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Quantitative analysis of the packing of alkyl glycosides: a comparison of linear and branched alkyl

chains
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In an attempt to relate the geometry of glycolipid assemblies with molecular packing constraints, the surface areas
per molecule for straight and branched-chain alkyl glycosides with varying chain length are calculated. Effects of
temperature, water content, sugar size and paraffin chain length are analysed based on closest packing assumption.
The results show a continuous increase of the interface between the hydrophilic and the hydrophobic domain per
molecule with growing dominance in bulkiness of either domain, until it reaches a maximum in hexagonal phases.
The surface area per molecule, on the other hand, exhibits a sudden jump upon the phase transition from a lamellar
to a hexagonal phase, reflecting different values of the packing parameter in both assemblies. This increase is
primarily based on the assembly, rather than on molecule-based domain sizes. Therefore, estimations of molecular
region sizes can serve only to determine the principal ability of compounds to form certain phases, but not predict
the actual phase exhibited under given conditions. Within straight-chain glycosides the surface area per molecule is
practically constant, whereas it increases with growing chain length for branched-chain analogues. This can be

explained with differences in the volume-length ratio of the hydrocarbon domain.

Keywords: packing; alkyl glycoside; branched chain; geometric analysis; SAXS

1. Introduction

The general structure of alkyl glycosides comprises a
hydrophilic sugar head linked to a hydrophobic hydro-
carbon chain via a glycosidic bond (Figure 1). Alkyl
glycosides are biocompatible surfactants that are readily
synthesised from renewable resources, i.e. fatty alcohols
and oligosaccharides [1]. They find typical applications as
emulsifying agents, especially in cosmetic formulations.
Alkyl glycosides are amphitropic molecules, which
means that they can exhibit liquid crystal behaviour
both in the absence (thermotropic) and the presence
of a solvent (lyotropic), usually water [2]. Several stu-
dies on alkyl glycoside mesophases have been published
by various authors [3-7]. A range of assembly struc-
tures, involving layer (smectic A or lamellar), columnar
(usually hexagonal) and cubic phases (bicontinuous
and discontinuous) may be obtained. In general, simple
glycosides with linear alkyl chains only exhibit the ther-
motropic smectic A phase [8], while branched chain
alkyl glycosides may form a variety of liquid crystal
phases such as smectic A, reversed hexagonal and
bicontinuous cubic phases, depending on criteria such
as the chain length, size of the head group and tempera-
ture [6]. Despite various investigations on alkyl glyco-
sides, the packing descriptions of the aggregates from
X-ray studies have so far only been rather qualitative.
They have not considered the detailed molecular pack-
ing to quantify the shape of the glycolipids as reflected

in the average head group areas and lengths of the alkyl
chains. These parameters have been found to be funda-
mental in the description of mesophase formation by
conventional surfactants [9].

Table 1 illustrates the thermotropic phase behaviour
of a range of structurally diverse glycolipids. The data
clearly demonstrate the difference between single
(straight)-chain glycosides and branched-chain analo-
gues; while the first only form layer-type smectic phases,
the latter can exhibit a wider phase diversity that may
involve polymorphism, i.e. the formation of various
liquid crystalline phases at different temperature ranges.
However, a minimum length of the branched chain is
required to deviate from the behaviour of straight glyco-
sides. The long branched-chain glycosides exhibit
increasing stability for a columnar phase, while shorter
analogues only show the lamellar smectic A phase.

These observations suggest that the formation of the
smectic A phase is largely stabilised by the extensive
attractive interactions within the head group of the gly-
colipids. Increasing sugar size, i.c. a disaccharide (e.g.
maltose) instead of a monosaccharide (e.g. glucose),
increases the smectic A stability; hence, all maltosides
exhibit a smectic A phase, unlike the corresponding
glucosides. The inverse columnar phase, on the other
hand, is driven by the branched hydrophobic chain.
Conclusively, long branched-chain glucosides only exhi-
bit columnar assemblies. For branched-chain maltosides
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Figure 1. Structural formula of typical alky glycoside (f-cetyl glucoside).

Table 1. Phase behaviour of anhydrous alkyl glycosides;

Glc = glucose, Gal = galactose, Man = mannose,
Malto = maltose, cello = cellobiose, Cr = crystalline, S, =
smectic A, Cub = bicontinuous cubic, H;; = inverse

columnar, Iso = isotropic.

