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bstract

The thermotropic phase behaviour of aqueous dispersions of some synthetic 1,2-di-O-alkyl-3-O-(�-d-galactosyl)-rac-glycerols
rac-�-d-GalDAGs) with both odd and even hydrocarbon chain lengths was studied by differential scanning calorimetry (DSC),
mall-angle (SAXS) and wide-angle (WAXS) X-ray diffraction. DSC heating curves show a complex pattern of lamellar (L)
nd nonlamellar (NL) phase polymorphism dependent on the sample’s thermal history. On cooling from 95 ◦C and immedi-
te reheating, rac-�-d-GalDAGs typically show a single, strongly energetic phase transition, corresponding to either a lamellar
el/liquid-crystalline (L�/L�) phase transition (N ≤ 15 carbon atoms) or a lamellar gel/inverted hexagonal (L�/HII) phase transi-
ion (N ≥ 16). At higher temperatures, some shorter chain compounds (N = 10–13) exhibit additional endothermic phase transitions,
dentified as L/NL phase transitions using SAXS/WAXS. The NL morphology and the number of associated intermediate transitions
ary with hydrocarbon chain length. Typically, at temperatures just above the L� phase boundary, a region of phase coexistence
onsisting of two inverted cubic (QII) phases are observed. The space group of the cubic phase seen on initial heating has not been
etermined; however, on further heating, this QII phase disappears, enabling the identification of the second QII phase as Pn3̄m

space group Q224). Only the Pn3̄m phase is seen on cooling.
Under suitable annealing conditions, rac-�-d-GalDAGs rapidly form highly ordered lamellar-crystalline (Lc) phases at temper-

tures above (N ≤ 15) or below (N = 16–18) the L�/L� phase transition temperature (Tm). In the N ≤ 15 chain length lipids, DSC
eating curves show two overlapping, highly energetic, endothermic peaks on heating above Tm; corresponding changes in the
rst-order spacings are observed by SAXS, accompanied by two different, complex patterns of reflections in the WAXS region. The

AXS data show that there is a difference in hydrocarbon chain packing, but no difference in bilayer dimensions or hydrocarbon

hain tilt for these two Lc phases (termed Lc1 and Lc2, respectively). Continued heating of suitably annealed, shorter chain rac-�-
-GalDAGs from the Lc2 phase results in a phase transition to an L� phase and, on further heating, to the same QII or HII phases
bserved on first heating.
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On reheating annealed samples with longer chain lengths, a subgel phase is formed. This is characterized by a single, poorly energetic
endotherm visible below the Tm. SAXS/WAXS identifies this event as an Lc/L� phase transition. However, the WAXS reflections
in the di-16:0 lipid do not entirely correspond to the reflections seen for either the Lc1 or Lc2 phases present in the shorter chain
rac-�-d-GalDAGs; rather these consist of a combination of Lc1, Lc2 and L� reflections, consistent with DSC data where all three
phase transitions occur within a span of 5 ◦C. At very long chain lengths (N ≥ 19), the L�/Lc conversion process is so slow that no Lc

phases are formed over the time scale of our experiments. The L�/Lc phase conversion process is significantly faster than that seen
in the corresponding rac-�-d-GlcDAGs, but is slower than in the 1,2-sn-�-d-GalDAGs already studied. The L�/NL phase transition
temperatures are also higher in the rac-�-d-GalDAGs than in the corresponding rac-�-d-GlcDAGs, suggesting that the orientation
of the hydroxyl at position 4 and the chirality of the glycerol molecule in the lipid/water interface influence both the Lc and NL
phase properties of these lipids, probably by controlling the relative positions of hydrogen bond donors and acceptors in the polar
region of the membrane.

© 2007 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

There is great interest in the physical properties of
he monoglycosyl diglycerides (MGDGs) in which a sin-
le carbohydrate, usually a hexopyranoside, is attached
ia an � or � linkage to either a diacyl or dialkyl
lycerol (Fig. 1). For many years, the diacyl glyco-
lycerolipids were mostly thought to be important as
tructural elements in the membranes of a wide variety
f photosynthetic plants and microorganisms (Williams
nd Quinn, 1987; Fischer, 1990; Smith, 1988; Brennan,
988; Ishizuka and Yamakawa, 1985), where they are
equired for the proper functioning of the photosynthetic
eaction centre (Williams and Quinn, 1987; Camara-
rtigas et al., 2002; Pick et al., 1987; Hagio et al., 2000;
ato et al., 1995, 2003; Minoda et al., 2002; Benning,
998; Yu et al., 2002) and for the maintenance of chloro-
last morphology (Hartel et al., 1998). However, recent
dvances in medical research have shown that some
lycolipids containing a single sugar unit may have sev-
ral coexisting functions in cell membranes, which may

ombine regulatory, immunological and structural roles.
pecific occasions on which this multifunctional role has
een identified in glycolipids include a role in regulating
riggered cell death by �-d-galactosylceramide (Nicol et

ig. 1. The chemical structure of the racemic dialkyl-�-d-galactosyl
lycerols used in this study.
haviour; Inverted hexagonal phase; Inverted cubic phase; Differential

al., 2000; Saubermann et al., 2000; Kitamura et al., 2000)
and other glycolipids (Zhao et al., 1999), and the role of
the seminolipid (1-O-hexadecyl-2-O-hexadecanoyl-3-
O-�-d-(3′-sulfo)-galactopyranosyl-sn-glycerol; 3′-SO3-
�-d-GalAAG) in the formation of the myelin sheath and
in spermatogenesis (Honke et al., 2002). The seminolipid
is also intimately involved in the events leading to fer-
tilization, which involves both the binding of the sperm
to the ovum zona pellucida (White et al., 2000), as well
as a change in the ratio of lamellar- and nonlamellar-
preferring lipids following removal of the sulfate group
by the extracellular arylsulfatase A, which may promote
the fusion of the spermatozoa membrane with that of the
ovum (Gadella et al., 1995). The 3′-SO3-�-d-GalAAG
is also responsible for the binding and transfection of
certain species of Mycoplasma that are known to cause
infertility in humans (Lingwood et al., 1990; Tsuji et al.,
1992), as well as the binding of viruses such as influenza
virus type A (Nakata et al., 2000) and the human immun-
odeficiency virus causing AIDS (Brogi et al., 1998; Lau
et al., 1993; Loya et al., 1998; Mizushina et al., 2003;
Murakami et al., 2003; Mannock and McElhaney, 2004,
and references therein). Also, 3′-SO3-�-d-GalAAG may
be responsible for the binding of the HIV glycoprotein
120 to spermatozoa and subsequent transmission of HIV
to the sexual partner (Brogi et al., 1998 and references
therein).

Studies of the plant glycolipids have shown that both
the nonionic galactolipids and the sulfonoquinovosyl-
diacylglycerol are potent inhibitors of both eukaryotic
DNA polymerases and the HIV reverse transcriptase
(Lau et al., 1993; Loya et al., 1998; Mizushina et al.,

2003; Murakami et al., 2003; Mannock and McElhaney,
2004, and references therein). In addition, both ionic
and nonionic glycolipids have been shown to be potent
inhibitors of tumour growth in a variety of cancers (Lu
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rac-�-d-GalDAGs is shown in Fig. 1. All analytical mea-
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et al., 1994; Colombo et al., 2002; Sahara et al., 2002;
Ohta et al., 2001; Mannock and McElhaney, 2004, and
references therein). Thus, MGDGs are of importance
as both immunological and regulatory elements in the
native membranes in which they are found and for their
pharmacological properties. They are presently being
investigated for use in a variety of biomedical applica-
tions (Mannock and McElhaney, 2004, and references
therein).

Prior to 1985, physical studies of the glycoglyc-
erolipids were confined to a few studies of native
diacyl-�-d-galactosyl-sn-glycerols isolated from photo-
synthetic organelles (Rivas and Luzzati, 1969; Shipley
et al., 1973; Oldani et al., 1975; Mannock et al., 1985b;
Sanderson and Williams, 1992), their hydrogenated
derivatives (Sen et al., 1983; Mannock et al., 1985a;
Quinn and Lis, 1987; Lis and Quinn, 1986) and the
corresponding �-d-glucolipids isolated from Achole-
plasma laidlawii (Wieslander et al., 1978, 1981a,b; Khan
et al., 1981; Silvius et al., 1980). More recently, the
synthesis of the 1,2-diacyl-�- and �-d-glucosyl- and
�-d-galactosyl-sn-glycerols and their subsequent phys-
ical studies (Mannock et al., 2001a,b; Yue et al., 2003;
Asgharian et al., 2000; Lewis et al., 1997, and refer-
ences therein) have demonstrated the existence of a rich
pattern of lamellar and nonlamellar polymorphism in
aqueous dispersions of the above glycolipids, together
with a more complex structural regulation of lipid mem-
brane architecture than had hither to been envisaged
(Lewis et al., 1997; Mannock and McElhaney, 2004, and
references therein).

In contrast, the corresponding dialkyl glycolipids
have been isolated from fewer sources, most of which are
halotolerant or methanogenic archaebacteria (Fischer,
1990). The chirality of the glycerol backbone in these
native glycosyl dialkylglycerols is exclusively 2,3-sn,
whereas that of their diacyl counterparts from bacterial
and eucaryotic cells is exclusively 1,2-sn (Fischer, 1990).
This raises the question of whether there is any biological
significance in such differences in glycerol configuration
and what, if any, role they might play in regulating the
lateral compressibility and interfacial curvature of the
resulting membranes.

The presence of a second chiral centre in the sugar
portion of the glycolipid molecule (d- or l-galactose)
makes studies of any one representative lipid chemi-
cal configuration more complicated, because two lipids
containing identical sugar headgroups (d-galactose), but

glycerols of opposite chirality, are not enantiomers, but
diastereomers. There have been several recent stud-
ies which show that phospholipids differing in their
chirality in the headgroup and interfacial regions may
sics of Lipids 148 (2007) 26–50

also have different physical properties (Wisner et al.,
1986; Brain et al., 1986; Silvius et al., 1986; Bruzik
and Tsai, 1987). This has prompted us to ask whether
the recent reports of the thermotropic properties of a
small number of 1,2-dialkyl-3-O-(�-d-glucosyl)- and
(�-d-galactosyl)-sn-glycerols are also representative of
the natural 2,3-sn diastereomers, as has been implied
(Hinz et al., 1991; Jarrell et al., 1987; Kuttenreich et
al., 1988, 1993; Mannock et al., 1992, 1994, and ref-
erences therein). In order to investigate this possibility
further, we have utilized established procedures (Ogawa
and Beppu, 1982; Mannock et al., 2000) to facilitate
the synthesis of a series of compounds in which the
configuration of both the carbohydrate headgroup and
dialkyl glycerol can be systematically varied. In this
paper, we describe the thermotropic phase behaviour of a
series of synthetic dialkyl-�-d-galactosyl-rac-glycerols
(rac-�-d-GalDAGs), with alkyl chain lengths ranging
from 10 to 20 carbon atoms, using differential scan-
ning calorimetry (DSC) and small-angle (SAXS) and
wide-angle (WAXS) X-ray diffraction.

