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Lamellar-non-lamellar phase transitions in synthetic 
glycoglycerolipids studied by time-resolved X-ray diffraction 

by RUMIANA TENCHOVA, BORIS TENCHOV 
Institute of Biophysics, Bulgarian Academy of Sciences, 11 13 Sofia, Bulgaria 

HANS-JURGEN HINZ 
Institut fur Physikalische Chemie, Westfalische Wilhelms-Universitat, 

4400 Munster, Germany 

and PETER J. QUINN* 
Division of Life Sciences, King’s College London, Campden Hill, 

London W8 7AH, U K  

(Received 17 July 1995; in final form 7 November 1995; accepted 30 November 1995) 

The phase sequences of eight fully hydrated synthetic, stereochemically pure glycoglycerolipids 
with saturated alkyl chains 12-18 carbon atoms long and a glucose, galactose or mannose head 
group are followed in real time during heating and cooling scans using synchrotron X-ray 
diffraction. One of them, 1,2-di-O-hexadecyl-3-O-~-~-glu~osyl-sn-glycerol, has been character- 
ized by X-ray diffraction for the first time. A summary of the lamellar-non-lamellar transition 
sequences and reversibility for all eight glycoglycerolipids studied is provided. It includes also 
observations of intermediate phases, previously not detected. Lattice parameters of the various 
phases have been determined as functions of chain length in monoglucosides. While the repeat 
periods of the lamellar phases increase linearly with chain length, an anomalously high lattice 
spacing of the inverted hexagonal phase is observed at a chain length of 14 carbon atoms. This 
maximum coincides with the disappearance of the cubic phases from the phase sequence upon 
chain elongation from 12 to 14 carbon atoms. It thus appears that the expanded H,, phase in 
14-Glc retains structural characteristics of the anticipated cubic phases. Upon heating to high 
temperatures, its high lattice spacing gradually approaches that of the ‘normal’ hexagonal 
phase. A direct transition from lamellar subgel to inverted hexagonal phase has been observed 
to proceed without intermediate structures, but with an extended phase coexistence region, in 
1,2-di-0-tetradecyl-3-O-~-~-ga~actosyl-sn-g~ycero~ and 1,2-di-O-octadecy~-3-O-P-~-galactosyl- 
sn-glycerol. This transition is not reversible on cooling when lamellar phases skipped in the 
heating scan intervene. By contrast, the direct lamellar gel-inverted hexagonal phase transitions 
are fully reversible with minor or absent temperature hysteresis. 

1. Introduction 
The glycoglycerolipids are one of the major glycolipid 

classes, present in plant and animal tissues and in a 
variety of micro-organisms [l ,  21. Their polymorphic be- 
haviour is less well studied in comparison to phospho- 
lipids due in part to the great diversity in their 
carbohydrate composition [3]. Recently developed syn- 
thesis procedures for producing stereochemically pure 
glycoglycerolipids of defined fatty acid chain composi- 
tion [4-61 have stimulated the interest in the phase behav- 
iour of this lipid class. As a result of a sizeable body of 
studies [4,6-301, considerable progress has been made in 
the structural and thermodynamic characterization of 

* Author for correspondence. 

the glycolipidjwater systems. As reported in the cited 
studies. the glycerolipids with monosaccharide head 
groups form an impressive variety of lamellar and non- 
lamellar phases of different stability and display phase 
sequences strongly dependent on both small differences 
in the molecular geometry and the temperature prehis- 
tory (for a review, see [3]). Introduction of a second or 
third monosaccharide moiety in the head group region 
strongly simplifies the phase behaviour of these lipids 
and suppresses their ability to form non-lamellar struc- 
tures [4,10,15,23]. 

In the present work, we studied the phase sequences in 
eight synthetic, stereochemically pure glycoglycerolipids 
with saturated ether-linked alkyl chains and glucose (12- 
Glc, 14-Glc7 16-Glc7 18-Glc), galactose (14-Gal, 14-2,3- 
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470 R. Tenchova et a/. 