Chain

Glycolipid type Phases Ref
aGlcOCy Straight Cr 69°C S, 116°C Iso [3]

aGlcOCg Straight Cr98°C S, 151°C Iso [4b]
GlcOCy Straight  Cr 69°C S, 107°C Iso [3]

pGIcOC, Straight  Cr 80°C S, 143°C Iso [4b]
pGlcOC g Straight Cr 93°C S, 147°C Iso [4b]
pGlcOCs2C, Branched Cr(?) S, 55°C Iso [6a]
PGIcOCg2C4 Branched Cr(?) S, 57°C Iso [6a]
pGlcOC;2Cq Branched Cr(?) H;; 62°C Iso [6a]
GlcOC,2Cy Branched Cr(?) Hy; 72°C Iso [6a]
pGlcOC42Co Branched Cr(?) Hy; 95°C Iso [6a]
oaGalOC g Straight Cr 89°C S, 146°C Iso [4b]
pGalOCy Straight Cr 96°C S, 127°C Iso [3]

$GalOC, Straight  Cr 99°C S, 166°C Iso [4b]
pGalOCig Straight  Cr 106°C S 4 164°C Iso [4b]
pGalOCg2C, Branched Cr(?) S, 111°C Iso [6a]
pGalOC,,2Cq Branched Cr(?) Hy; 116°C Iso [6a]
pGalOC142Cg Branched Cr(?) Hy; 133°C Iso [6a]
oManOCg Straight Cr 58°C S, 132°C Iso [3]

oManOCg Straight  Cr 62°C S 149°C Iso [3]

oManOC;, Straight Cr 67°C S, 157°C Iso [3]

aMaltoOC,, Straight  Cr 80°C 244 S 4 [4a]
pMaltoOC,, Straight  Cr 80°C S, 244°C Iso [4c]
pMaltoOCg Straight Cr 106°C S, 274°C Iso [4c]
pMaltoOCs2C, Branched Cr(?)S, 137°C Iso [6a]
pMaltoOCg2C4  Branched Cr(?) S, 188°C Iso [6a]
pMaltoOC;(2Cs Branched Cr(?) S, 189°C Iso [6a]
pMaltoOC,2Cg  Branched Cr(?)S, 115°C Cub 192°C H;, [6a]

210°C Iso
pMaltoOC42Cyy Branched Cr(?) S, 73°C Cub 131°C H;; [6a]
225°C Iso
pCelloOCg Straight  Cr 152°C S, 284°C Iso 4c]

pCelloOC1,2Cg  Branched Cr(?) S, 139°C Hy; 196°C Iso

[
pCelloOCg2C, Branched Cr(?) S, 170°C Cub 176°C Iso [6a]

[
pCelloOC,42Cyy Branched Cr(?) Hy; 235°C Iso [

with long alkyl chains (12/10 and 14/12) a compromise is
observed, leading to mesophase polymorphism. With
increasing temperature the structure changes from smec-
tic A to columnar, passing through one or more inverse
bicontinuous cubic phase(s).

The thickness of the alkyl glycoside bilayer can be
measured by small angle X-ray scattering (SAXS).
However, SAXS experiments do not directly provide

information on the separations of molecules within the
layer, which is important for a more detailed descrip-
tion of the packing structure. This prompted us to
investigate the variation of the surface area per mole-
cule from available literature data. Here, we would
like to present a quantitative analysis based on a
microphase separation model with domain densities
represented by the sugar and the alkyl chain of the
glycolipid. Based on these results, we attempt to
explain the observations indicated above.

For lyotropic mesophases, the packing of the assem-
bly is the result of competition between the interfacial
curvature and the chain packing constraint [10]. The self-
assembled system tends to curve homogeneously, but
can be frustrated due to a problem of the hydrocarbon
chain to fill the three-dimensional Euclidean space [11].
In general, the assembly of amphiphiles depends on the
average molecular geometric shape, which is either con-
ical or cylindrical. This shape factor can be described by
using the concept of the packing parameter (p) [12] that
was originally derived for lyotropic systems [13]. It is the
ratio of the molecular volume of the alkyl chain (v)
divided by the product of the surface area per molecule
(a) and the radius of the aggregate (r,). The radius of the
micelle can not be longer than the longest all-trans
hydrocarbon chain length. As entropy favours the for-
mation of the smallest possible aggregate, for normal
micelles, p takes the values:

< % spherical micelle;

IN

1
p < 3 hexagonal (circular-rod) micelle;

p

1
3
1 .
5 < p < 1 bilayer;
P

~ | lamellar; p > 1inverse micelle.