2. Materials and methods

2.1. Synthesis

Racemic dialkyl glycerols were prepared accord-
ing to the procedure of Mangold and co-workers
(Baumann and Mangold, 1966a,b). All other materi-
als were prepared as reported earlier (Baumann and
Mangold, 1966a; Mannock et al., 1987; Mannock and
McElhaney, 1991). The methodology used for the
preparation of an extensive range of rac-�-d-GalDAGs
with different chain lengths are the same as those
reported for the corresponding rac-�-d-glucosylDAGs
(Mannock et al., 2000). This glycosylation reaction was
high yielding (70–80%) and successful in all cases,
producing anomeric ratios varying from 4:1 to 8:1
(�:�), depending on the chain length. The individual
anomers were then separated by column chromatog-
raphy. A full description of the methodology and
purification processes used for the preparation of these
rac-�-d-GalDAGs have been reported for the corre-
sponding �-d-glucosyl compounds (Mannock et al.,
2000), which utilized the same batch of synthetic
dialkyl-rac-glycerols. The chemical structure of the
surements were consistent with the assigned structures
and were in agreement with literature values and indi-
cated a purity of ≥97% with an anomeric ratio of 20:1
(�/�) or better.
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.2. Physical measurements

Low-sensitivity DSC measurements were performed
sing a Perkin-Elmer DSC-2C (PE-DSC) equipped with
3600 series Thermal Analysis Data Station using TADS
oftware. Lipid samples were prepared by weighing the
reeze-dried lipid into a stainless steel capsule using a
isher/Mettler M3 microgramatic balance, whereupon
0 �L de-ionized water was added. The capsule was
hen sealed and placed into the DSC sample cell, while a
imilar capsule containing de-ionized water was placed
n the reference cell. Both were then cycled between 5
nd 90 ◦C at a rate of 20 ◦C/min to ensure that the lipid
as fully hydrated, as determined by the repeatability
f heating and cooling scans. Data was subsequently
ollected over the range of 5–95 ◦C at heating and cool-
ng rates varying from 20 to 0.3 ◦C/min. Data files were
ransformed into an ASCI file format for further analy-
is and were imported into Origin 7.5 (Originlab Corp.,
orthampton, MA).
High-sensitivity DSC measurements were performed

sing a Calorimetry Sciences Corporation Multicell-
SC (CSC-DSC; American Fork, UT, USA). The

amples were prepared by weighing the dry lipid into
he cell using a Fisher/Mettler M3 microgramatic bal-
nce; 0.5 mL de-ionized water was added and the cell
as sonicated in a water bath for 20 min at room tem-
erature. The cells were then manually dried and placed
nto the CSC-DSC, whereupon they were cycled between
0 and 90 ◦C at 30 ◦C/h to ensure uniform mixing of the
ample prior to storage at 4 ◦C for 24 h and followed
y measurement. Data was collected over the range of
–95 ◦C at a rate of 10 ◦C/h and was imported into Ori-
in 7.5 (Originlab Corp., Northampton, MA) for further
nalysis.

Samples were prepared for X-ray diffraction (XRD)
y first placing 3–5 mg of dry lipid into a 1.5 mm glass X-
ay capillary sealed with either a flame or 5-min epoxy
t the small end, followed by the addition of 7–10 �L
eionized water. The lipids typically floated if the mix-
ure was centrifuged, so the mixture was first mixed

echanically. After flame sealing the open end, the con-
ents of the capillary were further mixed by repeated
entrifugation in a table-top centrifuge, flipping the cap-
llary 180◦ between each centrifugation. Samples were
hen transferred to an X-ray camera stage fitted with a
eltier-controlled thermostat (±0.5 ◦C). In most cases,

he sample was slowly heated from 10 ◦C to 90 or 95 ◦C

nd brought back to 10 ◦C over the course of 12–18 h
o anneal and improve mixing. The samples were deter-

ined to be uniformally dispersed when different parts
f the X-ray capillary all yielded the same diffraction.
sics of Lipids 148 (2007) 26–50 29

Two X-ray diffraction systems were used to collect
data: the first was attached to a Rigaku RU200 rotat-
ing anode generator (MSC-Rigaku, The Woodlands, TX)
with a copper anode producing Cu K� X-rays with a
wavelength of 1.54 Å and consisted of crossed Franks
mirrors equipped with a slow scan SIT-TV detector
(Gruner et al., 1982; Shyamsunder et al., 1988). The
second system, which was used to collect both SAXS
and WAXS diffraction patterns, consisted of a Rigaku
RU300 rotating anode generator also producing Cu K�
X-rays which were doubly focused using two perpen-
dicular Franks mirrors. The diffracted images were then
collected using an image intensified, fibre optically cou-
pled CCD camera (Tate et al., 1997) and were then
digitally transferred to a computer. In both cases, the
sample temperature was regulated by means of a sample
holder whose temperature was computer-controlled by
thermoelectrics to ±0.5 ◦C.

Following the first thermal cycle described above,
samples were incubated overnight at 10 ◦C. The XRD
measurements were performed on each lipid sample over
the range −20 to 90 ◦C in both the heating and cool-
ing directions at intervals of 5 or 10 ◦C. Samples were
allowed to equilibrate for 30–60 min after each temper-
ature change before collecting new diffraction images.
Both SAXS and WAXS scattering data were collected
for selected lipid chain lengths. The SAXS and WAXS
procedures differ only in the distance from the specimen
to the detector. Generally, the diffraction patterns showed
only two to four powder reflections, although as many
as seven orders were visible for some samples. Lattice
parameters (a) determined by SAXS were accurate to
±0.05 nm, whereas the WAXS spacings were accurate
to ±0.01 nm. The reflections in the small-angle region
were used to identify the phase morphology, whereas the
wide-angle spacings provided details of the hydrocarbon
chain packing (Fig. 2).

3. Results

3.1. Calorimetric measurements

Heating and cooling thermograms of a homologous
series of rac-�-d-GalDAGs containing alkyl chains with
odd and even numbers of carbon atoms, obtained using
the PE-DSC-2, are shown in Fig. 3. The correspond-
ing thermodynamic parameters are listed in Table 1 and
are plotted as a function of hydrocarbon chain length in

Fig. 4.

Initial heating and cooling experiments over a
wide range of temperature (5–95 ◦C) and scan rate
(20–0.3 ◦C/min) using the PE-DSC2 showed that the
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Fig. 2. A schematic drawing of various lipid-water mesophases and states of aggregation adopted by membrane lipids: (A) L�, lamellar liquid-
crystalline; (B) cross-sectional view of the acyl chains in a hexagonal close-packed arrangement (the view is along the chain axis); (C) various

chains

ses are
exagon
gel phases (Lc, lamellar crystalline; L�′ , lamellar gel phase with tilted

Pn3̄m (Q224, QD
II ) inverse bicontinuous cubic phases. The cubic pha

midplanes of fluid lipid bilayers; (G) HI normal and (H) HII inverted h
pattern of mesophase behaviour in the shorter chain com-
pounds (n = 10:0–14:0) was complicated by the rapid
formation of one or more Lc phases. The rate of Lc
phase formation from the L� phase (which also exhib-
; P�′ , ripple gel phase); (D)–(F) Ia3̄d (Q230, QG
II ), Im3̄m (Q229, QP

II ),

represented by the G, P and D minimal surfaces, which locate the
al phase. After Gabke et al. (2005) and Seddon et al. (2000).
ited odd–even alternation) was so rapid that it was not
possible to isolate the L� phase in pure form in those
compounds using these standard protocols (data not
shown). In order to isolate the mesophases in these lipids,
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Fig. 3. Low-sensitivity DSC thermograms of a series of synthetic racemic dialkyl-�-d-galactosyl-glycerols with hydrocarbon chain lengths ranging
from 10 to 20 carbon atoms. The heating and cooling rates are 1 ◦C/min, unless specified otherwise. In each panel, the sequence of thermograms is
as follows: the upper scan is the first heating scan of the annealed lipid samples in the Lc phase, except for the lipids with 19 and 20 carbon chain
lengths where no Lc phase was observed; the middle scan is a cooling scan; and the lowest scan is the second heating scan from the L� phase,
except for the di-10:0 lipid where the rapid L�/Lc phase conversion did not permit its isolation. The y-axis expansions are situated above the second
heating scans and, in the di-10:0 lipid, below the cooling scan.

Fig. 4. Measurements of (A) the phase transition temperatures (T, ◦C) and (B) the enthalpies (�H, kcal/mol) calculated from heating scans obtained
from the PE-DSC2 of a homologous series of racemic dialkyl-�-d-galactosyl-glycerols as a function of chain length. Symbols: (�) Lc1/X; (�)
Lc2/X; (�) L�/L� ≤ 15 and L�/HII ≥ 16; (©) L�/L�; (�) Lα/Qa

II; (�) Qa
II/Q224; ( ) L�/HII; (♦) Lc/L�.
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Table 1
Phase transition properties of a series of synthetic 1,2-di-O-alkyl-3-O-(�-d-galactopyranosyl)-rac-glycerols obtained from heating scans using the
PE-DSC2

Chain length Phase transition

L�/L� L�/HII L�/QII QII/QII QII/HII L�/HII Lc1/?a Lc2/?a

Tm �H Tm �H TNL �H TNL �H Th �H Th �H Tx �H Tx �H

10:0 2.4 1.8 – 64.8 1.3 75.1 0.7 30.9 10.3 42.6 4.5
11:0 21.2 2.8 – 62.3 0.4 77.8 0.2 38.8 9.3 45.9 4.6
12:0 33.1 3.4 – 62.5 0.6 79.1 0.6 92.5c 0.14 44.7 9.9 53.6 5.8
13:0 44.0 4.9 – 63.2 0.8 ∼81b – ∼81b 0.2b 50.9 7.7 58.1 6.4
14:0 52.1 6.3 – – – – – – – 63.2 1.5 54.9 11.6 60.9 6.9
15:0 59.8 7.3 – – – – – – – 63.8 1.9 59.6 12.9 64.2 8.6
16:0 – – 65.8 11.4 – – – – – – 62.7 10.8 67.7 11.4
17:0 – – 70.6 12.3 – – – – – – 64.9 10.2
18:0 – – 74.3 13.3 – – – – – – 68.9 8.6
19:0 – – 78.1 14.4 – – – – – – –
20:0 – – 81.4 15.2 – – – – – – –

Transition temperatures (Tx) are cited in degrees Celsius and transition enthalpies (�H) are given in kcal/mol. Values in italics are from the
corresponding cooling experiment where it was not possible to perform an accurate measurement in the heating direction.

a The nature of the transitions from these Lc phases changes with chain length, see Fig. 4 and the text for details.
b We could not accurately separate the exo- and endothermic components of the QII/HII phase transition seen in the di-13:0 lipid.
c Initially the transition to the HII phase was observed at a temperature of 102 ◦C.

