed in all direc-
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tions. The first interaction set employed in this work (denoted I1) corresponds
to the choice used in earlier work on related models for other, shorter, am-
phiphile chains, and specifies the pairwise additive thermal interactions as
being [0,0,-1.3333] for the HH, HT, and TT interactions, respectively. In-
teraction set I1 thus includes only attractive tail-tail interactions; the only
head-head and head-tail interactions present are purely of the excluded vol-
ume type, as only a single mer is permitted to occupy a given lattice site. The
specific value for the TT attractive interaction used in this work was chosen
to maintain equality of the thermal chi-parameter on a per-amphiphile basis
with earlier work on surfactants with the H4T, architecture, which had em-
ployed the interaction set [0,0,-2]. This form (I1) of interaction set was used
in previous simulation studies of amphiphilic aggregation, as well as in the
initial work by R. Larson which focussed on ordered mesophases which occur
at high (liquid-like) amphiphilic volume fractions. The second interaction set
we study (denoted 12) has HH, HT, and TT nearest-neighbor interactions
given by [+2,+1,-2], respectively; as for the I1 set, positive/negative interac-
tion energies correspond to repulsive/attractive interactions. Interaction set
I2 thus includes repulsive HH and HT interactions over and above the ex-
cluded volume restriction. The temperature scale is in both cases set by the
energy units employed in the interaction sets.

We performed Monte Carlo (MC) simulations of the one-component am-
phiphile system in the grand ensemble. The move types employed include
insertion and removal of chains, chain conformational renewal by reptation
moves, and also translational moves of connected amphiphile “clusters”. The
insertion/removal of chains was performed using the athermal configuration-
bias technique to permit chain insertions without overlapping with pre-exist-
ing occupied sites. Amphiphile “clusters” are identified as sets of chains such
that every included chain shares in at least one nearest-neighbor TT inter-
chain contact with another (distinct) chain contained in the same cluster.
We typically employed 50 % transfer (chain insertion or removal), 49.9 %
reptation-type, and 0.1 % cluster moves in the course of a run; the moves re-
sulting in displacement of a connected cluster are computationally relatively
expensive, and hence attempted infrequently. Systems were equilibrated at
each temperature and chemical potential over a period of 10 — 30 x 10® MC
steps, followed by collection of data over a subsequent period of 30 — 50 x 106
steps. Simulation runs were performed at a series of different temperatures
and chemical potential (u) for each interaction set; histograms of the frequen-
cies of occurrence of total amphiphile numbers and total system energy were
combined and re-weighted to obtain estimates of the grand partition func-
tion, and hence the compressibility factor, as functions of the temperature
and imposed chemical potential:

PV
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where = is the grand canonical partition function. As has been pointed out
previously [9], significant hysteresis effects exist at low enough temperatures,
with the state of aggregation (micellized or dispersed) and number of micelles
observed being roughly constant over an entire run.

From the combined histograms, we determined the volume fraction oc-
cupied by amphiphiles and the compressibility factor as functions of the
chemical potential. The same calculation allows determination of the com-
pressibility factor as a function of amphiphile volume fraction at a given
temperature. Simulation runs were performed for each temperature at a low
enough chemical potential that the ideal gas behavior was recovered explicitly
for low enough amphiphile volume fractions. At sufficiently low temperatures
(as discussed in greater detail subsequently), the ideal gas behavior breaks
down as the amphiphile volume fraction is raised, giving way to a weaker but
still demonstrably linear growth in the pressure with equilibrium amphiphile
volume fraction. This weaker growth in pressure with amphiphile volume
fraction is due to the incipient aggregation into micellar clusters, which leads
to a net decrease in the number of independent kinetic entities in the simu-
lation box relative to the scenario in which all the amphiphiles are dispersed
and unclustered. At high enough volume fractions of amphiphile, this sec-
ond linear regime for the growth of the pressure eventually breaks down.
The amphiphile volume fraction at the crossover between ideal gas behav-
ior and the weaker, but still linear, pressure growth regime is determined by
the intersection of piecewise linear fits to the pressure-volume fraction curves
in both regimes; this concentration is employed as an operational estimate
of the temperature-dependent CMC for our model system. Examples of the
dependence of the compressibility factor on amphiphile volume fraction and
temperature are shown in Fig. 1.