The system above has been developed for surfac-
tants in water, where the molecular surface area is com-
monly dominated by the hydrophilic domain. In order
to apply it for oil-dominated systems, the range for p > 1
requires a more detailed analysis. For a water-free sys-
tem it is easy to show that similar calculations give:

p > 3inverse spherical micelle;
3 > p > 2inverse hexagonal micelle;
2 > p > 1bilayer.
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Here the micelle radius is limited by the extended
length of the head group, and the volume is that of the
head group. When water is present the treatment is no
longer valid as the inverse micelle radius is not limited
by the fully extended length, with water filling the
additional space. Thus the p value does not provide a
guide to micelle structure.

2. Methodology

Due to the micro-phase separation in amphiphilic
systems, the two different molecular regions are sepa-
rated from each other. The density of a closest-packed
structure without constraints can be estimated based
on reference densities of model compounds for each of
the domains. For glycolipids these refer to the sugar
and the lipid chain. The density of a glycolipid aggre-
gate, py, can be calculated according to:

My, My, My

Vi Vet Vs MoiMs
Pc Ps

L = (1)

where p = density, M = molecular mass and V =
volume; the indices L, S and C, refer to glycolipid,
sugar head and paraffin chain, respectively.
Therefore:

pspc ML

== - 2
psMc + pcMs @

PL

Our calculations are based on densities for the sugar
head and the paraffin chain as 1.5 gem™ and 0.8 gem ™,
respectively, at room temperature, referring to experi-
mental data for paraffins [14] and various sugars, like
glucose and sucrose [15], which match our experimental
value for amorphous maltose. For higher temperatures,
thermal expansion will lead to a reduction of the density;
the thermal coefficients are Ap(7) =—0.06 gm ™' K for
the sugar [16] and 0.1 gm™' K™' for the paraffin [17].
Applying Equation (1) by replacing the molecular

AF

Figure 2. Surface area Ape, vs. domain interface area 4;r for hexagonal assemblies.
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volume by a term based on the layer spacing, d,), from
SAXS measurements, the surface area per molecule for
a lamellar system, Ay, can be calculated according to
the following equation [18]:

Alam = T 7 A (3)

Unlike the case of lamellar cases, where one sur-
face area per molecule is sufficient to describe both
molecular surface as well as the interface between
molecular domains, two different data apply for
columnar assemblies. These are illustrated in
Figure 2. The molecular surface area, Ay, takes the
shape of a hexagonal cylinder, whereas as the domain
interface area, Ay, forms a circular cylinder. The
latter requires the consideration of the volume fraction
of the non-continuous phase. The two surface areas
can be calculated according to:

My 4)
Ahex - 2\/§pNAdo7
and
My
A = \/27V3 , 5
IF \/EdopLNA ®)

with @ = volume fraction of the discontinuous phase,
defined by:

Vinner cir.Cyl.

_ Vdiscontlphase 6
7= Nz V. - ©
Vhex.Cyl, discont.phase =+ Vcont.phase

(For derivation of Equations (4) and (5) see supplemen-
tary information #1, available via the multimedia link
on the online article webpage.) The volumes of the

different regions are determined based on the respective
molecular domain mass as indicated earlier:

V=" )
0

AF D

/ \
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Unlike the molecular domain interface, the surface
area per molecule is independent of the relative
domain sizes (see Figure 2). It is an important prop-
erty, since it resembles the surface area of the dominat-
ing molecular domain and, therefore, can be used for
the calculation of the packing parameter according to:

Ahydrophoblc domam (8)
A hydrophilic domain

SAXS measurements only provide access to the
molecular surface area but not to the surface area of a
particular molecular domain. However, the molecular
surface area is determined by the dominating molecular
domain, thus 4 can be used to quantify the dominating
region. For straight-chain glycosides this is the sugar
head. The minimum surface area of a linear paraffin, on
the other hand, can be estimated based on an all-trans-
oid conformation of the carbon chain. Assuming an
average bond length of de_c = 1.54 A for a carbon—
carbon bond, the maximum length of an alkyl chain can
be calculated according to:

