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ABSTRACT  The configurations of the hydrocarbon chains in
micelles are severely constrained by the space-filling require-
ments of the chain segments, by the continuity of the chains, and
by the micellar geometry. A statistical theory that takes full ac-
count of these constraints is developed by using a lattice model.
The chain ends are deduced to be nonuniformly distributed, with
maximal incidence approximately midway between the center of
the micelle and the outer surface. Whereas the chain disorder
near the outside of the hydrophobic core may approach that of a
liquid, crowding of the chains near the core center imposes a de-
gree of order approaching that in a crystal. These results are at
variance with the prevailing view that the micellar interior resem-
bles a “liquid hydrocarbon droplet.” Also discussed are the effects
of curvature on the chain configurations in monolayers and bilay-
ers. Itis found, for example, that the “disorder gradients” in inner
and outer half-bilayers of small vesicles should be substantially dif-
ferent. Implications of these results are discussed.

Micelles consisting of amphiphilic chain molecules occur in
spherical, cylindrical, or ellipsoidal shapes. The polar heads of
the constituent molecules may form the outside surface of the
micelle, with the hydrocarbon chains packed inside, or this ar-
rangement may be inverted. Related phases of amphiphilic
molecules include planar bilayers, monolayers at an interface,
or small unilamellar vesicles in which a bilayer shell surrounds
a spherical, solvent-filled cavity. Amphiphilic phases are ubig-
uitous. They provide the basic structure for biological mem-
branes and bile salts. Their surfactant properties are of wide-
spread importance for detergency, emulsification, lubrication,
catalysis, tertiary oil recovery, and drug delivery.

Nonplanar amphiphilic phases, such as micelles and vesicles,
exhibit properties that distinguish them from planar monolayers
and bilayers. For example, when planar phospholipid bilayers
are sonicated to form unilamellar vesicles of small radius, the
melting temperature and enthalpy of fusion are lowered (1, 2),
the proton NMR linewidth is markedly narrowed (2, 3), the an-
istropy of the lipid packing is increased (4-6), the susceptibility
to attack by phosphodiesterases is enhanced (7), the solubility
of small molecules within the bilayer is altered (8), the packing
of the two half-bilayers becomes asymmetric (9-11), and the
assimilation of proteins is enhanced (12). These effects of cur-
vature appear to have important consequences in various bio-
logical systems. High local curvature in membranes is found in
mitochondria, microvilli, synaptic vesicles, alveoli, bacterial
pili, and spiculated erythrocytes and may play a role in pino-
cytosis, cell fusion, and drug action (13).

The physical properties of amphiphilic phases depend on the
molecular configurations of the hydrocarbon chains packed
within them. In spite of intensive study, however, the details of
these chain configurations have not heretofore been critically
examined. The usual representation of a micelle is shown in Fig.
1a; the chains are depicted to be more or less all-trans. The
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space available near the center of the micelle obviously cannot
accommodate the chains in the extended conformations shown.
Moreover, this simple picture is incompatible with the prevail-
ing presumption that the micellar core has the structure of a
“liquid hydrocarbon droplet” (14-18) wherein those bonds of
the chains which are in gauche configurations are randomly dis-
tributed throughout the micellar core.

The molecular organization in the cores of micelles and vesi-
cles, like that within planar bilayers (19), resembles neither the
all-trans crystalline state of n-alkane chains nor the randomly
structured liquid state nor even a liquid-crystalline state of in-
termediate order. It may be likened instead to the “interphase”
between crystalline and amorphous regions in a semicrystalline
polymer (20). The molecular chains therein are characterized by
a gradient of disorder that joins regions of high order and of lig-
uid-like disorder. The proportion of gauche bonds varies along
the length of a chain as it traverses the interphase layer.

We have recently presented a statistical theory that takes ac-
count of the distribution of configurations of the chain molecules
occurring in planar monolayers and bilayers (19). In this paper
we adapt and apply that theory to the curved geometries inci-
dent in micelles and vesicles.