Gal, 18-Galj, or mannose (16-Man) monosaccharide 
head groups (figure 1). All these glycolipids form non- 
lamellar liquid crystalline phases at high temperatures. 
We applied synchrotron X-ray diffraction in order to 
follow in real time the detailed transition pathways 
between lamellar and non-lamellar phases and to identify 
possible intermediate structures in heating and cooling 
phase sequences. This approach revealed specific differ- 
ences between the direct subgel-inverted hexagonal and 
gel-inverted hexagonal phase transitions. It demon- 
strated also the existence of an unusually high lattice 
spacing of the inverted hexagonal phase at  a chain length 
of 14 carbon atoms in homologous series of dialkyl- 
monoglucosides. An overview of the phase transition 
sequences and reversibility based on these data for all 
eight glycoglycerolipids is provided. It describes also 
intermediate phases which have not been detected in 
previous studies. 

2. Materials and methods 
1,2-O-dialkyl-3-O-~-~-glycosyl-sn-glyceroIs with glu- 

cose (Glc), galactose (Gal) or mannose (Man) sugar 
moieties and saturated alkyl chains 12, 14, 16, or 18 
carbon atoms long (12-Glc, 14-Glc, 16-Glc, and 18-Glc; 
14-Gal and 18-Gal; 16-Man) and 2,3-di-O-tetradecyl-t- 

glucoside (Glc)  galactoside (Gal) mannotide (Man) 

I H C 3 H  il ('CH 

0 @-R 

H- ' , 'Oi l  

14-2,3-Cal 

Figure I .  Structural formulae of the sugar head groups of 
the glycoglycerolipids examined in this study and the 
1,2-dialkyl-sn-glycerol backbone; the structural formula of 
14-2,3-Gal is shown separately. 

0-p-D-galactosyl-sn-glycerol (14-2, 3-Gal j (figure 1) were 
synthesized using procedures described elsewhere [5,8]. 
The chromatographic purity of all compounds and inter- 
mediate products was assured by thin-layer chromato- 
graphy on silica-gel plates (Merck), and the 
stereochemical purity was checked by 250 MHz H and 
13C NMR as previously described [7]. 

Time-resolved X-ray measurements were performed 
on 20 wt 'A lipid suspensions in quartz-bidistilled water. 
The lipids were initially hydrated at 20°C for 48 h and 
dispersed by vortex mixing for 8-10min at  the Same 
temperature. Such sample preparation, without heating 
above the temperature of the gel-liquid crystalline phase 
transition of the lipid dispersion, is referred to as 'low- 
temperature sample preparation' further in the text. Fol- 
lowing the first heating, 3-5 heating-cooling cycles were 
performed. 

Time-resolved X-ray diffraction measurements were 
undertaken using a monochromatic (0.15 nm) focused 
X-ray beam at stations 7.2 and 8.2 of the Daresbury 
Synchrotron Radiation Laboratory (UK) as previously 
described [31]. A Keele flat plate camera with a 512- 
channel linear detector constructed at the Daresbury 
Laboratory was used for recording diffraction patterns 
simultaneously in the low and wide angle ranges. The 
channel-to-channel resolution was 0.2-0.3 nm for spac- 
ings in the range 6-7 nm. The samples were sandwiched 
between thin mica sheets, 1 mm apart, and were mounted 
on a modified cryostage (Linkam Scientific Instruments 
Ltd., Tadworth, UK). Successive cooling and heating 
scans were performed in defined temperature ranges with 
scan rates of 2°C min ~~ and 5°C min- ' . X-ray scattering 
data were acquired in 255 consecutive time frames of 
2-8.5 s separated by 50 pi waiting time between the data 
acquisition frames. Data were stored in a VAX 11/785 
computer (Maynard. MA), and analysed using an 
OTOKO software (EMBL,  Hamburg, Germany) pro- 
gram [32]. Scattering intensities were corrected for detec- 
tor response recorded from a 5 9 F ~  source. and spatial 
calibrations were obtained using Teflon (0.48nm) as a 
calibration standard [ 3 3 ] .  Under the conditions used to 
record the dynamic X-ray data, no apparent radiation 
damage was evident either from the phase behaviour of 
the samples or by detection of lipid breakdown products 
in thin-layer chromatograms of the lipid performed upon 
completion of the diffraction experiments. 