Sman(Ca) = 1 dec sin(“’i'5 ) ©)

Since the molecular volume of the model hydrocarbon
chain is resembled by the product x,,., and the surface
area, Ay, 1s accessible from the density of hydrocar-
bons. Based on an average density of 0.8 g cm™' for a
hydrocarbon, the surface area of a straight alkyl chain is
estimated as Agyaight acyt = 23 A2, Due to non-perfect
packing in liquid crystal phases the actual value is
expected to be slightly higher. However, the calculated
value constitutes a reasonable estimation.

While the surface area for a hydrocarbon chain can
be estimated relatively simply, based on a geometrical
model, a corresponding approach for a sugar head-
group in a surfactant is difficult, particularly with
respect to configurational effects of the glycosidic
bond, which give rise to significantly different sizes
of o- and f-glycosides. In order to avoid these compli-
cations, a different approach for the determination of
packing parameters for branched-chain glycosides is
applied. Instead of theory-based data, the SAXS-
determined surface area of a straight alkyl chain glyco-
side, Ay, is used as reference for the surface area of the
sugar head-group. This approach is justified, since the
sugar domain determines the surface area per mole-
cule for straight-chain glycosides, as indicated above.

In order to rationalise the effect of alkyl branching
on the molecular surface area, we compare it with
the swelling of glycoside surfactants upon water
addition. Increasing surface area for the latter is due to
the hydration of the sugar (for illustration, see supple-
mentary information #2, available via the multimedia

link on the online article webpage). Unlike previous
investigations [18], our calculations of lyotropic systems
consider the solvent as an integral part of the polar
domain. Therefore, water contributes to the volume
and mass of the polar domain. Instead of the sugar
density, ps, the density of a sugar-water mixture, psw,
is used. Within the concentration range of available
SAXS data, we assume a linear relationship between
density and concentration, Equation (10), which is sup-
ported by experimental results [16]:

Psw = Ps — Xaq (Ps - paq)a (10)

with p = density, x = concentration in sugar phase
(Wt%), aq = water.

The presence of water influences the calculation of
the density of the lyotropic system, pj,,, which is
required instead of p; in Equations (3)—(5). It can be
calculated according to Equation (11):

My + Maq
=_—LT Mg 11
Piyo Ve + szv ( )
with m,q = 1‘“‘ f/l: , Vo =2¢ and Vgw Miﬁm"q

The remaining variable x,:q, see Equation (VIO) can be
determined from c,q according to:

Mayq _ Caq M1
Ms +myq  Ms(1 = caq) + CaqgML’

(12)

Xaq =

Besides the molecular surface area, packing para-
meter and domain interface area per molecule, we
determined the thickness of domains for lamellar sys-
tems and the diameter of the non-continuous phase
cylinders for hexagonal assemblies, respectively. These
data are most effective for demonstrating the effects of
temperature, chain length and water content on the
assembly dimensions. The calculation of all these data
requires the volume fraction for either domain. The
value for the hydrophobic domain can be obtained by
Equation (13):

Ve

Ve + Vsw

_ psw Mc

= ; 13)
psw Mc + pe(Ms + xoq M)

$c =

whereas the thickness of the hydrophobic domain, dc,
only requires multiplication of the volume fraction
with the layer spacing, according to:

dc = ¢¢c X do, (14)

the diameter of the core domain of columnar assem-
blies, 2r, can be calculated by:
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2r= v/ Pdiscont. phase do @ : (15)

3. Results and discussion

Table 1 demonstrates the exclusive formation of a
smectic liquid crystalline phase for straight-chain
alkyl glycosides, whereas for branched-chain analo-
gues a columnar phase is stabilised with increasing
chain length and temperature. The corresponding
molecular surface areas are displayed in Tables 2-4.
The surface area per molecule for straight chain glyco-
sides (Table 2) appears to be only moderately affected
by both temperature (fGlcOCyg) and size of the hydro-
phobic domain («Man-series), while branched-chain
glycolipids show a continuous rise of the surface area
per molecule with increasing hydrophobic domain
(Tables 3 and 4). Table 4 also indicates an increase of
the molecular surface area upon heating of a
branched-chain surfactant. Correspondingly, the
thickness of the sugar domain, ds, remains practically
constant for straight-chain glycosides, whereas it
decreases with increasing hydrophobic domain and
temperature for the branched analogues. This demon-
strates a significant difference between straight and
branched-chain glycosides; while the surface area of
the hydrophilic domain dominates the first, it is the
hydrophobic domain in the latter. The compression of