The molecular organization in condensed phases is deter-
mined predominantly by short-range repulsive forces between
the flexible chains (21, 22). The hydrocarbon chains in micelles
and membranes are packed to densities approximating those of
corresponding liquids, which are only =10% below the density
of crystalline n-alkanes (2, 23). X-ray diffraction experiments on
amphiphilic phases above their melting temperatures reveal a
diffuse reflection at 4.6 A (14, 15), similar to that found in n-al-
kane liquids, which are configurationally disordered (24). Voids
are virtually precluded by intermolecular cohesive forces, and
molecules of solvent (water) are excluded by so-called hydro-
phobic interactions. [Anisotropic dispersion forces, sometimes
invoked to account for partial molecular order, can be shown to
be negligible for hydrocarbon chains (22, 25).]

For the reasons stated, it is a foremost requisite of a suitable
model that the hydrocarbon chains be required to fill the space
available to them in the micellar core or vesicle bilayer without,
however, imposing overlaps between units of neighboring
chains (26). Lattice models fulfill these requirements and are
particularly convenient for enumeration of molecular configu-
rations. Such models are used for the theory presented below.

Theory

Application of the lattice model to a system of chain molecules
requires specification of a segment which, in order to be accom-
modated by a lattice cell in all orientations, must be equidimen-
sional. Its length is therefore taken to be equal to the mean di-
ameter of the chain. For n-alkyl chains, the segment so defined
spans =~3.6 methylene groups. We assume that chain bending
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Fig. 1. (a) Conventional representation of a micelle. (b) Lattice
model representation. Because the diagrams are two-dimensional,
they most nearly resemble the cross section of a cylindrical micelle.

occurs freely; differences in intramolecular energies of the var-
ious configurations are ignored at the level of approximation of
the following analysis.

Minimization of the surface free energy requires the polar
head groups to be localized at the interface between solvent and
the hydrocarbon region. The chains emanating from this inter-
facial surface penetrate successive layers of the lattice. The
number of chains entering a given layer is termed the “chain
flux.” The continuity of the chains requires that the flux be con-
served from one layer of the lattice to the next except as it may
be attenuated by termination of chains and by reversal of their
directions. For the short chains considered here, reversals may
be ignored.

We consider a micelle or a vesicle half-bilayer comprising J,
chains, each consisting of n + 1 segments connected by n flexi-
ble bonds. The segments are assigned locations on a three-di-
mensional curved lattice such that each lattice site accommo-
dates one chain segment. The lattice is constructed so that the
radial interlayer spacing is constant; the lattice sites are of equal
volume and are approximately isodiametrical (see Fig. 1b). In
the limit of large radius, the model conforms to the simple cubic
lattice. The lattice representation of molecular configurations is
artificial. The essential function of the lattice here is to appor-
tion the volume equitably at all radii. As the radius becomes
very small, the lattice so defined severely distorts the interseg-
ment distances (i.e., the “bond” lengths). This deficiency is pre-
sumed to be of little consequence for our purposes.

The chain segments are numbered sequentially beginning at
the heads located at the interface and increasing toward the
tails. We examine four cases:

(i) Spherical micelles. The head groups are arrayed in the first
(outermost) shell of a lattice whose layers are arranged radially
like those of an onion (see Fig. 1b). The flux of chains is radially
inward.

(i) Cylindrical micelles. The head groups occur in the outer-
most cylindrical shell; interior layers are arranged concentri-
cally. The chain flux vector is directed radially inward toward
the cylinder axis.

(iii) Outer monolayers such as occur in vesicles and in the am-
phiphilic interphase of oil-in-water microemulsions. The lattice
and the flux direction are the same as in case i. However, the
radial distance from the center of the sphere to the outer layer
of polar heads is greater than the length of the chain.

(iv) Inner monolayers such as occur in vesicles, inverted mi-
celles, and the interphase of water-in-oil microemulsions. The
head groups are located in a layer on the spherical lattice. The
chain flux is directed radially outward.

