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Micellar growth in hexagonal phases of lipid systems
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Measurements are reported of the unit cell parameter a of the oleoyl-lyso-phosphatidyl-choline-water
system in the hexagonal phase H as a function of the paraffinic volume concentration c, ,,,. A functional
behavior a < ¢, 5, with x < %, has been derived. It is shown that this behavior characterizes micellar

growth along the hexagonal domain, with nearly spherical micelles at the isotropic I-H phase transition
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and practically infinite cylindrical micelles at the H-Q>° (cubic bicontinuous, space group Ia3d) phase

=1 1

transition. These results are compared with other systems for which x=3 or ; and with recent
statistical-mechanical calculations for systems with self-association.
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PACS number(s): 61.30.Eb, 64.70.Md, 05.70.Fh, 82.60.Lf

Since the initial studies, the structure of the lyotropic
liquid crystalline hexagonal H phase has been assumed to
consist of “infinite” cylindrical micelles, packed in the
plane perpendicular to the cylinder axes with a two-
dimensional positional order [1,2].

However, the existence of finite rigid micelles has been
recently demonstrated in the H phase of the sodium
dodecyl sulfate (SLS)—-water system [3]: after a direct iso-
tropic I-H phase transition, the hexagonal cell parameter
a was found to vary with the volume concentration c, as
a «xc; 3. For an H phase formed by “infinite”
cylinders, it would be expected that a «c, /2. The 1 ex-
ponent was observed in the case of a deoxyguanosine
derivative, which shows a cholesteric N* phase inter-
mediate between the I and H phases [4]. These results
are in agreement with recent statistical-mechanical pre-
visions for the liquid-crystalline phase transitions ob-
served in reversibly self-assembling lyotropics [5-7]. In
particular, exponents } and | are considered to be the
fingerprints of respectively interparticle distance decreas-
ing in a plane (long and flexible objects) and volume
around particles decreasing in all three dimensions (short
and rigid objects).

A detailed study of micellar growth in SLS in the vicin-
ity of the isotropic to liquid-crystalline phase transitions
[8] demonstrated that in this system micelles show only a
small growth in the I phase. However, the question of
micellar growth at the I-H transition or within the
domain of the H phase is still open.

In this paper, we analyze results obtained in the H
phase in the oleoyl-lyso-phosphatidyl-choline (OLPC)—
water system, which presents the sequence of phases
I-H-Q%° (cubic bicontinuous, space group Ia3d) [9,10].
The analysis of this system, and the comparison with pre-
vious results on SLS [3], provides evidence of the oc-
currence of micellar growth within the domain of the
hexagonal phase.

OLPC was purchased from Sigma Co. (purity ~99%)
and used without further purification. Controlled
amounts of lipid and freshly bidistilled water were mixed
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and kept at room temperature until equilibrium was
reached. An Ital-Structures Co. 1.5-kW x-ray generator
equipped with a Guinier-type focusing camera with a
bent quartz monochromator was used. The samples were
mounted in a vacuum-tight cell with thin mica windows;
the cell was continuously rotated during the exposure in
order to reduce spottiness. Measurements were taken at
20°C.

Figure 1 shows the variation of the hexagonal cell pa-
rameter a with ¢, ,,,, which is the volume concentration
of the paraffinic moiety given lipid volume concentration
¢, times the volume fraction of paraffin in the OLPC mol-
ecule (¢, ,,,=0.593c,). A good fit to the data is obtained
with the equation

a=(44.7%0.1)(c, ,,,) " (*226+0.002) (1

v,par

The experimental exponent is therefore quite distant
from both i and 1, which are theoretically expected
[5-7] for “finite rigid” and “infinite flexible” rods, re-
spectively. As reported above,  and 1 exponents were
experimentally observed for SLS [3] and for a deoxy-
guanosine derivative [4], respectively.

In order to interpret these data, we assume that in the
hexagonal phase the cylinders pack in a two-dimensional
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FIG. 1. Measured hexagonal cell parameter a as a function of
paraffin volume fraction c, . with experimental fitting [Eq.
(1)]. Both axes are in a logarithmic scale.
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hexagonal cell with parameter a, and as a fluid in the
third dimension (normal to the hexagonal plane) with an
average distance C between micellar centers.

Let us consider initially a flat ended cylindrical micelle
with radius R and average length L. The amphiphile-to-
water volume ratio must be the same in the unit cell as in
the whole sample, therefore

L \/3 2
=23 2
C 2r@ c(a/R), @)
where ¢, is the volume fraction of the amphiphile (we

shall in fact consider R, L, and the volume concentration
of the paraffinic core, since the polar region contains wa-
ter [3]).

Considering a constant R value estimated by the length
of the extended chain [10], it is possible to obtain from
the experimental values (a and c,) the ratio L /C that
gives essentially the fraction of water in the C direction.