Liquid Crystals 1209

the sugar region can be explained with a closer packing
perpendicular to the layer normal, which is induced by
the surface area of the hydrophobic domain. Unlike
for the hydrophobic domain, this compression cannot
be achieved by conformational changes, because of
limited conformational freedom of the sugar based
on the cyclic structure. Therefore, either interdigita-
tion of sugar units or a change of the tilt angle of the
sugar and layer normal remain the only possibilities.
The latter is more likely, since it can accommodate a
gradual change of the surface area based on continu-
ous variation of the tilt angle (see supplementary
information #3, available via the multimedia link on
the online article webpage).

The diameter of the sugar domain in the inverse
hexagonal assembly, represented by 2rg in Tables 3
and 4, remains practically constant for compounds
comprising the same sugar. This reflects a constant
volume requirement of the sugar domain and indicates
that the increasing volume demand for the hydropho-
bic domain can be achieved by simply enlarging the
distance between the columns.

The different behaviour of the surface area per
molecule for straight and branched-chain glycosides
can be explained based on the ratio of the volume and
the maximal length of the hydrophobic domain (V/
Xmax). Since the volume correlates with the domain’s
mass, V./xnax may be replaced by Mc/x ., as displayed

Table 2. Surface area per molecule, 4, and packing parameter for straight glycolipids. d, = repeating distance from SAXS
measurements, @, = volume fraction of hydrocarbon chain, dc / ds = thickness of the hydrophobic / hydrophilic domain.

Glycolipid T[°C) do [A] Ref Phase d. [A] ds[A] p1 [glem?] A[A% AlA,
-CH,-CH>»- all-transoid; d. .=1.54A; (heec=109.5° 0.8 23 ref.
BGlcOCy 70 25.6 [3] S4 55% 14.1 11.5 1.08 35 1.5
105 253 [3] S4 56% 14.2 11.1 1.05 37 1.6
BGalOCy 90 258 [3] S4 56% 14.4 114 1.06 36 1.5
«ManOCjg 90 23.1 [3] S4 56% 12.9 10.2 1.06 40 1.7
«ManOC, 90 26.4 [3] Su 61% 16.1 10.3 1.02 40 1.7
«ManOC, 90 28.9 [3] S4 65% 18.9 10.0 0.99 41 1.8
«ManOC |, 50 325 [5] S4 49% 15.8 16.7 1.14 46 2.0
pManOC, 80 41.5 [5] S4 49% 20.5 21.2 1.11 37 1.6

Table 3. Surface area per molecule, 4, and packing parameter for branched glucosides. dy = repeating distance from SAXS
measurements, ¢, = volume fraction of hydrocarbon chain, dc / ds = thickness of the hydrophobic / hydrophilic domain,
2rg = diameter of sugar cylinder, d = cylinder distance, p; = density of glycolipid, 4;r = interfacial surface area of domains.

Glycolipid dy [A] Phase 0 d.[A]  ds[A]  2r[Al  d[A]  pilglem?]  Ap[A% A[AY Al4,
BGlcOCy 25.670°¢ S 55% 14.1 11.5 - - 1.08 35 ref.

BGIcOC42C, 21.85 S4 54% 11.8 10.0 - - 1.12 39 1.1
BGIcOC52C, 23.29 S4 64% 14.9 8.4 - - 1.05 47 1.3
BGIcOC;(2C 24.87 Hy, 70% - - 16.5 28.7 1.01 48 92 2.6
BGIcOC;,2Cy 26.83 Hy, 75% - - 16.4 31.0 0.98 48 101 29

pGlcOC42Cyg 28.85 Hy, 78% - - 16.4 333 0.95 48 108 3.1
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Table 4. Surface area per molecule, 4, and packing parameter for branched maltosides. d, = repeating distance from SAXS
measurements, @, = volume fraction of hydrocarbon chain, dc / ds = thickness of the hydrophobic / hydrophilic domain,
2rg = diameter of sugar cylinder, d = cylinder distance, p; = density of glycolipid, 4;r = interfacial surface area of domains.