3. Results 
3.1. 12-G'lc 

Q 2 2 q  

Q 2 2 y  

ist heating L,- L, Q' 2 9 a 
Q2'" +HI,  + Q 2 2 4 =  224- - Q  

+ Q"" =G Q224 + L.= 
cooling Q224 + H , , ~ ~ 2 2 4 ~  
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Figure 2. Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 12-Glc during a heating- 
cooling- heating cycle. The scan rate was 2" min- '. Data acquisition time: 8.5 s/frame. 0 lamellar crystalline (L,) phase; 

lamellar gel (Lp) phase; 0 lamellar liquid crystalline (L,) phase; +, 0 cubic QZz9 (Im3m) and Q224 (Pn3m) phase, 
respectively; A hexagonal (H,,) phase. 

3 5'C 
La + L p- Lp -L- 

= ~ 2 2 9  + ~ 2 2 4 -  Q"" + H,, 

45°C 48°C 

2nd heating L g a - ~ L , ~ L a + Q 2 2 9  +Q224 

According to the diffraction data, after a low- 
temperature sample preparation the lipid forms a lamel- 
lar subgel L, phase at ambient temperature, with charac- 
teristic wide angle reflections at  0-448nm (major) and 
0.414 nm and a lamellar repeat period of 5.15 nm at 20°C 
(figure 2) [36]. During the initial heating, it melts at about 
40°C into a lamellar liquid crystalline L, phase. In the 
transition region, the L, and L, phases have lamellar 
repeat periods of 5.03 nm. The transition is identified by 
the change in the wide angle diffraction pattern to a 
broad peak at  0.45nm and also by the precipitous in- 
crease of the scattering intensity in the low angle region. 
Upon further heating, the La phase transforms at about 
55°C into a non-lamellar phase, with low angle reflec- 
tions at 6.59, 4.65, 3.82, 3.29, 2.94, 2.69 and 2-48nm. 
These reflections appear to index as 1/2'12 : 1/4'12 : 1/6'12 : 
1/81'2 : 1/10"2 : 1/12'12 : 1/14'12, yielding a lattice basis 
vector of about 9.32 nm (figure 3). Such a spacing ratio is 

characteristic of a phase of cubic symmetry, presumably 
Q229 (space group Im3m) [37]. An alternative identifica- 
tion as space group Ia3d [26] has also been checked for 
this pattern. It appears less likely, since the characteristic 
la3d spacing ratio of 1/6lI2 : 1/S1I2 : 1/14'12 : 1/161'2 : 
1/20112 : 1/22ll2 could hardly be satisfied by the observed 
reflections. At slightly higher temperature, c.  58T, an 
additional set of reflections at  5.72,4-72,4-10,3.35,2-88, 
2.70 and 2,57nm, related in the ratio 1/21i2:1/31/2: 
l/41i2 : 1/6112 : 118 ' 'I2 : 1/9'12 : 1/101'2, appear in the low 
angle diffraction pattern, yielding a lattice basis vector of 
about 8.12 nm, which could be attributed to another 
phase of cubic symmetry, possibly Q""" (space group 
Pn3rn) [37] (figure 3). Both sets of non-lamellar reflec- 
tions coexist in the temperature range 58-61°C, and 
above 61°C only the Pn3m cubic phase persists on the 
low angle diffraction patterns, with a slightly decreased 
basis vector of 7.81nm. At about 74"C, an additional 
three-peak pattern appears with a major peak at 4-75 nm 
and the other two related to it in the ratio 1: 1/3'12 : 
1/41/2, specific for a hexagonal phase. The cubic and 
hexagonal phases coexist up to the end of the scan at 
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Figure 3. Small anglc diffraction patterns of 12-Glc recorded 
during the 1st heating at 2" min ' in 8.5 s at temperatures 
554°C and 70.0"C as indicated. According to the reflec- 
tion spacings ratio, thc patterns are assigned to cubic 
phases, space groups fm3m and Pn3m, respectively. 

C)O"C, with decreasing low angle spacings upon tempera- 
ture increase for both of them. The La, Q229, Q224 and 
HI, phases are detected also in the cooling scan, with the 
QZz4  (Pn3m) phase coexisting initially with the HI, 
phase, and later on with the Q229 and La phases. It 
finally disappears when the first traces of a lamellar gel 
L, phase are detected on both low and wide angle 
diffraction patterns at  45°C. The Lp lamellar repeat 
spacing is 5.04nm and gradually increases to 5.61 nm 
upon temperature decrease to 20°C. According to the 
low angle diffraction pattern, the La and Lp phases 
coexist in the range 45535'C. The initial subgel L, phase 
is not restored during this cooling protocol, on the times- 
cale o f  the experiment. The cooling sequence observed is 
reversible upon subsequent reheating (figure 2, right 
panels). 