As discussed in more detail in the following section, our model exhibits a
clearly identifiable CMC-like concentration only if the temperature is below
a certain critical upper bound. As the temperature rises, the slope of the
pressure-volume fraction curve in the secondary linear regime becomes larger,
and eventually it becomes difficult to clearly distinguish this from the ideal
gas regime. The present work regards an acceptably clear demarcation of the
CMC as being possible so long as the slope of the pressure in this secondary
concentration regime is no larger than 0.1. As mentioned in the Introduction,
it is to be noted that precise location of the CMC depends on the property
whose dependence on surfactant concentration is used to characterize the
aggregation process (for polydisperse aggregates). Use of a metric other than
the osmotic pressure may thus lead to a slight change in the CMC location
even within the present model, but its dependence on temperature and choice
of interaction set is not expected to be affected.

The following section presents results for the temperature dependence of
the observed CMC for the I1 and I2 interaction sets, and for the enthalpic
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Fig.1. The quantity 15P/ksT as a function of the amphiphile volume fraction,
¢, for HoTs chains. The triangles show results for the I1 interaction set at T = 6
(upper) and T' = 5 (lower); the crosses show results for the I2 interaction set at
T = 6.5. The straight line segments at low amphiphile volume fraction correspond
to ideal gas behaviour, while at higher volume fractions, the best linear fit to the
secondary regime where P increases linearly with ¢ is shown.

and entropic contributions to the free energy of micellization. Results for the
micellar sizes, size distributions and radii of gyration are also presented.

3 Results

3.1 Critical Micelle Concentration (CMC)

GCMC simulation results for the CMC at various temperatures for the I1
interaction set, in which the amphiphiles were placed on a 30x30x30 sized
simulation cell, are presented in Table 1; corresponding results for the 12
interaction set, also obtained for a 30x30x30 sized cell, are shown in Table 2.

The results in Tables 1 and 2 show that: (i) for both interaction sets
I1 and I2, the CMC concentration increases with increasing temperature,
and (ii) that the absolute values of ¢, are significantly reduced for the
I2 interaction set as compared to values obtained using the interaction set
I1. The observed increase in ¢, with increasing temperature in our model
is qualitatively consistent with the experimental trend found for non-ionic
surfactants of the n-alkyl m-oxyethylene form in weakly polar solvents, e.g.,
formaldehyde, and for a- monoolein in nonpolar solvents like benzene or
cyclohexane [15]. However, this is inconsistent and of opposite nature to what
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Table 1. Amphiphile volume fractions (¢cme) and chemical potentials (peme) at
the CMC for interaction set I1 as a function of temperature T; also shown is the
slope s of the compressibility factor as a function of amphiphile volume fraction in
the secondary linear regime with amphiphile concentrations just above the CMC.

T ¢cmc Heme S

5 0.00193 -44.2 0.028
5.5 0.00626 -42.1 0.049
5.6 0.00758 -41.7 0.063
5.7 0.00906 -41.4 0.075
5.8 0.0108 -41 0.087
5.9 0.0127 -40.7 0.104
6 0.0149 -40.4 0.123
6.5 0.0312 -38.8 0.207

Table 2. Amphiphile volume fractions ¢cme and chemical potentials piemc at the
CMC for interaction set 12 as a function of temperature T; also shown is the slope
s of the compressibility factor as a function of amphiphile volume fraction in the
secondary linear regime with amphiphile concentrations just above the CMC.