Glycolipid T[°C] dy[A] Phase 0. de[Al  d[Al  2r[A]  d[A]  piglem?] A [A%] A[AT] Al4,
pMaltoOC, 25 33.5 S4 48%  16.1 17.4 - - 1.23 43 ref.
BMaltoOC4fC, 25 27.59 S4 38% 106 17.0 - - 1.24 44 1.0
BMaltoOCgfC,4 25 29.72 S, 48% 143 15.4 - - 1.16 49 1.1
BMaltoOC ofCq 25 31.53 S4 55% 174 14.1 - - 1.11 53 12
BMaltoOC,5Cs 25 36.18 S, 61% 220 14.2 - - 1.07 53 12
100 34.48 S4 62% 215 13.0 - - 1.00 60 1.4
100 34.48 S4 62% 215 13.0 - - 1.00 60 1.4
200 34.22 H, 65% - - 24.6 39.5 0.90 66 116 2.7
BMaltoOC,48C1o 25 36.93 S, 65% 240 12.9 - - 1.05 58 1.3
100 36.63 S4 66% 244 123 - - 0.97 63 1.5
160 35.59 Hy, 68% - - 24.5 41.1 0.91 65 121 2.8

Table 5. Volume length ratio for branched and straight alkyl chains, resembled by the ratio of mass and length yp,ax.

Straight chain Branched chain

Alkyl domain Code Xinax [A] M Xpax [ mol™ A Code Xomax [A] M/ Xpax [g mol™ A7)
CgHy5 Cs 10.0 11.3 Ce2C, 7.5 15.0
CyoHa, Cio 12.6 112 -

Cy2Has Cp 15.1 112 Cg2C4 10.0 16.8
C14Hao Cus 17.6 112 -

CiHas Cie 20.1 112 C162Cs 12.6 17.9
CisHs7 Cis 226 112 -

CaoHyy Cao 25.2 112 C122Cs 15.1 18.6
CaoHys Cay 27.7 112 -

Ca4Hyo Cos 30.2 11.2 C142Cyo 17.6 19.1

in Table 5. While straight chains show a constant ratio
Mc/Xmay, the corresponding data for branched-chain
compounds are steadily increasing. The thermal trend
may be explained accordingly based on an entropic
effect, which leads to increasing deviation from the
all-transoid conformation with rising temperature,
thus shortening x while M remains constant.

The packing parameter (for better readability the
reciprocal value p~'=A4/A4, is displayed in Tables 2-4)
for straight-chain glycosides consistently remains
below Y2 (Table 2), thus confirming a lamellar, or smec-
tic phase. The only exception to this rule is found in
oMaltoOC,, which exhibits the value resembling the
geometric change of the assembly from lamellar to
columnar. However, this discrepancy is based on the
underestimation of the molecular surface area for the
reference A, due to the all-transoid conformation
assumption. Branched-chain glycolipids, on the other
hand, exhibit a packing parameter varying between 1
and /3 (Tables 3 and 4), which corresponds to the
geometry of the experimentally found phase.

A comparison of Tables 3 and 4 indicates higher
affinity of branched-chain maltosides for lamellar

assemblies, compared with glucosides. This correlates
with a significantly larger domain interface area of the
disaccharide head group. The increase in interface
area, however, is substantially smaller than the
increase in size of the hydrophilic head group. A
look into Table 2 reveals significant differences
between interface areas of «- and f-glycosides;
o-anomers exhibit larger molecular surface areas,
e.g. ~ 40 A? for z-mannosides but only ~ 35 A? for
p-glucosides and ff-galactosides. These results are con-
sistent with simulation studies on lamellar glycolipid
assemblies, which also gave larger layer spacings,
reflecting smaller interface areas, for ff-anomers [19].
This suggests that the anomeric linkage greatly affects
the molecular surface area (for more illustration, see
supplementary information #4, available via the mul-
timedia link on the online article webpage). In fact, the
increase of molecular surface area from glucose to
maltose originates to a major content from the
o-(1—4) glycosidic linkage of the two glucose units.
Table 6 displays experimental data and calculated
molecular surface areas for lyotropic glycolipid assem-
blies. The surface area per molecule rises with increasing
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Table 6. Surface area per molecule, 4, and packing parameter for lyotropic glycolipid formulations; bold values do not match
packing theory predictions. d = repeating distance from SAXS measurements, ¢. = volume fraction of hydrocarbon chain, dc/
ds = thickness of the hydrophobic / hydrophilic domain, 2r. = diameter of sugar cylinder, d = cylinder distance, p; = density of