3.2. 14-Cil~ 

=HI1 1 st heating L,-- Lp- L, 

LP cooling HI,- La- 

HI1 

4'>--52C 5 4 C  

5.3 c 5 0 ' C  

55'C 
2nd heating Lp- Lx-----+ 

At low temperatures, at  the beginning of the 1st heat- 
ing run, the lipid is in the lamellar crystalline L, phase 
characterized by a lamellar repeat period of 5.50 nm and 
wide angle diffraction bands at  0.442 nm (major) and 
0,381 nm (figure 4). Upon heating, i t  converts into the 

lamellar gel Lg phase with hexagonally arranged hydro- 
carbon chains (wide angle reflection at  0.419nm) and 
lamellar repeat period of 5-65 nm. The two phases coexist 
between about 49°C and 52,5"C, as manifested by the 
wide angle pattern. The Lp phase is a narrow range 
intermediate which rapidly transforms into a lamellar 
liquid crystalline phase upon further heating, at about 
54°C. This transformation is accompanied by a decrease 
in the lamellar period to 5.55nm and a change in the 
wide angle pattern to a broad reflection centred at 
0.442 nm. At 5 6 T ,  the La phase converts to a hexagonal 
phase, with the characteristic low angle spacings ratio of 
1 : 1/31'2 : 1/4''2, with the first order reflection at 6.20nm. 
The lamellar and the hexagonal phases are seen to 
coexist in the low angle patterns of several sequential 
frames. Upon further heating, the spacing of the hexago- 
nal phase decreases and at 80°C the 1st order reflection is 
at 5.50nm. This thermal change is reversible upon 
cooling-the H,, phase spacing is 6.08 nm just before its 
conversion back into the L, phase at 53°C. The L,--tLp 
conversion takes place at about 50°C. No more phase 
changes occur in this lipid upon further cooling to 25°C. 
No restoration of the initial L, phase takes place for 
several hours. The cooling phase sequence is reversible 
upon immediate reheating with a temperature hysteresis 
of about 3°C for the L p L ,  transition and about 2°C for 
the L,+H,, transition. 

3 . 3 .  I6 -GI(, 

H 11 
b 3  C 1st heating L, = Lp-- 

2nd heating Lp- HI1 

6 2  C cooling HII----t Lp 

This lipid has not been previously studied by X-ray 
diffraction. After low-tcrnperature sample preparation, 
at 20°C this lipid is also in the lamellar crystalline state 
with lamellar period of 5.60nm and wide angle reflec- 
tions at 0.435 and 0.392 nm (figure 5), similar to those of 
14-Glc. The structural characteristics of this phase do 
not change upon heating to 50°C. At 50-51"C, the wide 
angle pattern changes to a single reflection at 0.418 nm. 
An increase in the lamellar period to 6.15nm accom- 
panies the change in the wide angle picture and at 52°C 
the diffraction pattern is typical for a lamellar gel Lp 
phase. It undergoes a direct conversion into a hexagonal 
phase between 61-5" and 63-5°C. via a two-state process, 
with a phase coexistence range of about 2°C. The hex- 
agonal phase d-spacing is 5.52nm and it slightly de- 
creases upon heating to 70°C. Upon cooling and imme- 
diate reheating, in the temperature range 3O-7O0C, a 
reversible interconversion between the Lp and the H,, 
phases takes place at 61-5°C on cooling and at 63°C on 
reheating. The initial lamellar crystalline phase is not 
restored on the timescale of the experiment. 
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Phase transitions in glycoglycerolipids 473 