Fig. 5. Small-angle X-ray diffraction measurements of the racemic dialkyl-�-d-galactosyl- and �-d-glucosyl-glycerols, showing plots of the cell
lattice parameter (a, nm) as a function of temperature (◦C). Symbols: (�) heating direction; (�) cooling direction; (�) heating from the Lc phase;
(�) heating measurements of the corresponding glucolipids (Mannock et al., 2000).
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Fig. 6. SAXS and WAXS (inset) patterns for samples of the racemic dialkyl-�-d-galactosyl-glycerols with representative hydrocarbon chain lengths.
(A) 14:0 L phase at 20 ◦C. (B) L phase at 55 ◦C. (C) H phase at 65 ◦C. (D) L phase at 20 ◦C. In the inset, the upper WAXS pattern is the L ,
w e at 1 ◦
s from t

t
t
t
d
w
W
L

c
t
b
u
t
(
G
t
t
t
p
i
t
t
n
i
S
a
s
(

� � II

hereas the lower pattern is the Lc2 phase at 58 ◦C. (E) 15:0 Lc1 phas
pacings are listed in Tables 2 and 3 together with calculations derived

he samples were cooled from 95 ◦C at a rate of 1 ◦C/min
o just below their respective L�/L� phase transition
emperatures and immediately reheated. Under such con-
itions, a single sharp, highly energetic phase transition
as observed at lower temperatures, which SAXS and
AXS (Figs. 5 and 6; Tables 2 and 3) confirmed as the

�/L� phase transition.
It was necessary to apply this experimental proto-

ol in both the DSC and XRD measurements in order
o isolate the metastable L� phase in all lipid samples
etween chain lengths of 11–15 carbon atoms. We were
nable to isolate the L� phase in the heating direc-
ion of the rac-di-10:0-�-d-GalDAG using the PE-DSC
Fig. 3) and of both the rac-di-10:0- and di-11:0-�-d-
alDAGs using the CSC-DSC. This was despite the fact

hat exothermic peaks, corresponding to the L�/L� phase
ransition, were evident in the cooling scans, suggesting
hat the Lc phase might be formed from a transient L�

hase on cooling at shorter chain lengths. With increas-
ng chain length as the L�/Lc conversion rate decreases,
he chain-melting phase transition becomes visible in
he heating direction and is reversible on cooling. The
ature of this phase transition changes with increas-
ng chain length. At shorter chain lengths (11:0–15:0),

AXS/WAXS measurements confirm the existence of
n L�/L� phase transition, whereas longer chain length
amples (16:0–20:0) exhibit an L�/HII phase transition
see below).
c1 c1

C. (F) 16:0 Lc1/Lc2/L� phase mixture at 1 ◦C. The SAXS and WAXS
hose spacings.

At temperatures above the L�/L� phase transition
in the shorter chain rac-�-d-GalDAGs (N ≤ 15), one
or more poorly energetic thermal events are visible in
the CSC-DSC heating thermograms, which vary in their
transition temperature, enthalpy (�H) and peak width
according to the length of the hydrocarbon chains. In
samples of the rac-di-10:0- to di-13:0-�-d-GalDAGs,
a single phase transition is visible at 62–64 ◦C, corre-
sponding to a lamellar liquid crystalline to an inverted
cubic (L�/Qa

II) phase transition as seen by SAXS
measurements. In the case of the rac-di-11:0- to di-
13:0-�-d-GalDAGs, there was some evidence of a
combination of an endotherm immediately followed by
an exothermic event at this temperature in the CSC-DSC
heating thermograms, suggesting a complex process
whose nature remains undetermined. Both the PE-DSC
and the CSC-DSC show the existence of these phase
transitions at about 62 ◦C.

Samples of rac-di-11:0 and di-12:0-�-d-GalDAGs
measured in the PE-DSC also show a single thermal
event below 62 ◦C, but there is no evidence of a similar
peak in the di-10:0 or 13:0 lipid. There are also no peaks
at corresponding temperatures in the heating thermo-
grams of annealed samples of those lipids, eliminating

the possibility of the formation of Lc phases during the
heating scan. The likelihood that the poorly energetic
peaks below 62 ◦C are the result of some kinetic arti-
fact cannot be ruled out, as they do not appear in the
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Table 2
X-ray diffraction d-spacings (nm) at specified temperatures (◦C) and dimensional thermal expansion coefficients (s, nm/K) for the Lc, L�, L�, QII

and HII phases of (A) the 1,2-di-O-alkyl-3-O-�-d-galactopyranosyl-rac-glycerols and (B) the 1,2-di-O-alkyl-3-O-�-d-glucopyranosyl-rac-glycerols
(Mannock et al., 2000) dispersed in water, as a function of chain length (number of carbon atoms)

CL Phase (A) da (nm) T (◦C) sT × 10−3 (nm/K) (B) da (nm) T (◦C) sT × 10−3 (nm/K)

10:0 Lc1 4.30 30 –b na na na
Lc2 4.24 35 –b na na na
L� – – – 4.42 −2 −3.46
L� 4.15 40 −1.20 4.15 30 −6.00
QII

c 7.30 (10.32)d 70 −276.0 6.86 (16.80)e 35 −138.5
5.95 (8.35)f 80 −38.65 5.52 (7.81)f 60 −44.30

11:0 Lc1 4.60 30 −0.4 na na na
Lc2 4.42 45 −1.70 na na na
L� 4.82 10 b 4.83 11 −3.11
L� 4.36 50 −3.00 4.54 22 −9.01
QII

c,g 8.13 (11.49)d 65 −211.2 6.51 (15.96)e 55 −150.1
6.00 (8.49)f 80 −38.06 5.40 (7.64)f 73 −46.6

12:0 Lc1 – – – na na na
Lc2 – – – na na na
L� 5.06 30 −2.00h 4.96 31 0.13
L� 4.56 60 −6.80 4.61 33 −6.63
QII

c,g 8.10 (11.45)d 65 −209.4 6.17 (15.1)e 60 −143.8
5.79 (8.20)f 80 −39.14 5.45 (7.71)f 73 −43.40

HII – – – 4.62 (5.33) 88 b

13:0 Lc1 5.11 45 −0.6 na na na
Lc2 4.92 55 −32.00b na na na
L� 5.31 40 −3.00h 5.05 40 −2.43
L� 4.76 60 −6.00 4.70 43 −1.75
QII

c,g 6.99 (9.88)d 70 −152.0 6.68 (16.37)e 58 −168.2
6.88h (9.73)f 50 −0.82 – – –

HII
c 5.25 (6.06) 80 −24.80 5.00 (5.43) 82 −24.94

14:0 Lc1 5.34, 2.67, 1.77, 1.32 20 −0.36 na na na
Lc2 5.23 55 42.05 na na na
L� 5.65, 1.38 20 −3.41h 5.63 48 −3.01
L� 5.02, 2.49, 1.65, 1.23 55 −10.79 5.04 54 b

HII
c 5.68 (6.56), 3.24,2.80, 2.13,

1.87, 1.60, 1.54
65 −30.01 5.73 (6.62) 57 −36.78

15:0 Lc1 5.49,2.75,1.84 1 −0.32 na na na
L� 5.86, 1.49 11 1.86 5.69 57 −1.75
L� 5.81h 60 –b – – –
HII

c 5.85 (6.76), 3.38, 2.93 70 −34.06 5.47 (6.32) 63 −30.40

16:0 Lc 5.79,2.88,1.92 1 −0.04 na na na
L�

i 6.14,3.06,2.04,1.54, 1.02 11 3.10 5.99 60 −2.99
6.18 35 −2.60

HII
c 5.98 (6.91) 70 −37.53 5.44 (6.28) 68 −39.20

5.74 (6.63), 3.31, 2.87 75

17:0 L�
i 6.27 10 2.95 6.43 70 0.14

6.34 30 −1.55
HII

c 5.71 (6.60) 80 −34.99 5.52 (6.38) 78 −35.40

18:0 L�
i 6.50 10 3.55 6.64 72 −2.26

6.60 40 −2.20 – – –
HII 5.88 (6.79) 80 −37.30 5.72 (6.61) 73 −32.8

19:0 L�
i 6.7 10 3.27 6.83 75 −1.63

6.8 40 −1.85 – – –
HII

c 5.94 (6.86) 80 −41.45 5.66 (6.54) 78 −35.90
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Table 2 (Continued )

CL Phase (A) da (nm) T (◦C) sT × 10−3 (nm/K) (B) da (nm) T (◦C) sT × 10−3 (nm/K)

20:0 L�
i 6.94 10 2.43 7.09 77 −2.70

7.0 40 −6.35
HII

c 5.76 (6.65)h 85 −35.79 5.63 (6.50) 78 −29.20

na - not applicable.
a The d=basis vector length for SAXS. SAXS measurements are ±0.05 nm.
b Insufficient data points.
c For the QII and HII phases, the lattice parameter is shown in bold brackets. The two values for the QII phases represent points just above the

Lα/Qa
II and Qa

II/Qb
II phase transitions, respectively.

d Im3̄m.
e Ia3̄d.
f Pn3̄m.
g Linear thermal expansion coefficients from the lattice parameters.
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h Data obtained on cooling.
i The two values shown for the L� phases for �-d-GalDAGs with cha

or the L� phase, followed by that of the inflection point.

orresponding CSC-DSC measurements. Also, the XRD
ata presented here show no evidence of an additional

hase between the L� and Qa

II phases, possibly because
f the relatively large (5 and 10 ◦C) temperature incre-
ent between measurements that was used. Thus, the

ature of this thermal event remains uncertain.

able 3
AXS spacings of 1,2-dialkyl-3-O-(�-d-galactopyranosyl)-rac-glycerols wit

L (C atoms) Phase WAX spacing (nm) T (◦

4:0 Lc1 T||b 0.44, 0.38, 0.34, 20
Other 0.58, 0.52

Lc2
T||b 0.44, 0.38, 0.34, 58
O⊥b 0.42, 0.37

L� 0.415 20
L� 0.45 55
HII 0.45 65

5:0 Lc1 T||b 0.44, 0.38, 0.36, 10
Other 0.49

L� 0.414 20
HII 0.46 70

6:0
Lc

T||b 0.43, 0.38, 0.34 0
O⊥b 0.403, 0.36

L�
b 0.405

Other 0.72, 0.56
L�

b 0.405 15
HII 0.45 75

8:0 L�
b 0.41 55

HII 0.45 80

AX measurements are ±0.01 nm. For the WAXS peaks λ/2sin θ, where λ =
or one chain (Eq. (1)).

a Corrected values using a tilt of 16◦ and A = 2Ac/cos θtilt (Tristram-Nagle e
6:0 L�′ , 0.197 nm2. VT is the hydrated volume.
b For the hydrocarbon chain subcell packing: T|| is the triclinic parallel sub

egular italics. In the 16:0 mixed phase, the L� phase is in bold italics.
c Areas (A) are calculated for two chains using Ai = 2 × 2(wi)2/

√
3 and wi i

ybrid triclinic or orthorhombic lattice (Hauser et al., 1981; Pascher et al., 19
ths greater than 15 carbon atoms indicate the lower d-spacing obtained

Continued heating of samples of rac-di-10:0- to
13:0-�-d-GalDAGs (Fig. 3) typically shows one or

more additional peaks at 70–80 ◦C, which possibly
correspond to Qa

II/Qb
II phase transitions (see below).