T  ¢eme feme S

5.5 0.00030 -50.8 0.035
6 0.00098 -48.2 0.057
6.5 0.0026 -45.7 0.086
6.6 0.0032 -45.2 0.093
6.7 0.0037 -44.8 0.107
6.8 0.0043 -44.3 0.123
6.9 0.0060 -43.9 0.134
7 0.0056  -43.6 0.177
7.5 0.0118 -40.9 0.256

is found experimentally for surfactant molecules of the n-alkyl m-ethoxyl
family in aqueous solutions, for which the CMC is known to decrease with
increasing temperature [14]. The reason for this qualitative inconsistency with
the experimentally observed behavior of non-ionic surfactants of the C, E,,
family in water becomes clearer upon performing straight-line fits to the
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logarithm of @¢me versus 1/T, the slopes and intercepts of these fits yielding
the enthalpy and entropy of micellization:

6Gmic 6Hmic 6Smic

1 cme) = = - ) 2
n(Geme) T T . (2)

where 6Gic, 0 Hpic, and 0.5,,;. are the standard Gibbs free energy, enthalpy,
and entropy of micellization per amphiphile molecule, respectively. (The vol-
ume fraction of the pure solvent/“water” has been equated to unity in apply-
ing the result due to Molyneux et. al. [16]). The logarithm of @, is shown
as a function of 1/T for both interaction sets I1 and 12 in Fig. (2); the fitted
straight lines yield: d H e & —60.1, S, & —5.83kp for the I1 interaction
set, and 0H i ~ —75.2,0Smic ~ —5.60kp for interaction set 12. In both
cases, both the entropy and enthalpy of micellization is found to be negative,
i.e., the formation of aggregates is an energetically favorable, but entropically
hindered process. Based on the operational criterion that a well-defined CMC
is to be identified only under conditions such that the slope of the compress-
ibility factor as a function of amphiphile volume fraction does not exceed 0.1
in the secondary linear regime which follows the ideal-gas like behavior, there
exists an “upper critical micellization temperature” at about 7"~ 5.9 + 0.1
for the I1 and 7" = 6.7 = 0.1 for the 12 interaction sets.

|
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1/T

Fig. 2. In(deme) is plotted as a function of 1/T for the I1 (triangles) and I2 (crosses)
interaction sets; the lines are linear fits using the values of § Hy,ic and 0Snmi. dis-
cussed in Section III.

The absolute values of the CMC found for the model HgTg molecule
for both interaction sets are somewhat higher than the experimentally de-
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termined CMC for the C4,FEs amphiphile in water. For example, at room
temperature (298 K), C1»Fg in water has a CMC of about 7.1 x 10~°M; if we
use the mapping that each unit cell on our lattice corresponds to a volume of
roughly 60213, this concentration corresponds to an amphiphile volume frac-
tion of Geme ~ 3.8 x 1072, Thus, at the lowest temperatures studied presently,
the CMC values for our HyTg model exceed the experimental room tempera-
ture values for C}5 Eg by factors of about 8 and 50 for the 12 and I1 interaction
sets, respectively. Inclusion of repulsive head-head and head-tail interactions
significantly lowers the absolute value of the model CMC in the range of tem-
perature we have been able to study, and brings it closer to the experimental
range of values at room temperature, but it is still too large by a significant
factor.

Our present results for the enthalpic contribution to the free energy of mi-
cellization for the I1 case may be compared with the findings of earlier work on
amphiphiles of the H3T3 and H4T), architectures, which had employed an I1-
like interaction set specified by [0,0,-2] for the HH, HT, and TT interactions,
respectively. Taking together the earlier and present results for dH,,;. for
HsTs, HyTy, and HgTg surfactant molecules, the quantity 6 Hy,i./erT varies
in the ratio of approximately 3:4:5.7 for this set of architectures. Thus, for
interaction sets of the I1 type, the enthalpy of micellization is approximately
proportional to the number of interacting tail groups per surfactant, and al-
ways favors aggregation. The slightly more positive value for §H,,i./|err|
for the I2 with respect to the Il interaction sets for HyTg (-37.6 versus -
45.2) reflects the head-head and head-tail repulsive interactions which are
augmented when the head group segments of aggregated chains are forced
to inhabit the corona region surrounding the micellar core. Examination of
earlier and present results (for the I1 case) for the entropy of micellization
0Smic per amphiphile reveal that, for the H3T3, HyT4, and HyTg set of am-
phiphiles, the findings are consistent with a linear dependence of §S,,:./kB
on the number of tail groups Nt alone:

6Smic
kp

Note that this quantity is (at least for the HyTs molecule of the present
study) not dramatically altered on going from the I1 to the I2 interaction
set, suggesting that the major entropic contribution in the micellization pro-
cess stems from the re-organization of tail group segments on going from
the dispersed to micellar core regions. These remarks should be regarded as
merely suggestive, as they are based on results for only four combinations of
amphiphile architecture and interaction set. In all cases, the entropic contri-
bution favors amphiphilic dispersion rather than aggregation.