3.4. 18-Glc 

1st heating Lc----+ 5 9°C LP -HI, 

LP 
70°C cooling Hll+ 

2nd heating Lp=H,, 

The phase sequences in this lipid coincide with those bf 
16-Glc, with differences in the transition temperatures. 
At low temperature, this lipid is also in the lamellar 
crystalline phase with lamellar period of 6.08nm and 
wide angle reflections at 0.442 and 0.382nm at 20°C 
(figure 6). The structural characteristics of this phase do 
not change upon heating. At 58°C a new wide angle band 
appears at 0.418nm and increases in intensity upon 
heating, while the initial two bands decrease. An increase 
in the lamellar period to 6.68 nm accompanies these 
changes in the wide angle pattern and at 60°C the diffrac- 
tion pattern is typical of a lamellar gel Lp phase. It 
undergoes a conversion into a hexagonal phase between 
69" and 70°C with a phase coexistence range of about 
1°C. The d-spacing of the hexagonal phase is 5-85nm 
and it decreases progressively upon heating to 80°C. 
Upon cooling and reheating, a single phase transition 
takes place in the temperature range 20-80°C. This is a 

1st heating 

6.50 5 r 
I Y 

reversible interconversion between the Lg and the HI, 
phases at  70°C on cooling and at  70.5"C on reheating. 
The initial lamellar crystalline phase is not restored on 
the timescale of the experiment. 

3.5. 14-Gal 

HI, 1st heating L,,--+L,,--- 

Lp-Lc2 

55-60°C 64-72°C 

37°C cooling H I I & S L , a  

HI, 2nd heating L,,- 
At the beginning of the 1st heating, at  4 0 T ,  14-Gal is 

in lamellar crystalline phase, L,, , with repeat spacing of 
5.48nm and wide angle reflections at 0.348, 0.392 and 
0.448 nm (figure 7). Upon heating, this phase converts 
into another crystalline modification, L,, , with the same 
lamellar period and a different set of wide angle reflec- 
tions at 0.392, 0.378, 0.435 and 0.448 nm. The transfor- 
mation takes place between 55 and 60"C, with the two 
modifications coexisting in this range. No anomalies in 
the heat capacity were found to be associated with this 
conversion [ 131. At about 70"C, a major restructuring of 
the lipid bilayers takes place and a hexagonal liquid 
crystalline phase forms directly from the lamellar crystal- 
line phase. The L, and HI, phases coexist in a relatively 

70°C 

14-Glc 

cooling 2nd heating 

---IW 
11 t 

T E M P E R A T u R E/ "C 

Figure 4. Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 14-Glc collected during a 
heating-cooling-heating cycle. The scan rate was 5" min- ' . Data acquisition time: 2 s/frame. Symbols as in figure 2. 
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474 R. Tenchova et al. 

16-Glc 

cooling 2nd heating 1st heating 

- - * --* - 
6.00 

it It  

i- I 
40 50 60 70 70 60 50 40 40 50 60 70  

0.35 I 

T E M P E  R A T U  REIT 
Figure 5 .  Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 16-Glc collected during a 

heating-cooling heating cycle at 2" min- ' scan rate. Data acquisition time 3 s/frame. Symbols as in figure 2. 

broad temperature range from 64 to 72°C. In this range, 
the low angle spacing of the HI, phase coincides with the 
lamellar repeat period of the L, phase 5.48 nm and 
slightly decreases upon further heating. The direct L, 
+HII transition on heating is replaced by a complicated 
pathway upon the subsequent cooling, which includes L, 
and L, intermediates. The low angle spacing of the HI, 
phase sharply increases to more than 6nm during the 
H , , p L ,  transformation, which takes place in the tem- 
perature range 62-57°C. The lamellar period of the L, 
phase also increases in the transition region from 4.87 up 
to 507nm. Upon cooling to lower temperatures, at 
about 47'C the L, phase converts to Lp with a lamellar 
period of 5.52 nm. The wide angle diffraction spacings of 
both L, and Lp phases are seen to decrease upon cooling, 
with slopes of about nm 'C-' for the L, phase and 
6.10-4 nm "C- '  for the Lp phase. respectively. At 37"C, 
the subgel phase L,, starts to recover. as seen from the 
wide angle diffraction pattern (figure 8). Subsequent 
reheating displays a direct Lc2+HII transition. 