At still higher temperatures in samples of rac-di-12:0
and di-13:0-�-d-GalDAGs, there is a further transition,

h 14, 15, 16 and 18 carbon chains

C) HC subcell ∠γ(◦) A (nm2)a VT (nm3)

106.8 0.174

113.3 0.184
110.1 0.192
120.0 0.199, 0.3958c 1.172

0.4677c 1.174

110.4 0.180

120.0 0.198, 0.3958c 1.172

113.0 0.188
116.9 0.164
120.0 0.189, 0.3788c 1.201

120.0 0.189, 0.3788c 1.201
– – –

– – –
– – –

0.154 nm and 2θ = the total diffraction angle. Areas (A) are calculated

t al., 1993) are as follows: 14:0 L�′ , 0.207 nm2; 15:0 L�′ , 0.206 nm2;

cell in regular bold, O⊥ is the orthorhombic perpendicular subcell in

s WAXS. Koberl et al. (1998) calculates 0.182 nm2 for one chain in a
92) in the Lc phase, but also cites a molecular packing of 0.355 nm2.
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which SAXS measurements of the 1,2-sn- and 2,3-sn-
di-12:0-�-d-GalDAGs (Zeb and Seddon, 2007, personal
communication) show is a QII/HII phase transition. In
samples of the rac-di-12:0-�-d-GalDAG, the temper-
ature of this phase transition is initially observed by
DSC at ∼102 ◦C, but with continued heating and cooling
cycles this decreases to ∼95 ◦C, probably reflecting the
generally poor hydration characteristics of the lamellar
phases of these rac-�-d-GalDAGs (see Section 4). With
small increases in chain length, the temperature range
over which the QII phase is evident and the temperature
of HII phase formation (Th), gradually decrease. Thus,
in the rac-di-14:0 and di-15:0-�-d-GalDAGs, the lamel-
lar/nonlamellar phase transition observed at 60–65 ◦C is
shown by SAXS to be an L�/HII phase transition.

Generally, the phase transitions seen on heating are
reversible on cooling (Fig. 3). However, DSC cool-
ing thermograms of the shorter chain compounds show
fewer, weakly energetic, high temperature events, sug-
gesting that the QII phases are supercooled and that there
might be a difference in the number of QII phases seen
on heating and cooling (see below). A comparison of
the DSC measurements obtained from both calorimeters
also shows that there is a significant difference in the
temperature resolution of the QII/L� phase transitions on
cooling of the rac-di-12:0-�-d-GalDAG. Interestingly,
although the SAXS measurements suggest the existence
of an L� phase on cooling in the di-13:0 lipid (Fig. 5),
neither calorimeter was able to resolve a discrete QII/L�

phase transition.
Above a hydrocarbon chain length of 16 carbon

atoms, the chain-melting and the L�/HII phase transi-
tions are integrated into a single highly endothermic
peak and thus Tm and Th are the same. As was also
evident in the shorter chain lipids, the values of Tm
for the rac-di-16:0- to di-20:0-�-d-GalDAGs continue
to increase with increasing chain length, reflecting the
increasing stability of the L� phase with increasing chain
length (Fig. 4A; Table 1). The �H values of the chain-
melting phase transitions (Fig. 4B) follow straight lines
with similar slopes below a chain length of 15 carbon
atoms and above a chain length of 16 carbon atoms, but
there is a discontinuity between 15 and 16 carbon atoms,
reflecting the combination of the L�/L� and L�/HII
phase transitions at longer chain lengths. The differ-
ence in �H is −3.5 kcal/mol, which is greater than that
of 1.5–2.0 kcal/mol seen in the di-15:0 lipid, suggest-
ing the existence of an additional energetic contribution

underneath the L�/HII phase transition.

On annealing of the rac-�-d-GalDAGs at either 4
or 22 ◦C for extended time periods (up to 2 years),
samples with chain lengths from 10:0 to 18:0 carbon
sics of Lipids 148 (2007) 26–50

atoms all formed highly ordered Lc phases (see below).
At shorter chain lengths (N ≤ 15), the heating thermo-
grams of annealed samples show two highly energetic
endotherms (henceforth termed Lc1 (lower temperature)
and Lc2 (higher temperature)), whose phase transition
temperatures increase with increasing chain length, but
which are consistently 10 ◦C apart (Figs. 3 and 4;
Table 1). The �H values of both phase transitions from
the Lc phase are highly energetic, exceeding the �H
of the corresponding L�/L� phase transitions at chain
lengths less than 15 carbon atoms. In the case of the di-
10:0-�-d-GalDAG, the �H values of both the Lc1/Lc2
and Lc2/liquid-crystalline phase transitions deviate from
the expected line of regression, probably reflecting an
increase in the headgroup H-bonding contributions at
shorter chain lengths.

At higher temperatures, the Lc2 phase converts to
either an L� phase (N = 10–13) or a HII phase (N = 14,15).
The heating thermograms of the CSC-DSC samples of
the shorter chain lipids heated and cooled at 10 ◦C/h often
showed an exotherm at a temperature below the two
endothermic events. Using peak deconvolution meth-
ods devised ‘in house’ for Origin 7.5, we found that
the area of the exotherm was approximately equal to
that of the lower temperature endotherm corresponding
to the Lc1/Lc2 phase transition seen on heating. Despite
repeated attempts using a variety of temperature proto-
cols in our DSC experiments, we were unable to isolate
the second endothermic component from the first. A
comparison of the phase transition temperatures and
�Hs shows that while the Lc2/liquid-crystalline phase
transitions occur at higher temperatures, they have lower
�H values than the Lc1/Lc2 phase transitions. However,
while no odd–even alternation was evident in either the
transition temperatures or the �H values of these phase
transitions, there was significant odd–even alternation
in the L�/Lc conversion rate. This was faster in the
even-chain lipids than in the odd-chain lipids, suggesting
that differences in hydrocarbon chain end group packing
probably determine the rate of the Lc phase formation, as
has been observed in n-alkanes (Chevallier et al., 1999;
Nakaoki et al., 2004; Li et al., 2004). At longer chain
lengths (N = 16:0–18:0), the two endothermic events
seen in the annealed shorter-chain lipids are replaced
by a single endotherm at a temperature at, or below, the
Tm (Fig. 3), probably arising from the transition from
a single Lc1 phase to a L� phase. In rac-�-d-GalDAGs
with a chain length greater than 18 carbon atoms, no cor-

responding lower temperature endothermic event was
observed even after extended periods of annealing (up
to 2 years) under suitable conditions, reflecting the slow
L�/Lc1 phase conversion rate.
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.2. X-ray diffraction measurements

The X-ray diffraction patterns obtained for this series
f rac-�-d-GalDAGs are generally consistent with the
attern of thermotropic phase behaviour observed by
SC and confirm the DSC transition temperatures. As
result of the complex pattern of solid-state polymor-

hism evident in the DSC thermograms and the rapid rate
f L�/Lc phase conversion, it was decided to collect data
n the shorter chain compounds (N ≤ 14) by performing
he measurements in the cooling direction first and then
o immediately reheat the samples as described above
or the DSC measurements. This experimental proto-
ol was successful in obtaining SAXS reflections for
he metastable L� phases of these shorter chain lipids
with the exception of rac-di-10:0-�-d-GalDAG) using
he above generator/camera systems (Fig. 5). This pro-
ocol effectively reproduces a pattern of thermal events
hich closely resembles that seen at slower heating and

ooling rates obtained using the CSC-DSC. Below, we
resent a structural overview of the Lc phases followed
y a similar overview of the mesophases.

.3. Lamellar-crystalline phases

On heating the shorter chain compounds, the super-
ooled L� phase, which is characterized by low-angle
eflections in the ratio 1:2:3:4 and by a single sharp
ide-angle reflection1 centred at 0.42 nm indicative
f ordered, hexagonally packed hydrocarbon chains
Fig. 6A and inset), converts to the Lc1 phase at temper-
tures corresponding to the exothermic events observed
n the heating scans obtained using the CSC-DSC. In
he small-angle region, this L�/Lc1 conversion is accom-
anied by a small decrease (0.2 nm) in the first-order
pacing and by a change in the single wide-angle peak
entered at 0.42 nm to two strong and sharp (0.44,
.38 nm) and one very weak (0.34 nm) reflection (Fig. 6D
nd inset, Tables 2 and 3), suggesting a change in the
ydrocarbon chain packing from a hexagonal to an
ntilted triclinic parallel (T||) subcell (Chapman, 1965;

uzzati, 1968). Additional heating results in a further
mall decrease (0.15 nm) in the first-order spacings at the
c1/Lc2 phase transition and a change in the wide-angle
iffraction pattern to one consisting of three strong, sharp

1 Although the d-spacing values in the text are rounded, some val-
es shown in Table 2 are given to three decimal places. This permits
ifferentiation between distinct diffraction peaks which are in close
roximity. The error margins provided in the text are generous and the
eporting of the additional decimal place in Table 2 does not reflect a
orresponding increase in accuracy.
sics of Lipids 148 (2007) 26–50 37

reflections (0.44, 0.42 and 0.38 nm) and two weaker
(0.37 and 0.34 nm) reflections. However, whereas the
negative change in the Lc1 phase linear thermal expan-
sion coefficient (s, Table 2) is relatively small, it is not
clear whether the corresponding change for the Lc2 phase
is also small. This is because of both insufficient data
points prior to the chain melting phase transition and
an apparent increase in the slope between the calori-
metrically measured Lc1/Lc2 and Lc2/L� phase transition
temperatures in the di-11:0-, di-13:0- and di-14:0-�-d-
GalDAGs. This behaviour possibly originates from a
small change in hydrocarbon chain tilt on going from
the Lc1 to the Lc2 phase, as has been found for the cor-
responding 1,2-sn-�-d-GalDAG (Seddon et al., 2003;
Koberl et al., 1998).

At longer chain lengths, where the temperatures of
the Lc1/Lc2 and Lc2/liquid-crystalline phase transitions
coincide with those of the L�/L� phase transition, and
because the rate of L�/Lc phase conversion is also slower,
it becomes more difficult to determine the phase iden-
tity and order. This is particularly true of samples of
rac-di-15:0- and di-16:0-�-d-GalDAG. The DSC results
suggest that both the Lc1 and Lc2 phases are present in
the di-15:0 lipid, but, on the timescale of our exper-
iments, SAXS/WAXS measurements have only found
reflections consistent with an Lc1 phase (Fig. 6E inset),
supporting the observation of odd–even chain kinetic
effects as seen by DSC.

We should emphasize that we have not performed
WAXS measurements on the entire homologous series
of rac-�-d-GalDAGs, but have chosen lipids with differ-
ent chain lengths whose thermotropic phase behaviour
is typical of the series and thus some of the phase assign-
ments presented here should be considered as tentative.