Ellipsoids, inverted cylindrical phases, or other more com-
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plicated shapes (27) could be accommodated within the frame-
work of this treatment.

The statistical method for calculating the distribution of chain
configurations is the same as previously used (19) for planar bi-
layers. Let J; denote the flux of chains from layer i — 1 toi. In-
tegrity of the chains requires that

Ji=Jioi—Tioy, (1]

in which T; is the number of chains terminating in layer i. Com-
plete filling of each layer requires that

Ji=N;,—R, 2]

in which R; is the number of “redundancies” or lateral place-
ments of segments, and N; is the number of lattice sites in layer
i

Let p; denote the probability that a chain segment in layer i is
succeeded by a “forward” step into layer i + 1; the probability
of a “redundant” step in the same layer is denoted by g,. Assum-
ing that reversals of chain direction can be ignored, we have

g+p=1 (3]

These probabilities are taken to be independent of the configu-
rations of neighboring bonds of the same chain. They are eval-
uated a posteriori, however, from the self-consistency of the in-
termolecular constraints (see below).

The probability of a given configuration consists of the prod-
uct of factors (g}"p,) for each layer penetrated by the given chain,
v, being the number of redundancies in layer i for that configu-
ration. These probabilities are generated by serial multiplica-
tion of the generator matrix (19)

q, © 0 0 0 . 0 0
0 ¢, p,b 0 0 ... 0 0
G (3 0 g3 ps 0 ... 0 0 “
00 0 0 0 ... g, ps
0 0 0 0 0 ... 0 1

The sum of the probabilities for all configurations that terminate
in layer i is given by the element (1, i) of G™. It follows that the
fluxes, order parameters, and distributions of chain ends and re-
dundancies may be calculated as before (19):

T/], = AG"C, (5]
i-1
J/h=1-46"> C, [6]
j=1
ac,. n+l
R/J, = Al(éﬁqi) 21 G, [7]

in which A, and C; are the row and column vectors, each of order
n + 1, in which the indexed elements (1 and i, respectively) are
unity, all others being zero.

Combination of Eq. 2 with Eqs. 5-7 gives

FYeid n+1 i—-1
A, [‘h— C - G" Z Cj] =WN/T) - 1, (8]
9q; = i=1

which can be shown to simplify to )
i-1
AG" [qici + 2 Cj] =1=p(NJ/])) (9]
=1

Whereas for planar layers the number N; of lattice sites is the
same for all layers, for the systems of interest here the number
of sites changes from one layer to the next. This dependence of
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N, on the radial layer number i is given in the following sections.
Finally, we define two order parameters. The first, specify-
ing the average order in layer i, is

S; = (3/2) (cos® 6) — (1/2) = (3/2)p; — (1/2), (10]

in which 6, is the angle between the radial axis and the chain axis
in that layer. The other order parameter expresses the average
order with respect to the radial axis of the kth bond connecting
segments kand k + 1. It corresponds, for example, to the results
of NMR quadrupolar splitting measurements on specifically
deuterated chains (28). It is given by
n+l
Sp=(3/2) [Alck-l G, cj] - (1/2), (11]
=
in which G, is obtained by replacing all diagonal elements of G
by zero.

Micelles

Consider a spherocylindrical micelle consisting of a cylinder h
lattice units in length, ry < n + 1lattice units in radius, and hav-
ing two hemispherical ends of the same radius. The total num-
ber of sites in the associated lattice is

Ny = mrgl(4/3)rg + k] =], (n + 1). (12]

The latter equality is dictated by the requirement that the lattice
be filled completely. Constancy of volume of the lattice sites re-
quires the number of sites in the spherocylindrical ith layer to

be
N; = w{4/3)@[ro —i + l[ro — il + 1) + h2[r, — i] + 1)}.  [13]

Thus, when h >> r,, the micelle is predominantly cylindrical;
when h = 0, it is spherical. Calculations for these two limiting
cases are presented below.