3.6. 14-2,.3-Gnl 

HI, 1st  heating L,- L,- 

L, cooling HI,- L,- 

6 3  c 
62°C 5 1  C 

HI1 
64°C 

2nd heating Lp- Lz- 
The lipid initially forms a lamellar subgel L, phase, 

characterized by two wide angle reflections at 0.442, 
0.392 nm and a 5.6 nm lamellar repeat period (figure 9). 
This phase melts at about 5 8 T  into a lamellar liquid 
crystalline La phase, with a repeat distance of 5.25 nm. 
Upon further heating, it transforms at about 63°C into a 
hexagonal phase, with a 1st order low angle spacing of 
5-84 nm at 64°C. The L,+HII transition is reversible on 
cooling with a hysteresis of about 1°C. but the initial 
subgel phase does not restore upon further cooling. A gel 
Lg phase with a single wide angle band at 0.418 nm and 
lamellar period of 5.8 nm is formed instead at 51°C. The 
cooling phase sequence is reversible on heating, with no 
restoration of the initial lamellar subgel phase observed 
during the duration of the experiments (several hours). 

3.7. 18-Gcrl 
- 7 - 7 2  c 

1 st heating L,, L,, 7 1 8 4 C ,  H,, 
LP 

6 7  c cooling HI,- 
Znd heating L I - r s - ~ 2 ~ ~ ~ c ~ ~ ~ I I  

The phase sequence during the first heating of this 
lipid is similar to that of 14-Gal interconversion between 
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Phase transitions in glycoglycerolipids 475 

18-Glc 

1st heating cooling 2nd heating 

T E M P E  R A T U  REIX 
Figure 6. Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 18-Glc collected during a 

heating-cooling-heating cycle at 5" min- ' scan rate. Data acquisition time 2 s/frame. Symbols as in figure 2. 

two lamellar crystalline modifications taking place in a 
wide temperature range (57-72"C), followed by a direct 
subgel+H,, transition (figure 10). The latter transition 
also proceeds via phase coexistence in a broad tempera- 
ture range (71-84°C). In this range the low angle spacing 
of the HI, phase (5.90 nm) does not change, but after the 
final disappearance of the subgel phase it decreases upon 
further heating and is 550nm at 90°C. However, the 
cooling phase sequence is different from that of 14-Gal; 
the L, phase is missing and a direct, H,,--+LD transition 
takes place at about 67°C. The lamellar period of the Lp 
phase of 6.55 nm does not change upon cooling to 30°C. 
The spacing of its wide angle diffraction peak decreases 
from 0.419 nm at 65°C to 0.408 nm at 30°C. Upon imme- 
diate reheating, the Lp phase persists up to 60°C. Above 
this temperature, a spontaneous crystallization into a 
highly ordered subgel phase is initiated, and at  72°C the 
lipid is fully converted into a subgel state with major 
wide angle reflections coinciding with those of the L,, 
phase (figure 11). According to the low angle diffraction 
pattern, it starts immediately to convert into the HI, 
phase. This conversion also proceeds within an extended 
phase coexistence region (72-85°C). 

3.8. 16-Man 
1st heating Lp-H,, 

cooling HI,----+ 

The phase behaviour of this lipid during heating- 
cooling cycles is very simple; a reversible direct Lp+HII 
transition takes place at 61 "C, practically without tem- 
perature hysteresis. The two phases coexist in a tempera- 
ture interval of about 1°C (figure 12). The low angle 
spacing of the HI, phase decreases from 5.65 nm at 62°C 
to 5.00 nm at about 80°C. 

4. Discussion 
4.1. Conversions between lamellar solid phases of 

glycoglycerolipids 
The dialkylglycoglycerolipids examined here have 

been studied previously by differential scanning calori- 
metry, scanning densitometry and, except for 16-Glc, by 
static X-ray diffraction [7-9,12,13,23,24,26,28]. The 
structural characterization provided here for 16-Glc 
(figure 5 and table) shows identical phase sequences in 
this lipid and 18-Glc, involving an irreversible subgel-gel 
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14-Gal 

T E M P E  R A T U R E ~ O C  

Figure 7. Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 14-Gal during a 
heatine-cooling-heating cycle at Ymin- '  scan rate. Data acquisition time 2 s/frame. Symbols as in figure 2. 

transition and direct, fully reversible lamellar gel- 
inverted hexagonal phase transformation. 