A comparison of the Lc1 SAXS patterns for the
di-14:0 and di-15:0 lipids show some significant differ-
ences. Firstly, there are fewer reflections in the low-angle
region for samples of the di-15:0 lipid (three reflec-
tions) than the di-14:0 lipid (four reflections), possibly
caused by a difference in bilayer long-range order with
increasing chain length (insets Fig. 6D and E). This is
accompanied by differences in the position and intensity
of the reflections in the wide-angle region. Specifically,
while the first reflection seems equally intense in both
lipids, the second and third reflections of the Lc1 phase in
the di-15:0 lipid are closer together and are also of similar
intensity, whereas the second reflection is much stronger
in intensity than the third reflection in the di-14:0 lipid

(inset Fig. 6D). This suggests that differences in hydro-
carbon chain end group contributions may be distorting
the chain packing in the T|| subcell of the odd-chained
lipid (Tenchov et al., 1999).
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The corresponding WAXS diffraction patterns for the
Lc phases of the di-16:0-�-d-GalDAG consist of a mix-
ture of at least three diffraction profiles, one L� reflection
at 0.405 nm, an Lc1 diffraction pattern (0.43, 0.38,
0.34 nm) and an Lc2 diffraction pattern (0.403, 0.36 nm).
This complicated mixture of phases in consistent with
the DSC data shown in Fig. 3. Using thermogram peak
deconvolution techniques, two endothermic components
could be distinguished, in addition to that of the L�/HII
phase transition, separated by only 5 ◦C (63–68 ◦C). The
lower temperature component probably corresponds to
an Lc1/Lc2 phase transition, while the higher temperature
component may originate from an Lc2/HII phase tran-
sition. The difference in the WAXS diffraction patterns
observed for the di-14:0- to di-16:0-�-d-GalDAGs (inset
Fig. 6D–F; Table 3) shows an obvious decrease in the
rate of Lc phase formation with increasing chain length.
It is also interesting that the di-15:0-�-d-GalDAG only
forms an Lc1 phase on the time scale of the WAXS exper-
iments, also supporting the observation that the kinetics
of the Lc1/Lc2 phase conversion process is slower in the
odd-chained compounds.

The variations in peak intensity and peak position in
the wide-angle region clearly reflect small differences
in hydrocarbon chain packing of the above Lc phases.
Details of the lateral hydrocarbon chain packing modes
of these phases can be calculated using Eqs. (1) and (2):

s2
hk = ha∗2 + kb∗2 − 2hka∗b∗ cos γ, (1)

where a∗ and b∗ are the magnitudes of the reciprocal
lattice vectors and γ is the angle between them, and:

A = (a∗b∗ sin γ)−1
, (2)

where A is the area of the unit cell in real space (nm2).
These calculations provide the dimensions of the hydro-
carbon chain unit cell and the area per chain measured
perpendicular to the chains. Corresponding values for the
area per molecule calculated from the WAXS spacings,
using an alternative procedure, are also given in Table 3
(see table footnotes for details).

For the Lc1 phase in the rac-di-14:0-�-d-GalDAG,
there are three peaks at 0.44, 0.38 and 0.34 nm (all
±0.01 nm2, see Fig. 6D inset upper profile), indica-
tive of a T|| packing mode. Letting a∗ = 1/(0.44 nm),
b∗ = 1/(0.38 nm) and s11 = 1/(0.34 nm), then γ = 107◦
and A = 0.174 ± 0.01 nm2.

For the L phase in the rac-di-14:0-�-d-GalDAG,
c2
the WAXS data suggest a hybrid subcell (Mannock et
al., 1994; Chevallier et al., 1999; Nakaoki et al., 2004;
Li et al., 2004; Chapman, 1965; Luzzati, 1968; Seddon
et al., 2003) as described above. The T|| unit cell is essen-
sics of Lipids 148 (2007) 26–50

tially the same as the Lc1 phase above. The orthorhombic
perpendicular (O⊥) unit cell is represented by two peaks
at 0.42 and 0.37 nm (all ±0.01 nm), respectively. Letting
a∗ = b∗ = 1/(0.42 nm) and s11 = (1/0.37 nm), we obtain
γ = 110◦ and A = 0.192 ± 0.01 nm2 (see the additional
data summarized in Table 2).

Similarly, for the Lc1 phase in the rac-di-15:0-�-
d-GalDAG, there are three peaks at 0.44, 0.38 and
0.36 nm (all ±0.01 nm, see Fig. 6E inset). Letting a∗ =
1/(0.44 nm), b∗ = 1/(0.38 nm) and s11 = (1/0.36 nm),
then � = 110◦ and A = 0.180 ± 0.01 nm2. The minimum
area per hydrocarbon chain based on studies of chain
packing in alkanes, triglycerides and fatty acids is
thought to be 0.182 nm2 (Abrahamsson et al., 1978). The
values calculated here fall in the range 0.174–0.190 nm2,
in agreement with values obtained for the correspond-
ing 1,2-sn-�-d-GalDAGs (Koberl et al., 1998) and PEs
(Seddon et al., 1984; Pascher et al., 1992; Hauser et al.,
1981).

Although we observed endothermic phase transitions
below the Tm in our DSC experiments of the rac-di-17:0-
and di-18:0-�-d-GalDAGs, we were unable to induce
the formation of the Lc phases in either lipid on the
time scale of our WAXS experiments. Thus, we only
report d-spacings of the L� and HII phases of lipids with
chain lengths greater than 17 carbon atoms. As might be
expected, those increase in line with the values obtained
for the shorter chain lipids (Fig. 7).

Plots of the d-spacings for the lamellar phases of
the rac-�-d-GalDAGs just below their respective phase
transitions, together with those of the corresponding 1,2-
sn-�-d-Gal and �-d-GlcDAGs and the PEs, appear in
Fig. 7A and B. The d-spacing values for the Lc phases
for all of the lipids have almost identical slopes as a
function of chain length and differ only slightly in their
dimensions. The slope of the lines of regression through
each lipid data set is ∼0.25 nm/CH2, which corresponds
to a phase structure in which the chains are untilted
(Chapman, 1965; Luzzati, 1968; Hauser et al., 1981).

3.4. Lamellar and nonlamellar liquid-crystalline
phases

The plots of the long spacings of the rac-�-d-
GalDAG homologous series as a function of temperature
are shown in Fig. 5. For most rac-�-GalDAGs stud-
ied (except di-10:0, which forms an Lc1 phase), the
SAXS measurements at temperatures below the major

endothermic event seen in unannealed lipid samples by
DSC, show a series of low-angle reflections in the ratio
1:2:3:4, consistent with a lamellar phase, which is most
probably a L� phase (see below). At temperatures above
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Fig. 7. A plot of the lattice basis vector (a) vs. chain length for a series of racemic dialkyl-�-d-galactosyl- and �-d-glucosyl-glycerols (Mannock
et al., 2000) and the 1,2-sn-dialkyl-phosphatidylethanolamines (Seddon et al., 1984; Prof. John Seddon, unpublished data) measured on either side
of the respective phase transitions. (A) The L� and L� spacings. (B) The Lc phase spacings. (C) The lattice parameter of the HII phase measured at
Th. (D) The lattice parameter of the HII phase extrapolated to 100 ◦C (as per ref. Koberl et al., 1998; Tenchova et al., 1996). Symbols: In panel A,
the open symbols are the L� phase, the closed symbols are the L� phase and indicate the following lipids: rac-Gal (�), (�); rac-Glc (�), (©); PEs
(�), (�); uncorrected 1,2-sn-�-d-GalDAGs (�) and uncorrected 1,2-sn-�-d-GlcDAGs (�) (Hinz et al., 1991; Koberl et al., 1998; Tenchova et al.,
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996; Mannock et al., 1994). The same symbols are used in panels B–
ts. For details of sCL and s0 see Table 4.

he L� and/or Lc phases, several liquid-crystalline phases
re formed whose geometry is both temperature and
hain length dependent. On continued heating of the
horter chain compounds (N ≤ 13) to temperatures above
he Lc2 phase, there are further small decreases in the
haracteristic lamellar low-angle reflections, consistent
ith the formation of a lamellar phase, which is proba-
ly a L� phase (Fig. 6B; Table 2. Also see the WAXS
ata below). Although, Koberl et al. (1998) have reported
hat the thermal expansion coefficients of the L� phases
n these rac-�-GalDAGs are only weakly temperature
ependent, we have found that, over a wider range of
emperature, the L� phase d-spacing initially increases,
eaching a maximum at 35–40 ◦C, then decreases with
ncreasing temperature up to the chain-melting phase
ransition. This observation appears to correspond to a
ecrease in the number of reflections in the wide-angle
egion (data not shown), possibly reflecting a decrease
n L phase order with increasing temperature. In con-
�

rast, the linear thermal expansion coefficient of the L�

hases decreases significantly with increasing temper-
ture, reflecting the gradual decrease in chain length
ith increasing temperature (Table 2), as was observed
fits in panels A, B and D are linear, those in panel D are polynomial

in the corresponding 1,2-sn-glycoglycerolipids (GGLs)
(Koberl et al., 1998).

Further heating of these shorter chain rac-�-d-
GalDAGs shows a significant increase in the low-angle
spacings, as well as a change in the position of the asso-
ciated long spacings. Immediately above the transition
from the L� phase, a mixed phase region consisting of
two QII phases is formed, one of which has reflections
in the ratio

√
2:

√
3:

√
4:

√
6:

√
8:

√
9 characteristic of a

Pn3̄m phase (space group Q229). At lower temperature,
the lattice parameters in the cubic phase region decrease
sharply with increasing temperature, whereas the corre-
sponding cooling measurements show a straight, linear
expansion of the Pn3̄m lattice over the entire cubic
phase region. On cooling, the lattice parameters are con-
sistent with those seen in the high temperature region
on heating. Also, calculation of the Qa

II and Qb
II lattice

parameters at the Qa
II/Qb

II phase transition temperatures
(Table 2) as a function of chain length show that the Qa
II
phase dimensions decrease more rapidly with increas-
ing chain length (sCL = −0.245 nm/CH2, s0 = 11.46 nm
(where sCL is the chain length dependent expansion coef-
ficient of the relevant phase and s0 is the extrapolation
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of the phase dimensions to zero chain length) than do
those of the Qb

II phase dimensions over the same range
of chain lengths (sCL = −0.094 nm/CH2, s0 = 9.38 nm).

Typically, in NL phases, there are both hydration
and chain length-dependent curvature contributions to
the lattice parameter (see below) and these various con-
tributions cannot be readily deconvolved without more
extensive SAXS experiments. Nevertheless, the above
observations support the idea that two QII phases are
seen on heating, but only a single QII phase is seen on
cooling, as was found in our earlier glycolipid studies
(Mannock et al., 2001a, 1992, 2000). There are insuffi-
cient diffracted orders to definitively identify the first
QII phase seen on heating. It may be either an Ia3̄d

phase (space group Q230, a =
√

2d), as was observed
in the our earlier studies of the rac-1,2-di-12:0-�-d-
GlcDAG (Turner et al., 1992; Lewis et al., 1997), or,
more likely, an Im3̄m (space group Q224, a =

√
6d), as

has been observed in studies of PEs, 1,2-sn-dialkyl- and
diacyl-�-d-GalDAGs (Mannock and McElhaney, 1991;
Koberl et al., 1998; Seddon et al., 1984; Zeb and Seddon,
personal communication). Others have recently reported
rhombohedral and P4332 cubic phase intermediates
in phosphatidylcholine/water and monoglyceride/water
mixtures (Yang and Huang, 2003; Kraineva et al., 2005),
which may explain the additional reflections seen just
above the L� phase in our studies of the rac-�-d-
GlcDAGs (Mannock et al., 2000).

In the present study, it was found that the number
and position of DSC peaks in the QII phase region var-
ied with the number of heating and cooling cycles and
that the initially observed behaviour could be restored
by cooling and annealing of the sample allowing for-
mation of the Lc phase. Thus, these discrepancies may
be explained by variations in either the sample prepa-
ration employed by each group or the sample thermal
history (Erbes et al., 1994), which may also be tech-
nique dependent. This is particularly true of lipids whose
mesophases are not readily hydrated and which require
repeated cycling to prepare homogeneously hydrated
preparations and where the energetic barrier between QII
phases is relatively small (Turner et al., 1992).