For “infinite” cylinders, we expect L/C=1 and
a <c, 2. This condition is in fact reached for long flexi-
ble cylinders [7]. For finite hard cylinders, and using the
condition of uniform decrease in interparticle distances in
all three dimensions which comes from statistical
mechanics arguments [5-7],

L/C=2R/a , 3)
we obtain [3,5]
a=2R(2V3/m) V3¢, 13, @)

As discussed in a previous paper [3], the approach of
flat ended cylinders may lead to inconsistencies in the
case of finite objects. It is better in this case to consider a
spherocylinder with radius R, cylinder length I, total
length L=(I/+2R), and anisometry u=(//2R). The
condition for the amphiphile-to-water volume ratio be-
comes then [instead of Eq. (2)]

—( )R V3 3 2
—C—— p (a/R) (5)
Rearranging in terms of the anisometry, we obtain
_V3 2 (pt1)
(L/C)y . c,(a/R) (1 +2) (6)

where the index “sc” has been introduced to indicate that
this ratio refers to spherocylinders. Compared with Eq.
(2), which gives the L /C ratio for flat ended cylinders,
Eq. (6) shows that (L /C),. grows with ¢, increased by a
factor that depends on the anisometry and reaches unity
for very long spherocylinders.

Using the same condition of uniform decrease in inter-
particle distances in all three dimensions [Eq. (3)], results
in [3,5]

a=2R c, 173, )]

T (ut2s3) ]
2V3 (u+1)

If experimentally a = Ac, *
can be obtained from
Kc'73%—2/3

1—Kc (1—-3x)

v

is observed, the anisometry

n= ) (8)
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where K =(2V'3/7)( A /2R )*. For spherocylinders with

constant radius, K is a constant. If x =1, the sphero-
cylinders have a constant average amsometry
K—2/3
=— 9
1—K 9)

If x <4, Eq. (8) gives a law for the growth of the sphero-
cylinder with concentration. The condition

12 (KeJ!' 7322 (10)

corresponds to o >y >0. Therefore, the analysis of the
function

B=Kc{!7% (1

in the hexagonal domain, and particularly at transition
points to neighboring phases, may clarify the process of
growth of spherocylinders and the nature of the phase
transitions.

We also stress that the failure of condition (10) (that
would lead to u <0), must be interpreted as the failure of
the admitted condition of uniform decrease in interparti-
cle distances in all three dimensions [Eq. (3)]. As the
spherocylinders become “infinite,” (L /C),,=1 and Egs.
(3) and (8) are no longer valid. In fact, these equations
are also no longer valid for long flexible spherocylinders.

Let us now analyze the OLPC results admitting

R, =(21.0£1.0) A, as obtained from the projection of
the extended chain length [11], which takes into account
the bend of the hydrocarbon chain due to the double
bond, and from comparison with molecular models.

Figure 2 shows 2R /a and L /C obtained from a values
and Eq. (2) plotted as a function of the paraffinic volume
concentration ¢, ,,,- As can be seen by comparing Eqgs.
(2) and (6), the correct (L /C),, value for spherocylinders
is always larger than the value given by Eq. (2) (and
shown in Fig. 2): the deviation increases as far as the
spherocylinders become smaller. Thus, L /C <2R /a, as
for lower concentrations in Fig. 2, indicates short sphero-
cylinders. But L/C>2R /a indicates a breakdown of
Eq. (3), as expected for very long and flexible sphero-
cylinders: this seems to occur for the last three points, at
the highest investigated concentrations, but the difference
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FIG. 2. Ratios L /C [Eq. (2)—valid for flat ended cylinders]
and 2R /a as a function of paraffin volume concentration c, ;,,,
giving the fraction of paraffin in the C direction and in the hex-
agonal two-dimensional plane. Errors are due essentially to the
imprecision in the estimate of the R value.
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is within experimental errors. Thus, there is no clear in-
dication of deviations from Eq. (3) within the hexagonal
domain. It should be noted that details of the shape of
the particles, such as differences between cylinders and
spherocylinders, might not accurately be captured by Eq.
(3), making it not strictly correct.

Figure 3 shows function B and the corresponding an-
isometries [Egs. (11) and (8)] plotted as a function of
Cypar- These results give evidence of OLPC micellar
growth along the hexagonal phase, with nearly spherical
micelles at the I-H transition and practically infinite mi-
celles at the H-Q?%° phase transition. This conclusion is
clear, even if both B and p are critically dependent on the
R value adopted.