The surface flux density, o = J;/N,, is fixed by the relation-
ship between r, and n through Eqgs. 12 and 13. For the calcu-
lations presented here, r, = n + 1. This value of the radius is
the maximum for which there is no void at the center; it mini-
mizes the surface-to-volume ratio and is consistent with x-ray
diffraction measurements of micellar size (15). In the limit
of large chain length, o — 1/3 for spheres and o — 1/2
for long cylinders.

Givenn, ry, and h, Egs. 12 and 13 may be used to compute J,/
N,. The values of g; are then calculated from Eq. 9 consecutively
forlayersi=1,2,. . ., r,.

Results of the calculations for spherical micelles are shown on
Fig. 2 Left. The flux density of chains is affected by two op-
posing factors: chain flux (Fig. 2a) decreases toward the center
due to terminations, but the area also decreases. The terminal
ends of the chains (Fig. 2b) are distributed broadly throughout
the micelle, with a maximum near radius r = 0.5 r,. This de-
duction contrasts sharply with the familiar model shown in Fig.
la, which violates density requirements by concentrating the
chain ends near r = 0. It is also at variance with the liquid hy-
drocarbon model, according to which the chain ends are uni-
formly distributed throughout the volume so that the fraction
T,/J of chains terminating in layer i should be proportional to

and, hence, maximal at the outside surface, r = r,.

According to the present analysis, the configurational free-
dom of the chains is greatest at the outside surface of the mi-
celle, as is shown by profiles of the redundancies (Fig. 2c) and
by the radial order parameter S; (Fig. 2d).# This conclusion
holds for any chain length. The order parameter along the chain

t Allowance was made (approximately) for the fact that some of the
chains must enter the center layer i = ry at nonzero angle 6,
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FiG. 2. Results calculated from the lattice theory for spherical
(Left) and cylindrical (Right) micelles. Solid line, n = 3; dashed line, n
= 6. The micellar radius is equal to the chain length, ro = n + 1. On the
abscissas, r is the radial distance from the center of the micelle to the
polar heads; k is the chain segment number from the heads toward the
tails. The ordinates for b and c are in arbitrary units; they are normal-
ized to give the same areas in b and to give the same values at r,, for c.

(Fig. 2e) also increases near the chain termini. However, the
disorder gradient along the chain is not as steep as the radial dis-
order gradient because very few of the chains sample the deep-
est parts of the micellar core. Nevertheless, the hydrocarbon
core of a spherical micelle is seen to be relatively disordered
(liquid-like) on the outside and highly ordered at the center.

Fig. 2 Right shows the corresponding results for cylindrical
micelles. The chain configurations in cylindrical micelles closely
resemble those in spherical micelles; the minor differences are
in the direction of a closer correspondence to planar chain pack-
ing. For cylinders, regardless of size, the degree of order is sub-
stantially greater near the center than at the outisde. Differ-
ences in chain configurations between cylindrical and spherical
geometries follow directly from the respective dependences of
the area per chain (inversely, the chain flux density) on the ra-
dius. The preferred location of the chain termini is nearer r = 0
than for spheres. Also, the gradient of disorder is less pro-
nounced. The predictions that micellar structures are generally
disordered and that they are less so in cylindrical systems are
supported by laser Raman scattering experiments (29). The
chain configurations in micelles of prolate and oblate ellipsoids
may be presumed to resemble those of the cylindrical and planar
cases, respectively, for large asymmetry, and spheres for small
asymmetry. Also, if the radius of a micelle of any shape is smaller
than the chain length (i.e., if ry < n + 1), then the disorder must
be greater throughout the micelle than in the examples pre-
sented withrg=n + 1.

The proposed model for micellar structure resolves several
paradoxes.