Additional heating of samples of the di-13:0-�-
d-GalDAG shows a further change in the low-angle
spacings to the order 1:

√
3:

√
4:

√
7:

√
9 (Rivas and

Luzzati, 1969; Shipley et al., 1973), characteristic of a
HII phase. Although the PE-DSC measurements were
able to resolve a poorly energetic endotherm at a

temperature between 92 and 102 ◦C in the rac-di-12:0-�-
d-GalDAG (depending on the sample thermal history),
our apparatus was not set up to perform the correspond-
ing SAX measurement at this high temperature.
sics of Lipids 148 (2007) 26–50

Support for the phase assignments in unannealed sam-
ples of the di-14:0–16:0-rac-�-GalDAGs is provided
by a combination of SAXS and WAXS measurements.
Below the major endothermic event seen by DSC in the
di-14:0–16:0-rac-�-GalDAGs, the SAXS data is indica-
tive of a lamellar phase. In the wide-angle region, there
is a single sharp peak at 0.42 nm (±0.01 nm), indica-
tive of a L� phase with ordered hydrocarbon chains
packed on a hexagonal lattice (Fig. 6A). For the di-14:0-
rac-�-GalDAG, a∗ = b∗ = 1/(0.415 nm), γ = 120◦, and
therefore A = 0.199 ± 0.01 nm2 (Fig. 2; Table 3). At
temperatures just above the L� phase in di-14:0-rac-�-
GalDAG, the SAXS data is still indicative of a lamellar
phase, but the diffuse band at 0.45 nm in the wide-angle
region of the same lipid is indicative of a L� phase with
disordered hydrocarbon chains packed in a hexagonal
subcell (Fig. 6B). In the di-14:0–16:0-�-d-GalDAGs, at
temperatures above the chain-melting phase transition,
the QII phases seen at shorter chain lengths are absent.
Instead, at both higher temperatures and longer chain
lengths, the SAXS and WAXS diffraction spacings sup-
port the existence of an HII phase (Fig. 6C). At longer
chain lengths, the complex pattern of weakly energetic
endothermic peaks arising from liquid-crystalline lamel-
lar/nonlamellar phase transitions is replaced by a single
highly energetic thermal event, which can be confidently
assigned to a direct L�/HII phase transition. The lat-
tice parameters, a, for the HII phase of each lipid chain
length are listed in Table 2 and are in good agreement
with the values obtained for the corresponding dialkyl-�-
d-GlcDAGs reported elsewhere (Mannock et al., 1992;
Koberl et al., 1998; Turner et al., 1992).

4. Discussion

4.1. The effect of headgroup, interface and
hydrocarbon chain length of the phase behaviour of
dialkyl glycoglycerolipids

From Figs. 3 to 5, it is clear that the equilibrium
phase behaviour of the rac-�-d-GalDAGs is dominated
by the presence of two poorly hydrated Lc phases, one
of which, the Lc2 phase, contains hydrocarbon chains
which are slightly tilted relative to the bilayer surface
(Table 2), as has been reported for the 1,2-sn-�-d-
GalDAGs (Seddon et al., 2003) and dialkyl PEs (Seddon
et al., 1984). In contrast, the Lc1 phase seems to be
untilted, as was observed for the corresponding 1,2-sn-

�-d-GlcDAGs (Seddon et al., 2003; Koberl et al., 1998)
(see below). Fig. 4 shows the plots of the chain length
dependence of the transition temperatures and associ-
ated enthalpy changes of the phase transitions from each
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hase in these glycolipids. The phase transitions from the
c2 phase at shorter chain lengths (N ≤ 13) are Lc2/L�

hase transitions, but at longer chain lengths the L�

hase is replaced by a HII phase. There are no distinct
dd/even discontinuities in the chain length dependence
f the observed Lc/liquid-crystalline phase transition
emperatures and associated enthalpy values. Odd–even
lternation, which was a feature of the Lc phase tran-
ition temperatures of both the 1,2-sn-diacyl-�- and
-d-GlcDAGs (Mannock et al., 2001b, and references

herein), is believed to originate from the formation of a
trongly hydrocarbon chain-tilted, lamellar-crystal-like
hase (Broadhurst, 1962). However, the diffraction pro-
les and SAXS and WAXS reflections of both the Lc1
nd Lc2 phases in the rac-�-d-GalDAGs suggest that the
tructure of each phase is largely unaltered by increases
n chain length, although a comparison of odd and even
hain compounds suggests that there may be some dis-
ortion of the hydrocarbon chain packing which may
ontribute to the odd–even alternation in the kinetics of
c1 phase formation (Fig. 6D–F).

In unannealed rac-�-d-GalDAG samples, the
etastable L� and L� phases exist at lower tempera-

ures. The L�/L� transition temperatures and associated
nthalpy changes are strongly chain length-dependent.
hen plotted as a function of hydrocarbon chain

ength (Fig. 4), both parameters show relatively smooth
onotonic increases with hydrocarbon chain length
ithout any discontinuities between the odd- and

ven-numbered homologues. This is generally what
s expected of simple chain-melting phenomena, in
hich the melted phase (in this case the L� phase) is
ucleated from a loose, hexagonally packed structure
Broadhurst, 1962). However, a close inspection of
ig. 4B shows that the enthalpy values for the di-15:0-

o di-20:0 compounds are slightly higher than an
xtrapolation of the enthalpy values at shorter chain
engths. This small additional contribution (with an
xpected range of 1.5–2 kcal/mol) can be attributed to
he conversion of the L� phase directly to the HII phase.
nlike the dialkyl-rac-�-d-GlcDAGs, plots of the

ac-�-d-GalDAGs L� first-order spacings as a function
f chain length indicate a slight tilt, but they are less
ilted than the L�′ phase of the corresponding dialkyl
Es (Seddon et al., 1984).

In the respective homologous series, the L�/L� phase
ransition temperatures are slightly higher in the rac-�-
-GalDAGs than in the rac-�-d-GlcDAGs for the same

hain length, suggesting a more ordered L� phase in
he former, which is probably the result of poor head-
roup hydration. Above the L�/L� phase transition,
here is a gradual change in the temperature intervals
sics of Lipids 148 (2007) 26–50 41

between lamellar and nonlamellar phases with increas-
ing hydrocarbon chain length seen on heating. The
L� phase disappears at a chain length of 16 carbon
atoms in the rac-�-d-GalDAGs, but at a chain length
of 15 carbon atoms in the rac-�-d-GlcDAGs. Given the
poor hydration characteristics of the rac-�-d-GalDAGs,
it is tempting to suggest that these differences arise
from a headgroup directed, but chain length dependent
re-entrant behaviour seen in the phase diagram of the di-
dodecyl-rac-�-d-GalDAG (Turner et al., 1992), where
at moderate hydration levels the L�/QII phase transi-
tion temperature increased relative to both higher and
lower water contents. This was attributed to a change
in membrane curvature and subsequently to a change in
headgroup hydration at lower water contents (Mannock
et al., 1992; Turner et al., 1992; Di Gregorio and Mariani,
2005; and references therein).

In the shorter chain compounds, the chain length
dependence of the lamellar liquid-crystalline to non-
lamellar phase transitions is complicated because the
number and nature of the nonlamellar phases formed are
chain length dependent. Up to three nonlamellar phases
were observed in the heating and cooling experiments
of these �-d-GalDAGs, which we have been tentatively
identified (in order of increasing temperature) as Im3̄m,
Pn3̄m and HII phases, respectively, on the basis of their
SAXS reflections. From Figs. 3 and 5, it is evident that
the L�/HII phase transition temperatures seen at short
chain lengths occur consistently at 60–70 ◦C; this is sig-
nificantly higher than the corresponding measurements
of rac-�-d-GlcDAGs, where no Lc phase polymorphism
is evident (Mannock et al., 2000), suggesting that the �-
d-Gal headgroup is not fully hydrated in these lipids even
in the liquid-crystalline phases.

In these unannealed shorter chain rac-�-d-GalDAGs,
the heating and cooling temperature window over which
the cubic phases are stable is slightly greater than in
the corresponding rac-�-d-GlcDAGs (Fig. 5), suggest-
ing that the hydrated �-d-Gal headgroup is larger and that
the QII phases have a lower curvature at the same chain
length than those of the �-d-Glc headgroup in these cir-
cumstances (see below). However, it is the temperature
of the transition to the HII phase which decreases most
markedly with increasing hydrocarbon chain length in
both dialkyl GGLs. Effectively, the temperature window
over which the lamellar and inverted cubic phases are
stable decreases, whereas the stability of the HII phase
increases with increasing chain length, as was observed

in our earlier measurements of the diacyl GGLs and
those of other nonlamellar-preferring lipids (Lewis et al.,
1997; Mannock and McElhaney, 2004, and references
therein).
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4.2. An analysis of the temperature and chain
length dependence of the lamellar and nonlamellar
phase dimensions at the respective phase transition
temperatures

Estimation of the contributions of the various lipid
bilayer components has typically been achieved by
means of swelling experiments performed as a function
of water concentration on a single lipid species. With
the glycolipids, these experiments are very difficult to
perform on all but the shortest chain lengths because,
at equilibrium, the lipids tend to form Lc phases which
do not swell significantly with increasing water content
(Sen et al., 1990). In order to provide a more consistent
analysis of the effect of headgroup structure on the lamel-
lar and nonlamellar phase dimensions of both the dialkyl
GGLs and PEs, we have calculated the lattice parameters
of each phase at the appropriate phase transition tempera-
tures as a function of chain length (Fig. 7). This approach
is made possible because of the wide range of lipid head-
group structures and hydrocarbon chain lengths available
in our laboratory. From these calculations, it is possi-
ble, by extrapolation to a lattice parameter at zero chain
length, to produce an estimate of the headgroup/water
contribution to the phase dimensions of a wide range
of lamellar phases independent of hydrocarbon chain
length.

A comparison of Fig. 7A and B clearly shows that
the d-spacings of the L� phases are typically 0.5–0.7 nm
larger at the L�/L� phase transition temperature than
those of the corresponding Lc phases. This arises mostly
from a difference in the thickness of the water layer,
dw (Fig. 2), although in some lipids there is also a differ-
ence in hydrocarbon chain tilt between these two phases.
A comparison of the L� phase chain length-dependent
expansion coefficients for the rac-�-Glc- and rac-�-
GalDAGs, as well as the dialkyl PEs (Fig. 7A; Table 4),
shows that the L� phases of the rac-�-GlcDAGs are
untilted. This is in agreement with the previously pub-
lished results (Mannock et al., 1994; Seddon et al., 2003),
whereas the L�′ phases of the �-d-GalDAG2 are slightly
tilted. In comparison, the L�′ phases of the PEs are highly
tilted, having an angle of tilt of ∼28◦ (Chapman, 1965;
Seddon et al., 1984). Similar calculations for the analo-

gous Lc1 phases show that they are untilted in the rac- and
1,2-sn-�-d-GlcDAGs (Mannock et al., 1994; Koberl et
al., 1998) as well as in the 1,2-sn-�-d-GalDAGs, whereas

2 These values are only approximate because additional X-ray scatter
at shorter chain lengths, due to the rapid formation of Lc phases in the
rac-�-GalDAGs, added error to the measurements.
sics of Lipids 148 (2007) 26–50

the equilibrium Lc2 phases in both the rac- and 1,2-sn-
�-d-GalDAGs (Seddon et al., 2003) as well as in the
dialkyl PEs (Seddon et al., 1984), are tilted. Correspond-
ing calculations for the L� phases show that those of the
rac-�-d-GalDAGs are more ordered and probably less
hydrated than those of the corresponding �-d-GlcDAGs
and PEs (Table 4), in agreement with the observations
above. The SAXS and DSC measurements of the GGLs
studied here suggest that whether or not Lc phases are
formed, and their rate of formation is determined by the
hydrophobic/hydrophilic balance of the headgroups, and
subsequently the strength and number of hydrogen bonds
around the sugar ring and their ability to retain water at
the headgroup/water interface.