For the experimentally relevant n-alkyl m-ethoxyl surfactants, precisely
the opposite situation is known to be true [14]; thus, § H ;. and §.S,,;. are both
positive, indicating that the formation of aggregates is an entropically rather
than energetically-driven process. The underlying source for this phenomenon

= —1.18 = 0.77N7. (3)
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is the “hydrophobic effect”, first studied in detail by Frank and Evans [17] in
the context of the water solubility of simple, non-ionic molecules. Our present
model does not do justice to the structure of water as a hydrogen-bonded,
networked fluid; in particular, the potential for formation of “icebergs” in
the water domains surrounding dispersed amphiphile molecules, leading to
a locally more ordered and hence lower entropy structure, is not captured
by a simple model in which water molecules are represented as sites inter-
acting via purely isotropic nearest-neighbor interactions. The fact that we
find 0H,,;. to be negative for our model for both interaction sets is consis-
tent with the situation that in either case, the formation of aggregates must
be accomplished based on purely energetic considerations. In recent years,
a number of models for water have been proposed which incorporate these
aspects relevant to a faithful description of the aggregation phenomenon in
aqueous environment [18]. The use of such models for the solvent/” water”
together with our present treatment of the amphiphilic molecules may be
expected to yield results in closer qualitative accord with experiment, and
shall be pursued in future work on this subject.

3.2 Aggregate Size

Results for the oligomer and micellar volume fractions and micellar aggre-
gation numbers, < M > are shown in Tables 3 and 4 for the I1 and I2
interaction sets, respectively. In each case, the cluster size distribution (fre-
quency of occurence of clusters of a given size) was obtained from a GCMC
run equilibrated at the relevant values of T and u, and the peak found at
higher values of M was fitted to a Gaussian distribution. The standard de-
viation of the Gaussian fitted curves, W, are also shown on Tables 3 and 4.
Also shown in Tables 3 and 4 are the mean values of the three principal radii
of gyration as calculated from snapshots of the bead coordinates, averaged
over all clusters containing more than 10 amphiphile molecules. The location
of the center of mass of the micelle is calculated by assigning equal weights
to head and tail group segments. The error estimates in the tables represent
standard deviations of results from four independent runs.

The results in Tables 3 and 4 show that, as estimated from the radii of
gyration, the micellar dimensions are roughly similar for both interaction
sets studied; however, the mean aggregation number is significantly lower
for the 12 interaction set. For both interaction sets, a systematic decrease in
the micelle size is found with increasing temperature. This is consistent with
our observation that, above an “upper critical micellization temperature,”
we do not find formation of stable micellar aggregates for either the I1 or
I2 interaction sets, as the aggregation process is energetically driven for the
present model.
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Table 3. Mean micellar aggregation numbers < M >, averaged values of the prin-
cipal radii of gyration, and dispersed amphiphile (oligomeric clusters) and micellar
volume fractions ¢o1ig and ¢mi. for interaction set I1. Numbers in parentheses in-
dicate error estimates (one standard deviation) in the last digit, where available.

T opn bolig bmic <M> W R R R
55 -41.5 0.0058(0) 56(2) 9.3 5.17(8) 4.98(7) 4.69(7)
55 -41.1 0.0061(2) 9.7 54(1) 5.1(1) 4.9(1)
55 -41  0.0064(0) 0.037(1 102 5.36(6) 5.17(5) 4.90(6)
()
()

(5)

()
55 -40.9 0.0053 (2)  10.0 5.34(8) 5.1(1)  4.89(9)
5.5 -40.6 0.0040 70(4) 104 5.45(7) 5.25(7) 5.00
6 -39.6 0.019(1) (4) 92 48(2) 4.7(2) 43(3)
6 -39 0.015(2) 0.05(2) 51(2)
6.5 -37  0.034(2) 0.042(6) 37(1)

9.7 5.13(6) 4.91(8) 4.60(7)
11.0 4.9(1)  4.65(9) 4.23

Table 4. Mean micellar aggregation numbers < M >, average values of the prin-
cipal radii of gyration, and dispersed amphiphile (oligomeric clusters) and micellar
volume fractions ¢oiig and ¢mic for interaction set I2. Numbers in parenthese indi-
cate error estimates (one standard deviation) in the last digit where available.