(i) In reviewing the subject, Menger (16) states, “Difficulties
in devising a satisfactory micelle model originate not so much
from a paucity of experimental data but rather from conflicting
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conclusions based on that data. Consider the viscosity of the mi-
celle core. . ..” Experiments using various probes (NMR, flu-
orescence, and electron spin resonance) yield conflicting re-
sults. Some indicate a solid micelle interior, others a liquid
interior (for reviews, see refs. 14-17). Our analysis suggests that
the structure monitored by the probe depends on the depth to
which it penetrates. Deeply embedded probes should register
a solid structure, and superficially embedded ones should indi-
cate a liquid environment. Indeed, when pyrene (30), 2-meth-
ylanthracene (31), or sterol nitroxide (32) probes are used, all of
which are large rigid molecules with the potential to penetrate
the solid core of the micelle, the measured anisotropies are
high. Low anisotropies, on the other hand, are measured by a
small polar nitroxide biradical (33), which probably localizes
near the micelle-solvent interface, and by a terminal benzene
probe on a flexible alkane (34), which may be distributed
throughout the same broad liquid environment as the chain
ends of the constituent micellar alkanes. For a spherical micelle
composed of 14-carbon chains (n + 1 = 4), the order parameter
S; for the terminal methyls is approximately 0.1 (see Fig. 2e),
implying that its environment is almost liquidlike. It should be
noted that the degree of internal anisotropy is sensitive also to
the radius and shape of the micelle (see Fig. 2 d and ¢). Dynamic
measurements, such as NMR T1 relaxations, have both orien-
tational and kinetic components (35) and, therefore, cannot be
interpreted in terms of configurational theories such as the one
presented here.

(i) Menger states further, “Water penetration into the mi-
celles, a critically important matter in micellar structure, suffers
from the same bewildering array of opinions as micellar viscosity

.7 (ref. 16; see also refs. 17, 18, and 36). Spectroscopic evi-
dence from a variety of studies indicates “hydration” of the first
few methylene groups near the polar heads. This has been taken
as evidence for the penetration of water into the micellar core,
causing a surface “roughness” (16, 37). The present theory offers
an alternative explanation. Consistent with an observation of
Wennerstrom and Lindman (36) is the idea that spectroscopic
methods measure the proximity of the probe to water, interfa-
cial or internal, whereas measurements of thermodynamic and
transport properties measure only the amount of water bound
internally in the core. The latter experiments show no evidence
for water penetration. Therefore, only those probes attached to
chain segments in the outermost layer of the micelle register
close proximity to the solvent. The probability that a chain seg-
ment k is located in the first lattice layer is g5 1. This quantity is
plotted in Fig. 2f. Indeed, it can be seen that for a 14-carbon
chain in a spherical micelle there is a substantial probability that
a methylene group even halfway down the chain may occur in
the outermost layer of the lattice; this is consistent with spectro-
scopic results (14-17, 36). Furthermore, some few chains are
predicted to lie entirely on the outside layer of the micelle so
that even their termini reside near the interface.

(iii) Finally, “. . . one must ask why many water-insoluble
compounds (e.g., benzophenone, bromobenzene, butyroni-
trile) apparently prefer the highly aqueous micelle surface to the
organic interior” (16). Our results suggest that the preference of
these hydrophobic solutes may not be for the surface per se, but
rather for the disordered outer region of the micellar core. The
solubility is expected to be greater in the outer liquid core than
in the inner ordered core because the disordered region affords
a greater configurational entropy of mixing. The degree of chain
ordering affects the solubility of small molecules; for planar bi-
layer membranes, similar solutes are often more soluble in the
disordered L, phase than in the crystalline phases (14).

The theory developed here is thus consistent with the various
measurements of internal viscosity, with the association of water
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with the micellar hydrocarbon chains and with the selective par-
titioning of small hydrophobic molecules into the outer liquid-
like portion of the micellar core.