This assumption is supported by recent computer
models of hydrated glycosides, which show that the
angle and strength of the H-bonds in glycosides depends
on the balance of axial and equatorial OH groups around
the ring, and more specifically on the orientation of the
hydroxyls at OH-2 and OH-4 (Galema and Hoiland,
1991; Cheetham and Lam, 1996; Dashnau et al., 2005;
Koynova et al., 1997; Kirschner and Woods, 2001; Fabri
et al., 2005; Mason et al., 2005; Almond, 2005). Thus,
weaker headgroup-water H-bonds will alter the order-
ing of water around the headgroup and its ability to
retain water in its hydration sphere. Recent molecular
dynamics simulations of the corresponding alkyl glyco-
side surfactants (Chong et al., 2006) found that while
there are many similarities in the measured and calcu-
lated hydration properties of the octyl-�-d-galactoside
and octyl-�-d-glucoside, the �-d-Gal headgroup has a
shorter water residence time and a greater tendency to
form intramolecular H-bonds, suggesting that the �-
d-Gal and �-d-Glc headgroups differ in the balance
between solute–solute and solute–solvent interactions
and thus their hydrophobic/hydrophilic balance. Exper-
imental support of this idea is provided by density and
ultrasound measurements of the corresponding methyl-
d-glycosides (Galema and Hoiland, 1991; Kirschner and
Woods, 2001). In addition, the homology of Lc phases in
GGLs with different headgroups and interfacial chirali-
ties and differences in their rates of Lc phase formation
strongly indicates that the relative position of the glycerol
0–2′ is the key substituent which perturbs the headgroup
hydrogen bonding network promoting Lc phase forma-
tion (Figs. 3 and 5) (Mannock et al., 1992, 1994, 2000;
Seddon et al., 2003).

While the motionally averaged L and L phases may
� �

have similar dimensions at shorter chain lengths in GGLs
with different headgroups (Fig. 7A), those dimensions
may change with increasing chain length owing to differ-
ences in the headgroup hydrophobic/hydrophilic balance
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Table 4
The effect of headgroup structure on the increase in lattice parameter per methylene group (sCL, nm/CH2), angles of molecular tilt (∠◦), the phase lattice parameters at zero chain length (s0, nm)
and bilayer hydrocarbon chain distance (Dc, nm) in both lamellar and nonlamellar phases measured at the phase transition

Head group Phase
Lc1 L� L� Qa

II Qb
II HII

a

sCL ∠ s0 Dc (CL) sCL ∠ s0 Dc (CL) sCL s0 Dc (CL) sCL s0 sCL s0 sCL s0

�-d-Gal 0.252 0 1.79 2.51 (10) 0.242 16 2.17 – (10) 0.204 2.22 1.98 (10) −0.245 11.46 −0.094 9.38 0.098 4.23
2.80 (11) 2.65b (11) 2.23 (11)

– (12) 2.89 (12) 2.49 (12)
3.28 (13) 3.14 (13) 2.64 (13)
3.55 (14) 3.40 (14) 2.86 (14)
3.71 (15) 3.64 (15) – (15)
4.00 (16) 3.92 (16) – (16)

– (17) 4.17 (17) – (17)
– (18) 4.35 (18) – (18)
– (19) 4.56 (19) – (19)
– (20) 4.59c (20) – (20)

�-d-Glc 0.253d 0 1.70d 2.51 (10) 0.256 0 1.95 2.47 (10) 0.180 2.50 1.78 (10) −0.217 19.39 0.075 7.16 0.107 3.70
– (11) 2.85 (11) 2.05 (11)

3.00 (12) 3.00 (12) 2.11 (12)
– (13) 3.15 (13) 2.20 (13)

3.68 (14) 3.63 (14) 2.54 (14)
– (15) 3.74 (15) – (15)

3.86 (16) 4.04 (16) – (16)
– (17) 4.47 (17) – (17)

4.53 (18) 4.69 (18) – (18)
– (19) 4.88 (19) – (19)
– (20) 5.14 (20) – (20)

PE 0.253 0 1.49 3.06 (12) 0.223 28 2.39 2.68 (12) 0.148 2.80 1.79 (12) ND ND ND ND 0.234 2.86
3.55 (14) 3.15 (14) 2.05 (14)
4.03 (16) 3.56 (16) 2.39 (16)
4.61 (18) 4.01 (18) 2.7 (18)

a Measured at 100 ◦C.
b One available data point.
c This low value may be an indication of incomplete hydration.
d 1,2-sn (Koberl et al., 1998). PEs (Seddon et al., 1984).
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Fig. 8. A plot of the cubic phase d-spacings (nm) as a function of red
filled symbols are �-d-Gal, empty symbols �-d-Glc, at the following c
13:0 (	, �). The two linear lines of regression (�-d-Gal solid, �-d-Gl
temperature. The corresponding thermal expansion coefficients appea

and its effect on dw (Fig. 2). Again this is supported both
by the density and ultrasound measurements of methyl-
glycosides and the molecular dynamics simulations of
the octyl-glycosides (Chong et al., 2006).

A comparison of the QII phase d-spacings in Fig. 8
shows that both QII phases appear to be larger in the �-
d-GalDAGs just above the transition from the L� phase,
decreasing by as much as 3.5 nm over a range of 30 ◦C.
The corresponding measurements of the �-d-GlcDAGs
show a similar decrease in dimensions as a function of
temperature, but are generally spread over a wider range
of temperature than the corresponding �-d-GalDAGs.
In fact, this narrower range of QII phase stability in the
�-d-GalDAGs probably results from the existence of Lc
phases at lower temperatures and the difficulty of achiev-
ing full hydration with increasing temperature which,
because of the L�/Lc phase conversion kinetics, may be
chain length dependent. This is supported by the obser-
vation that the range of QII phase temperature stability is
lower for the 10:0 and 11:0 �-d-GalDAGs, whereas the
range of the QII phases for the di-12:0- and di-13:0-�-d-
GalDAGs is approximately equal to that observed in the
corresponding �-d-GlcDAGs.

At the low temperature end of the cubic phase region
in both GGLs, there are significant differences in the
Qa

II d-spacings that are chain length dependent; those
of the �-d-GalDAGs are significantly larger than those

of the corresponding �-d-GlcDAGs. The lattice param-
eter linear thermal expansion coefficients, sT, are also
different in the two GGLs. Those of the �-d-GalDAGs
are significantly greater than those of the corresponding
perature: (A) at T-TQII and (B) at T-Th. The symbols are as follows:
gths 10:0 (©); 11:0 (�, �); 12:0 (�, �); 12:0 (Turner et al., 1992; ♦);
d) indicate the change in the Pn3̄m phase dimensions as a function of
le 2.

�-d-GlcDAGs (Fig. 5; Table 2, lattice parameters, and
Fig. 8, d-spacings) (Mannock et al., 2000), but appear
to be internally consistent and do not change greatly
with increasing chain length. On a reduced tempera-
ture scale (T-TQa

II
, Fig. 8A), the superimposition of the

Qa
II phase d-spacings of each �-d-GalDAG chain length

(n = 11–13) and for those of the corresponding �-d-
GlcDAGs (N = 10–13) shows the temperature dependent
change in dimensions as more visible, as is the conver-
gence of the Qa

II and Qb
II phase d-spacings at a reduced

temperature of 15–20 ◦C in both GGLs. Whether or
not these disparities are an indication of different Qa

II
phase geometry (�-d-GalDAGs, Im3̄m (Koberl et al.,
1998; Mannock et al., 2001b) versus �-d-GlcDAGs,
Ia3̄d; (Turner et al., 1992) or water composition (Rappolt
et al., 2006) just above the L�/QII phase transition
temperature is uncertain. The larger sT values in the �-d-
GalDAGs suggest that the two headgroup configurations
may initially differ in their ability to counterbalance the
splay of the hydrocarbon chains and thus the interfacial
curvature with increasing temperature and that, in the �-
d-GalDAGs, the increased order of the L� phase and the
poor headgroup hydration properties, and consequently
the lipid hydrophobic/hydrophilic balance, modifies the
phase curvature and dimensions, as has recently been
proposed for the Im3̄m phase of some block co-polymers
(Fang et al., 2006).
At higher temperature, on the reduced temperature
scale (T-TQa

II
; Fig. 8A), the d-spacings of the Pn3̄m phase

are on average slightly larger in the �-d-GalDAGs than
in the �-d-GlcDAGs, whereas the corresponding sT val-
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es are virtually identical. This supports the idea that the
igher temperature cubic phase in these two GGLs is the
ame. The linear thermal expansion coefficients are sim-
lar in both the �-d-Gal- and �-d-Glc- containing lipids
rrespective of chain length. By changing the reduced
emperature scale from T-TQa

II
to T-THII (Fig. 8B), the

ifference in the Qb
II d-spacings with increasing chain

ength in the �-d-GalDAGs and the similarities in their
T values at the transition to the HII phase become more
pparent. At the same chain length, the Pn3̄m phase d-
pacings in the �-d-GalDAGs are also larger than those
f the �-d-GlcDAGs. Thus, again there appears to be
oth a headgroup and hydrocarbon chain contribution to
he phase dimensions and the linear thermal expansion
oefficients (see below) and those structural components
lso determine the L�/QII phase transition temperature
nd the temperature range over which the QII phases are
table.

The lattice parameters for the HII phases observed in
everal of the �-d-GalDAGs are also chain length depen-
ent and typically show a decrease of approximately
.5 nm on heating over a temperature interval of 20 ◦C
Fig. 5; Table 2). The values in the 13–20 carbon chain
ength �-d-GalDAGs are larger than those of the �-d-
lcDAGs (Figs. 5 and 7C; Table 2). A similar variation

n the repeat distance of the HII phase as a function with
emperature and water content has been reported for a
olyunsaturated �-d-galactosyl diacylglycerol (Shipley
t al., 1973) and for the rac-di-dodecyl-�-d-GlcDAG
Turner et al., 1992). The lattice parameters of the HII
hases measured at Th (Fig. 7C) reach a maximum at a
hain length of 16 carbon atoms. At longer chain lengths,
hey appear to gradually decrease, in agreement with the
bservations of the corresponding 1,2-sn diastereomers
Koberl et al., 1998), suggesting that the hydration of
he lamellar and HII phases may also be compromised
t these long chain lengths. However, when the lattice
arameter for each chain length is extrapolated to 100 ◦C
Fig. 7D), the spacings fall on straight lines of similar
lope for the Gal and Glc lipids, but once again the HII
hase dimensions are larger for the �-d-GalDAGs than
he �-d-GlcDAGs.