glycolipid, Ar = interfacial surface area of domains.

Glycolipid ¢,y [%] T[°C] do [A] Ref Phase o, d.[A] di[A]l 2r.[A] d[A] pilglem?] Ap[A% A[A% Al4,
-CH,-CH>»- all-transoid; d... = 1.54A; Pece = 109.5° 0.80 23 ref.
BGlcOCy 5 25 266 B L, 2% 137 129 - - 1.12 %15
19 25 297 B] L, 45% 133 164 - - 1.10 35 1.5
33 25 333d=1386 [3] H, 39% - - 252 386 1.06 37 63 2.7
BGalOCg 8 50 265 B] L, 51% 134 131 - - 1.09 36 1.6
13 50 282 B] L, 48% 136 146 - - 1.09 36 1.5
22 50  30.1d=348 [3] H, 4% - - 242 348 1.07 40 63 28
32 50 31.8d4=367 [3] H,; 40% - - 242 367 1.05 40 67 2.9
«ManOCjg 6 25 243 B L, 51% 124 119 - - 1.12 38 1.6
22 50 284d=328 [3] H; 44% - - 28 328 1.07 42 67 2.9
33 50 30.7d=354 [3] H, 39% - - 233 354 1.04 42 70 3.0
«ManOCj, 5 25 282 B L, 5% 160 122 - - 1.08 3716
«ManOC, 25 50  36.5 B] L, 50% 184 181 - - 1.01 39 17
45 50 395 Bl L, 41% 160 235 - - 0.94 45 2.0
pMaltoOCy, 15 75 392 5] L, 42% 166 226 - - 1.10 45 2.0

water concentration and drastically increases upon
phase transition from a lamellar to a columnar assembly.
A look at the layer thicknesses reveals a behaviour simi-
lar to the one previously described for branched-chain
glycosides; the hydrophobic layer is shrinking with
increasing water concentration. However, the effect is
less prolonged than the corresponding shrinkage of the
sugar domain in branched glycosides. The calculated
values for the packing parameter 4/4, and the observed
assembly geometry mostly match the packing theory.
The exceptions, highlighted in Table 6, again are due to
an underestimation of the reference surface area A4,.

The values for the diameter of the inner (hydro-
phobic) cylinder for the columnar lyotropic phase,
2rc, exceed the size of two all-trans configurated
alkyl  chains. Considering  bond  lengths
lec =154 A, Iy = 111 A, lco = 141 A and
bond angles of 109.5, the maximum length of an
octyl chain is:

Linax = sin(loz5 > (7 x 1.54 +1.11 +IT41>

10.3A (16)

Assuming a non-bonding distance of about 2 A,
the diameter for the hydrophobic domain cannot
exceed 22.5 A. However, all calculated values in
Table 6 are larger. While the deviations for the
o-mannoside may be considered acceptable within
experimental precision, this does not apply for the
p-glycosides fGlcOCg and pGalOCg, which exceed
the theoretical maximum by about 10%. It shows
that the assumption of a smooth circular shaped

cylinder for the hydrocarbon domain is wrong; hence
the interface area per molecule is underestimated.
With respect to the volume fraction, an elliptical cylin-
der with an axial ratio of about 4:5 could be consid-
ered, according to:

2
Pc dgﬁ = ntab = TLmay b. (17)

However, due to the significant deviation from
circular shape, one should expect a deformation of
the hexagonal structure, probably leading to a tetra-
gonal columnar assembly instead. More likely is the
expression of surface roughness. Sterical packing con-
straints for the sugar head-groups seem to impede the
formation of the smooth cylinder interface. In this
way, sugar-based surfactants exhibit different assem-
bly behaviour than conformational more flexible poly-
ethylenoxide analogues. It is expected that the surface
roughness diminishes with increasing water concen-
trations, due to better packing flexibility based on
the mobility of water molecules.