The present study provides new information concern- 
ing detailed transition pathways and reversibility in short 
chain glycoglycerolipids. Their phase sequences repre- 
sent collections of nearly all phases found in double 

1 2 . L "  , 

39.1O 

36.5" ' 
3 3 . 5 O  

-A 

3.60 0.51 o.ic 2.35 
5 P A C l l u G  / l l l l l  

Figurc 8. Wide angle diffraction patterns of 14-Gal recorded 
during cooling at a 5" min- scan rate. Scattering inten- 
sities recorded in 2 s  are shown at the temperatures as 
indicated. 

chain lipids, e.g. 12-Glc (figure 2); 1CGtc (figure 4): 
14-Gal, cooling (figure 7, middle panels). Intermediate 
lamellar gel phases in 14-Clc and 14-Gal, not detected 
earlier, have been observed in the present study. In 
14-Glc, a lamellar gel intermediate has been detected in a 
temperature range of about 2°C between the lamellar 
subgel and lamellar liquid crystalline phases during the 
first heating (figure 4). Also. the cooling sequence of 
14-Gal includes two metastable structures absent in heat- 
ing scans; the transformation from the hexagonal liquid 
crystalline into the lamellar subgel phase proceeds via 
lamellar liquid crystalline and lamellar gel intermediates 
in  this lipid (figure 7, middle panels). 

The structural background of the exotherm present in 
second and subsequent heating thermograms of 1 8-Gal 
[13,23] is identified in the present study as spontaneous 
crystallization of the metastable lamellar gel phase 
(figures 10, 1 1). Fast spontaneous exothermic conversion 
between metastable and stable phases upon heating, 
although infrequent in lipids, has been observed to take 
place also in another class of long chain galacto1ipids-N- 
galactosylsphingosines (cerebrosides) with 16 and 24 car- 
bon atoms in the fatty acid chain [40,41]. This obviously 
indicates a strongly decreased life-time of the Llc phase of 
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14-2,3-Gal 

5.00 1 
-- 

1st heating 

--v 

A 
A 

L 

t 
0.35 -k 

10 30 50 70 

I - L  ’ 
I I I 

i 
I i 1 I I L  

70 50 30 

2nd heating 

I I I I 

1 :- 

I I 
I -7-- 7 

1 - 
40 60 80 

I T E M P E R A T U R E , ” C  

Figure 9. Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 14-2,3-Gal during a 
heating-cooling-heating cycle at 5” min- scan rate. Data acquisition time 2 s/frame. Symbols as in figure 2. 

18-Gal at  temperatures immediately below the melting 
L,+HII transition. An exothermic transition has been 
recorded by calorimetry also in 16-Gal, but not in 14-Gal 
[13,23]. This is consistent with the X-ray data in figure 7, 
which show that the Lp-+L, conversion takes place in 
14-Gal during the cooling scan. Conversions between 
the subgel modifications of 14-Gal and 18-Gal species 
proceed in broad temperature ranges (figures 7, 10). 
Although easily discernible from the wide angle diffrac- 
tion patterns, they are not accompanied by detectable 
anomalies in the heat capacity [13,23]. 

4.2. Properties of the lamellar-inverted hexagonal phase 
transitions in glycoglycerolipids 

All the glycoglycerolipids examined here form the 
inverted hexagonal phase at high temperatures. In five of 
them (16-Glc, 18-Glc, 14-Gal, 18-Gal, 16-Man) the hex- 
agonal phase appears through a direct transformation 
from a lamellar gel or subgel phase. In all cases, the 
lamellar-+hexagonal phase transitions proceed as two- 
state processes, with clearly distinguished phase co- 
existence and absence of detectable intermediate 
structures. 

A remarkable property of the 1,2-dialkylmonogalacto- 
sides is their ability to undergo direct subgel-inverted 
hexagonal phase transitions (figures 7, lo). Conversions 
of this type have not been detected in other lipidlwater 
systems. The properties of the L,+HII transitions signifi- 
cantly differ from those of the Lp+HII and La+HII 
transitions in the following respects. They are character- 
ized by extended coexistence regions, a likely result of 
slow transition kinetics, and by constant lattice par- 
ameters not only of the L,, but also of the H,, phase 
thoughout the transition region. Immediately above the 
coexistence region, the HI, lattice rapidly shrinks to a 
smaller value (figures 7, 10). After that, the spacing 
continues to decrease slowly, according to its tempera- 
ture compressibility. Another noteworthy distinction is 
that, according to the present data, a transformation 
from a highly ordered subgel phase directly into a hex- 
agonal liquid crystalline phase is possible in the heating 
direction only. Significant differences in the transition 
pathways for these glycolipids have been distinguished in 
the cooling direction. The lamellar Lp and L, phases 
omitted in the heating phase sequence, may appear in 
cooling scans. In the case of 14-Gal, the direct L,+H,, 
transition on heating is replaced by an HII+L,--tLp+L, 
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18-Gal 