This suggests that the �-d-GalDAGs headgroup is
etter able to counterbalance the effects of increasing
ydrocarbon chain splay with increasing temperature. A
omparable plot of the corresponding PEs (Seddon et
l., 1984) has a totally different slope. This suggests that
f these measurements reflect a headgroup and hydra-

ion component at higher temperatures, the �-d-glucose
eadgroup is more “compact” with a less compressible
ydration sphere in which the water is more strongly
ydrogen bonded to the headgroup. This would favour a
sics of Lipids 148 (2007) 26–50 45

greater interfacial curvature than either the �-d-galactose
or PE headgroups such that the hydration component of
the two glycolipids behaves in a similar manner, pos-
sibly reflecting the similar hydration numbers of the
corresponding methyl-glycosides (Galema and Hoiland,
1991; Cheetham and Lam, 1996; Dashnau et al., 2005;
Chong et al., 2006) (see our discussion above), and thus
their similar chain length dependent behaviour.

These observations are supported by studies
(Koynova et al., 1997) which showed that a greater con-
centration of the kosmotropic solute, NaSCN, which
disrupts the existing H-bonded water-solute structure, is
required to induce a L� → L�/QII → HII phase sequence
in the di-16:0-�-d-ManDAG than for the correspond-
ing �-d-GlcDAG lipid, suggesting that lipids containing
these nonionic monosaccharides differ in the stability
of their headgroup and interfacial hydration spheres.
Fig. 8C and D also suggests that the headgroup and
hydration contribution to the HII phase d-spacings with
increasing chain length is totally different for the GGLs
and PEs (Seddon et al., 2003; Koberl et al., 1998).

It has been suggested that the differences in phase
properties for glycolipids and PEs originate from a
fundamental difference in the temperature dependent
hydration properties of the respective lipid headgroups.
Specifically, the glycolipid polar headgroup and inter-
facial hydration contribution decreases with increasing
chain length (and thus the hydrophilic/hydrophobic bal-
ance), whereas that of the PE headgroup decreases to a
much lesser degree. This may reflect the greater flexibil-
ity of the chain-like headgroup, the lateral repulsion of
the neighbouring charged PO2− and NH3+ groups, and
their combined hydration properties (Koberl et al., 1998).
Thus, the hydrophobic/hydrophilic balance of the PE
headgroup is governed largely by attractive and repulsive
coulombic interactions between headgroups, rather than
van der Waals forces and hydrogen bonding interactions,
which are the major contributors in the GGLs.

Interestingly, the influence of the latter contributions
is evident on comparing the HII lattice parameters of the
1,2-sn-�-d-GalDAGs, which are smaller than those of
the corresponding 1,2-sn-�-d-G1cDAGs. Unlike in the
rac-�-d-GalDAGs studied here, those results are prob-
ably a reflection of the lower level of hydration of the
�-d-Gal headgroup relative to the �-d-Glc headgroup
in the 1,2-sn-�-d-GalDAGs. This is brought about by
the greater capacity of the sn-2 oxygen group to desta-
bilize the �-d-Gal headgroup H-bonding interactions in

favour of an intramolecular H-bond than the correspond-
ing �-d-Glc headgroup, a mechanism which prevails in
the formation of the Lc phases. This dehydration contri-
bution has also been observed in the reentrant QII and
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HII phase behaviour in the rac-di-dodecyl-�-d-GlcDAG
(Turner et al., 1992) and in di-oleoyl-PE (Di Gregorio
and Mariani, 2005; and references therein). This mech-
anism may explain why the HII phase lattice parameter
of the 1,2-di-tetradecyl-3-O-(�-d-Gal)-sn-glycerol just
above the L�/HII phase transition is smaller on heat-
ing than on cooling and is also smaller on heating than
was observed at the same phase transition temperature in
either the 2,3-di-tetradecyl-3-O-(�-d-Gal)-sn-glycerol
or the diastereomeric mixture (Mannock et al., 1994).

These explanations of the effect of the sugar head-
group configuration on both the Lc and nonlamellar
phase behaviour are consistent with studies of the
phase behaviour of the 1,2-di-tetradecyl-3-O-(3-O-
methyl-�-d-Glc-glycerol (Trouard et al., 1994) and
the corresponding �-d-xylopyranoside (Seddon et al.,
1996). In the former, where there is a larger but more
hydrophobic headgroup, a poorly hydrated Lc phase is
formed at lower temperature, whereas a highly curved,
micellar QII (L2) phase is formed at higher temperature.
In the corresponding �-d-xylopyranoside, the headgroup
is smaller, but more hydrophilic. No Lc phases are
formed at lower temperatures, whereas an Fd3̄m phase
is formed at higher temperatures. Thus, at lower temper-
atures in the GGLs, an increase in headgroup size may
be counteracted by an increase in hydrophobicity.

At higher temperatures in the motionally averaged
lamellar phases, the hydrated headgroups have differ-
ent patterns of strongly and weakly H-bonded water
molecules and the headgroup–headgroup spacing is
determined by the motion of the hydrocarbon chains.
In the nonlamellar phases, the phase geometry is deter-
mined by the headgroup compressibility, which is
controlled by “headgroup size” and the packing of its
hydration sphere and the ability of those components to
counterbalance the splaying of the hydrocarbon chains.
These observations explain why the phase morphol-
ogy and thermodynamic properties of the glycolipid
mesophases may be similar in the �-d-GalDAGs and
�-d-GlcDAGs, why those phases differ in their range of
temperature stability, and why they differ in their ability
to lose water when forming Lc phases at lower tempera-
tures. It also explains the differences in the lamellar and
nonlamellar phase polymorphism in the GGL diastere-
omers (Mannock et al., 1992, 1994; Kuttenreich et al.,
1993); in the 1,2-sn diastereomer the glycerol O-2′ atom
perturbs the headgroup and interfacial hydration and
the headgroup conformation is restricted in the 2,3-sn

diastereomer. Our measurements strongly support this
interpretation, yet are consistent with previous obser-
vations of glycolipid phase behaviour (Koberl et al.,
1998; Lewis et al., 1997, and references therein) and
sics of Lipids 148 (2007) 26–50

support the proposal (Mannock et al., 2001a; Harper et
al., 2001) that it is the hydrocarbon chains that deter-
mine the area per molecule in the lamellar gel and
lamellar liquid-crystalline phases, but it is the head-
group which determines the area per molecule in the NL
phases.

5. Conclusions

For the first time, comparative measurements
have been made on two homologous series of rac-
dialkyl-MGDGs containing two different headgroups,
�-d-galactose and �-d-glucose, and either two odd or
two even alkyl chains. Using such a wide range of
chain lengths, it has been possible to assemble a more
extensive overview of the patterns of lamellar and non-
lamellar phase polymorphism than has previously been
reported.

The polymorphism of these rac-�-d-GalDAG’s is
dominated in both the crystalline and liquid-crystalline
phases by a balance between headgroup and hydrocar-
bon chain packing effects, similar to those seen in the
1,2-sn-�-d-GalDAG’s (Koberl et al., 1998; Tenchova
et al., 1996). The rate of Lc phase formation, with its
accompanying dehydration and in some cases hydrocar-
bon chain tilt, is dependent on the headgroup structure.
Lipids containing a �-d-Gal headgroup lose water and
adopt a hydrocarbon chain tilted conformation in the
Lc phase more readily than those containing a �-d-Glc
headgroup. Supporting measurements and simulations
from related systems suggest that the water molecules
in the hydration shell are more tightly bound to the �-
d-Glc headgroup than in the �-d-Gal headgroup which
readily forms an intramolecular H-bond (Chong et al.,
2006). Furthermore, this effect is amplified when the
glycerol backbone has the 1,2-sn configuration, when
the distance between O-2′ and OH-2 is short (Mannock
et al., 1992, 1994; Kuttenreich et al., 1993; Pascher et
al., 1992; Turner et al., 1992).

The dimensions and stability of the L�, L� and
nonlamellar phases are also affected by the same
headgroup hydration properties. The instability of the
headgroup/interfacial hydration evident in the 1,2-sn-�-
d-GalDAGs at lower temperatures (Koberl et al., 1998;
Tenchova et al., 1996) is an extreme example, where
the hydration of all lamellar and nonlamellar phases at
higher temperatures is inhibited, reducing their dimen-
sions by reducing d and the radius of the water core,
w
Rw (Seddon et al., 2003). The data presented here for
the rac-�-d-Gal and �-d-GlcDAGs show a moderate
form of that behaviour as a function of chain length
in Fig. 7. The �-d-Gal headgroup remains hydrated in
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he rac-�-d-GalDAGs, but both the L� phase and the
II phase d-spacings plateau at longer chain lengths,

ndicating a chain length dependent decrease in dw
nd Rw at the phase transition. Nevertheless, the HII
hase d-spacings for the rac-�-d-GalDAG are higher
han those of the rac-�-d-GlcDAGs, unlike their 1,2-
n counterparts. This observation suggests that when
he rac-�-d-Gal headgroup is fully hydrated, it has a
lightly greater hydrated volume than that of the rac-�-
-Glc headgroup. Together, these observations suggest

hat the 2,3-sn-glycerol configuration may be preferred
n the extreme environments inhabited by halotolerant
nd methanogenic archaebacteria (Smith, 1988) because
ipids with the 2,3-sn configuration are more likely to
emain hydrated and, in doing so, to maintain membrane
ntegrity.

The thermodynamic and structural measurements of
he motionally averaged L� and L� phases for lipids with
ifferent headgroups (�-d-Gal, �-d-Glc, phosphoryl-
thanolamine) behave in a similar manner, supporting
he idea that the hydrocarbon chains determine the

olecular area in the lamellar phase (Mannock et al.,
001a; Harper et al., 2001). However, in the nonlamel-
ar phases, the GGLs and PEs exhibit a very different
hain length-dependent change in HII phase d-spacing,
robably reflecting their differences in headgroup struc-
ure (ring versus chain), motion, hydration and the nature
f the headgroup interactions (van der Waals forces and
-bonding interactions versus coulombic interactions).
owever, it is interesting that the PEs and GGLs have

imilar patterns of phase behaviour, despite their radi-
ally different headgroup interactions, and that while the
ateral expansion of the hydrocarbon chains drives the
ormation of those nonlamellar phases, their geometry
nd phase dimensions are determined by the collective
eadgroup properties.

A simple thermodynamic and structural analysis of
ipid lamellar and nonlamellar polymorphism continuing
n from earlier work (Mannock et al., 2001a; Turner
t al., 1992; Harper et al., 2001) will be presented in a
orthcoming manuscript (Mannock et al., in preparation).

ote added in proof

A recent computer simulation of bilayers formed by
lkyl glycosides has suggested that the structure and

tability of the ordered phases in such compounds is
etermined by a balance between the inter- and intra-
amellar hydrogen bonds and that balance changes with
he sugar stereochemistry and the orientation at the
nomeric carbon atom (Chong et al., 2007).
sics of Lipids 148 (2007) 26–50 47
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