Nonplanar monolayers

Monolayers with curvature constitute the inner and outer half-
bilayers of vesicles, the amphiphilic interphases in microemul-
sions, and so-called inverted micelles. Such a monolayer is char-
acterized by the number, n + 1, of segments of its constituent
chains, by its surface flux density, o = J,/N,, and by the radius
of curvature of its polar interface, r for the outermost shell of an
outside monolayer and r,, for the innermost shell of an inside
monolayer. Given n, @, and r,, for an outer monolayer, Eq. 9 is

solved consecutively for layersi = 1,2, . . ., L subject to the
geometric requirements that
N, = @dn/3)[3(rg — i + L)(ro — i) + 1] [14]

and J,/N; = o(N,/N,). The layer number of the last completely
filled shell is L, which is determined by

L+1

L
ZleS]l(n+l)<Ele. [15]
j= j=

For an inner monolayer, the procedure is the same as above,
except that the number of lattice sites per layer is given by

N; = @n/3)[3(ry, +i—3)ry, +i)+ 7] [16]

rather than by Eq. 14.

The results of these calculations on the half-bilayers of vesi-
cles are shown in Fig. 3. For large radius of curvature, the struc-
ture approaches that of the planar bilayer in which the disorder
gradients of the monolayers are symmetric. However, for small
radii such as characterize sonicated unilamellar vesicles, the
chain packing in the inner and outer monolayers is asymmetric.
In particular, the inner monolayer exhibits a steeper disorder
gradient than the planar monolayer; this is a consequence of the
decrease of chain flux density, radially outward, due to termi-
nations and to a corresponding increase in area. The outer
monolayer, on the other hand, adopts some of the inverted dis-
order gradient characteristic of micelles, and this is superim-
posed on the planar disorder profile.

These deductions agree with the following experimental re-
sults. A packing asymmetry of the chains in inner and outer half-
bilayers has been found by Longmuir and Dahlquist (4) by °F
NMR. Furthermore, by the elegant *P NMR and hydrody-
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Fic. 3. Bilayers of different radii of curvature; disorder gradients
along the chains of inside and outside monolayers; o = 0.64 and n = 4
throughout; % is the chain segment number. The values of ry and r;, cor-
respond approximately to monolayers matched to form bilayers.
Curvesa,ro/(n + 1) = 2;r,,/(n + 1) = 0.8. Curvesb, ro/(n + 1) = 4; 1,/
(n+ 1) =2.8. Curvesc, ro/(n + 1) = 16; r;,/(n + 1) = 14.8. Curvesd, r,
= r;, = . Comparison of curves ¢ and d shows that there is a consider-
able deviation from planar packing, even for vesicles as large as =700

in diameter.
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OUTSIDE

Fic. 4. Asymmetry of half-bilayers in small unilamellar vesicles.
The shaded region represents the range of S* values predicted from
measured o values (9-11). For comparison, the heavy line represents
dipalmitoyl lecithin bilayers at 41°C (19).

namic method of Chrzeszczyk et al. (9), the area per chain has
been shown to differ depending on whether the chains are in a
planar bilayer or in the inner or outer monolayers of small leci-
thin vesicles (9-11). By using'the values of chain flux taken from
these three studies (9—11), we have calculated the range of ex-
pected disorder gradients: They are shown in Fig. 4. For com-
parison, the predicted disorder gradient for planar dipalmitoyl
lecithin bilayers with o = 0.63 (19) is also shown. The predic-
tions can be compared with experimental results of Stockton et
al. (38), who studied the disorder gradient in small vesicles by
2H NMR. The chains were deuterated at specific positions but
were symmetrically distributed in both monolayers. They found
the disorder at midbilayer to be greater in vesicles than in planar
systems; this is consistent with results in Fig. 4. Their further
observation that the disorder near the heads is the same as in
planar bilayers is consistent with the deduction, shown in Fig.
4, that the tight chain packing inside and the loose chain packing
outside give an average that resembles planar packing. The re-
sults in Fig. 4 also imply that the net disorder is greater in the
vesicle than in the planar bilayer; there is much experimental
evidence to support this deduction (4-6). However, such com-
parisons should be made with caution; the validity of comparing
results from egg lecithin with results from synthetic dipalmitoyl
phosphatidylcholine systems, and of results for narrow size dis-
tributions with those for broader ones, is questionable (6, 39).
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