T u Potig Prmic <M> w RY R®» RP

5  -51.4 0.000027(1) 0.067(2) 42(2) 4.1 5.48(6) 5.31(8) 5.05(8)
5.5 -49.4 0.00026(1) 0.0184(7) 33(2) 4.7 5.23(4) 5.05(4) 4.80(4)
5.5 -49.3 0.00025(1) 0.028(3) 49(6) 5.9 5.8(2) 5.6(2) 5.4(2)
5.5 -49.2 0.00022(1) 0.030(2) 54(4) 3.5 5.91(8) 5.8(1)  5.55(8)
5.5 -48.9 0.00019(1) 0.043(3) 38(2) 3.8 5.42(9) 5.3(1)  5.03(8)
5.5 -46.5 0.00012(2) 0.082(6) 50(2) 4.3 5.7(1)  5.5(1)  5.3(1)
6.5 -43.3 0.0019(1) 0.038(3) 35(3) 5.4 5.3(1) 51(1) 4.9(1)
6.5 -43  0.0013(2) 0.056(2) 35(1) 5.4 5.31(4) 5.11(4) 4.86(3)
6.5 -42  0.0013(1) 0.063(2) 38(1) 5.0 5.45(5) 5.26(4) 5.01(4)
7 -40.5 0.0046(5) 0.036(5) 31(2) 5.0 5.2(1) 4.9(1) 4.7(1)
7 -385 0.0028(8) 0.069(8) 36(1) 6.0 5.35(7) 5.14(6) 4.90(7)
7.5 -38  0.0083(7) 0.040(4) 29(1) 5.9 5.08(3) 4.84(4) 4.53(5)
7.5 -37.5 0.008(2) 0.047(9) 29(1) 5.2 5.11(7) 4.88(7) 4.59(8)
7.5 -35.5 0.0051(9) 0.073(4) 34(1) 5.4 5.28(6) 5.05(7) 4.76(9)
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4 Discussion

The thermodynamics of amphiphile aggregation into approximately spheri-
cal micelles has been investigated for a linear, asymmetric, model surfactant
molecule on a lattice for two different sets of microscopic interaction param-
eters. Results for the CMC, and the enthalpy and entropy of micellization,
have been compared to previous simulation results for shorter-chain, symmet-
ric surfactant molecules. Issues relating to the micellar size (in terms of both
mean aggregation number and radii of gyration) and structure (quantified by
density profiles and orientational order parameters for the molecular bond
vectors), together with a comparison to predictions of single chain mean-field
theory, shall be addressed in a future work.

The primary result of the present work has been to show that the en-
thalpy and entropy of micellization are approximately linear in the number
of interacting groups per molecule, for both symmetric and asymmetric ar-
chitectures. In addition, we find that alteration of the microscopic pairwise
interaction strengths can significantly impact the CMC concentration; this
may be of great relevance to future studies designed to more closely ap-
proximate the situation in real aqueous surfactant assemblies. However, the
qualitative dependence of CMC on temperature was not altered for the two
interaction sets considered here, and remains at variance with the experi-
mental trend known for the alkyl-ethoxyl family of amphiphiles in water. As
discussed previously, we believe this inconsistency is a consequence of the
present treatment of water as a structureless, single-site vacancy, which ne-
glects the complex orientation and local density-dependence of the hydrogen
bonding network characteristic of water at room temperatures. Consideration
of more realistic lattice models for water, which incorporate aspects of the
hydrophobic effect, is currently under way, and is expected to improve agree-
ment with at least the qualitative features observed experimentally when
used in conjunction with the present models for the surfactant-only system.
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