The sharp increase of molecular surface area upon
phase transition from a lamellar to a columnar assem-
bly, Figure 3, suggests a drastic change in the structure
of the corresponding compounds. However, it does
not refer to the molecular structure, but to the assem-
bly. The molecular surface area of a compound
changes drastically upon heating near the phase tran-
sition temperature. This, however, does not corre-
spond with a significant increase in the domain
interface as shown in Figure 3. Unlike the molecular
surface area, the interface of domains shows a
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Figure 3. Molecular surface and domain interface area for branched chain f-glucosides as a function of the alkyl group size.

continuous gradual increase with temperature, chain
length and water concentration regardless of phase
transitions (Tables 3, 4 and 6).

4. Theoretical explanation

The increase of the number of carbon atoms in the
chain of branched alkyl glycosides decreases the pack-
ing efficiency in the chain region, causing the distance
between lipids to increase, hence the surface area per
molecule increases. The increasing surface area of the
chain region reduces packing stress in the sugar
domain within the lamellar phase. This relaxation
will develop to the point where constraints occur in
the hydrophilic domain due to increased spacing of the
sugars, which would create a ‘vacuum’ if the lamellar
phase is maintained. This can be described using the
equation below, representing the force, f, between
head groups at a distance, /, in the lamellar phase
based on the assumption an elastic force constant k.

f=—k(I—1,). (18)

The distance /; represents the minimum of elastic
energy. For straight and short-branched alkyl chains,
[ < indicates packing stress for the hydrophilic
domain. This may result in the formation of a hexa-
gonal phase, Hy, as demonstrated for lyotropic formu-
lations. With increasing ratio of volume and length of
the hydrophobic domain, the distance / increases, first
stabilising the lamellar assembly but then creating
packing constraints inside the hydrophobic region,
when [ < [,. This leads to the formation of a columnar
phase Hy;. The work done by the surface tension in the

head region, which increases due to the increase of the
surface area per molecule, will contribute to the free
energy of curvature.

According to Tables 3 and 6, f-glucosides form
lamellar assemblies up to a molecular surface area of
about 50 A%, while columnar assemblies are observed
above this figure. Assuming a cylindrical or conical
shape of the molecules, the molecular surface area
can be converted into the molecular distance /. in
Equation (19) according to:

L= /2 8A. (19)
T

The corresponding value for f-maltosides is larger
(>70 Az), leading to a stress-free distance of /. > 10 A.

The free energy per unit area of the curving lipid
layer is given by the Helfrich’s equation [20] as follows:

E = (H - Ho)* + 12K, (20)

where E is the curvature elastic energy per interface
area, H is the mean curvature, H, is called the
spontancous mean curvature, K denotes the
Gaussian curvature, and «; and x, are the respective
bending rigidities. The free energy of the curvature
can be a measure for the tendency of the lipid layer
to curve. Increasing free energy results in reduced
tendency of the layer to bend [21]. For a columnar
structure K =0 and the mean curvature of the
cylinder is:

H=— Q1)
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where R denotes the radius of the cylinder that depends
on the length of lipids. As the length of the lipid mole-
cule increases due to the increasing number of carbons
in the hydrocarbon chain, the mean curvature of the
cylinder formed by those molecules becomes smaller
and the curvature free energy reduces. This might be
the reason why pMaltoOC;42C;, forms the inverse
columnar phase at lower temperature than
pMaltoOC;,2Cg (see Table 4).

5. Conclusion

The geometry of glycoside assemblies is related to the
molecular surface area of the surfactant molecules. The
different behaviour of branched and straight-chain gly-
cosides results from the differences in the ratio of the
volume and the length of the hydrophobic domain.
Increase of the volume length ratio of either hydrophilic
or hydrophobic region increases the tendency for the
formation of a columnar phase. This enables the predic-
tion of trends for the assembly behaviour of glycolipids
based on molecular structure comparisons. However,
the molecular surface area is significantly affected by
the geometry of the assembly. Hence, simple molecule-
based estimations of domain surface areas cannot be
used to predict the phase of a glycolipid accurately.
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