Let us now compare results for OLPC with previous
data on SLS [3]. For the SLS-water system, a good fit to
the a versus c, ,,, curve was obtained with the exponent
x =1; leaving the exponent free, the data reported in [3]
give x =(0.32%0.01). Therefore, micelles are finite and
have a constant or nearly constant anisometry in the H
phase, with no evidence of micellar growth within the H
phase. The value of the SLS anisometry was not deter-
mined in (3], due to its critical dependence on the R value
adopted. Analyzing the data reported in [3], we notice
that in the SLS system the condition L /C=2R /a [Eq.
(3)] is satisfied in the whole H domain for R ,,, =17.4 A, a
value about 4% larger than the length of the SLS extend-
ed chain. Such a value for R, corresponds to a very
large anisometry, 4 =106. Thus the picture for the SLS-
water system would be of very long rigid micelles that
behave as “finite” regarding water distribution in the
three dimensions. In SLS, micellar growth would occur
at the I-H phase transition and not along the H domain.
It is also to be stressed that the exponent x =1 is expect-
ed for “infinite flexible rods™ [7], and the flexibility is in
fact responsible for the two-dimensional behavior of the
interparticle distance. It is to be remarked that, in prin-
ciple, a combination of flexibility (which increases the
value of x) plus micellar growth (which decreases the
value of x) could also account for the x =1 value ob-
served for SLS in phase H; but in such a case Eq. (3)
would be no longer exactly valid.

The results presented here for OLPC give clear evi-
dence of micellar growth within the range of the H phase
for a lipid system. Therefore, the main difference be-
tween SLS and OLPC is the very quick micellar growth
which occurs at the transition for the SLS system (prob-
ably still in the coexistence region between I and H
phases), while the OLPC is characterized by a slower
growth along the range of existence of the H phase. We
conclude that the growth in length does not seem to be a
general property of the H phase, but is must be correlated
with the characteristics of the lipid system.

Results for OLPC and SLS [8] can now be compared
with recent statistical mechanical theories for systems
with self-association [6]. Table I gives results for the I-H
transition in the SLS-water and OLPC-water systems,
and for the I-N (nematic) transition in the ternary SLS-
water-decanol system. In Table I, ¢, is the amphiphile
volume fraction at which the transitions occur, (n) is
the average number of “monomers” or spherical micelles
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FIG. 3. Functions B=Kc\'~>* and anisometry [Eq. (8)] as a
function of lipid volume concentration c, p,,.

with radius R equivalent in volume to a spherocylindrical
micelle of cylinder length /=4(n —1)R /3, and @ is the
free energy of association for ‘““monomer-monomer” con-
tact within the aggregate in units of kzT (energy for
“monomer fusion” in the micellar case). Values for the
SLS systems have been derived from data reported in [8].
The experimentally determined (c,,{n )) pairs have been
used to obtain ® values from [6]. Note that {n ) values
for SLS correspond to experimental data obtained in the
I phase just before the transition [8], while the {n ) value
for OLPC has been obtained here in the H phase just
after the transition.

By analyzing Table I, it appears that the theory
developed for systems with self-association works reason-
ably well for the I-H and I-N transitions in the SLS sys-
tems. It explains the occurrence of the direct I-H transi-
tion in the SLS-water system, and of the I-N transition in
the SLS-water-decanol system: the introduction of de-
canol increases the @ value, leading to a greater micellar
growth in the I phase, and therefore entry into the N
phase at a lower ¢, value.

For OLPC, the (n) value obtained falls between
curves d and e of Fig. 3 in Ref. [6], and then it corre-
sponds to a lower value of ®, as shown in Table I. How-
ever, it should be stressed that the I-H phase transition
for such an (n ) value should occur at a particle volume
fraction (v, in [6]) of about 0.45. In the SLS case, good
agreement was obtained considering ¢, =v,; but in reality

TABLE 1. Amphiphile volume fraction ¢, and average aggre-
gate size (n) for phase transitions in SLS [8] and OLPC sys-
tems, with the corresponding free energy of association ® [6]
(see text for more details).

System Transition c, (n) ®
OLPC/water I-H 0.253 1.3 16
SLS/water I-H 0.343 2.4 19

SLS/water/decanol I-N 0.265 3.0 22
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v, should include the volume of water bound to the mi-
celle. For OLPC, it is clear that ¢, underestimates U
showing that in this case the water effect is more impor-
tant.

From [6] it appears that the smaller the ® value, the
larger the cylinder growth after entering the H phase.
But it should also be stressed that the theory, while work-
ing for the transition from I to liquid-crystalline phases,
fails to account for transitions between liquid-crystalline
phases at higher concentrations. Thus neither the H-M
(distorted hexagonal) transition in the binary SLS-water
system, nor the H-Q2%° (cubic bicontinuous) transition in
the binary OLPC-water system are predicted by the
theory [6] developed to account for the H phase. Essen-
tially the particular interactions with water and the spe-
cial properties of the water-amphiphile interface have not
been taken into account in the model [6], and these fac-

tors are very important in lyotropic systems, particularly
in the highest concentration region.

The results obtained in the present study suggest that
the entrance in phase Q%% is defined exactly by the “ex-
tra” micellar growth that occurs in the H phase for
OLPC. SLS, that does not have such an “extra” growth,
does not show the Q% phase, entering instead in a hex-
agonal distorted phase with increasing c,,.

The method developed for analysis of micellar growth
in the H phase may be applied to other systems, and may
help to clarify the nature of phase transitions to and from
H phases in lyotropic systems.
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