1st heating cooling 2nd heating 

, 
I I I 7.00 

T E WI P E R A  T u R E /  oc 

Figure 1 0 .  Plots of the low angle (upper row) and wide angle (1owJer row) X-ray diffraction spacing of 18-Gal during a 
heating-cooling-heating cycle at 5" min- ' scan rate. Data acquisition time 2 s/frame. Symbols as in figure 2.  

sequence on cooling (figure 7). With 18-Gal, the L,+H,, 
transition on heating is replaced by a HII+Lp transition 
on cooling, with the LB phase as a long lived metastable 
intermediate which becomes unstable and spontaneously 
converts into L, in a temperature range immediately 
below the L , - + H , ,  transition (figure 10). 

_I 

x___/ 

1. --u 
0.6 9.5 13.4 c.35 

S P A C I N S  : n m  

Figure 1 1. Wide angle diffraction patterns of 18-Gal recorded 
during the 2nd hcating at 5" min-'  . Scattering intensities 
recorded in 2 s are shown at the temperatures indicated. 

By contrast with the L,+HII transitions, the direct 
gel hexagonal phase transitions recorded in 16-Glc, 
18-Glc and 16-Man, are fully reversible, with very small 
or absent temperature hysteresis (figures 5 ,  6, 12). The 
Lpc-tHII transitions in 18-Glc (figure 6) and 16-Man 
(figure 12) proceed at the same temperature in either 
direction, practically without temperature hysteresis, 
even at a relatively high scan rate of 5"Cmin-'. In 
16-Glc, the LB++Htl transition proceeds with a hysteresis 
of about 1°C at a scan rate of 2"Crnin-' (figure 5). For 
comparison, the temperature hysteresis in La++HII tran- 
sitions is typically in the range 2-3°C. For the direct 
LB++H,,  transitions in 16-Glc, 18-Glc, and 16-Man, the 
lamellar repeat period of the Lp phase exceeds within less 
than 3-4% the lattice parameter a = 2d/3 1'2 of the HI, 
phase at the transition temperature (see the table). The 
close coincidence of the structural parameters may mean 
that no large spatial rearrangement of lipid and water 
takes place in this transition and thus might be the origin 
of the precise reversibility of the Lot+HI, transition. 
Similar minor temperature hysteresis and coinciding 
structural parameters at the transition temperature also 
characterize the direct LBt+HII transition in the mixture 
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16-Man 

1st heating cooling 2nd heating 
' --- 

---- -c 
6.00 

0.35 1 f 
1 I I I 1  

40 60 80 80 60 40 40 60 80 
0.30- 

T E M P E  R A T U  R E ~ T  

Figure 12. Plots of the low angle (upper row) and wide angle (lower row) X-ray diffraction spacings of 16-Man during a 
heating-cooling-heating cycle at 5" min ' scan rate. Data acquisition time 2 s/frame. Symbols as in figure 2. 

dipalmitoylphosphatidylcholine/palmitic acid (1 : 2, mol/ 
mol) [42,43]. 

In La-+HI1 transitions, a considerable decrease of the 
low angle d-spacing for both L, and H,, phases is 
observed in the temperature range of their coexistence, 
e.g. 14-Glc (figure 4), 14-Gal cooling (figure 7, middle 
panels), 14-2,3-Gal (figure 9). A smaller decrease of the 
d-spacings is present also in the Lb+HII transitions of 
16-Glc (figure 5) ,  18-Glc (figure 6 )  and 16-Man 
(figure 12). 

4.3. Phase transformations including cubic phases 
In 12-Glc, the phase sequence includes two distinct 

cubic phases between the La and HI, phases. Our present 
data are consistent with a tentative assignment of these 
phases as belonging to space groups Im3m and Pn3m. 
This assignment needs, however, further verification. It is 
noteworthy that these two cubic phases appear in the 
same sequence upon heating of aqueous dispersions of 
another glycerolipid, didodecylphosphatidylethanol- 
amine, with identical alkyl chain length and glycerol 
backbone [38,39]. A comparison of the phase transition 
temperatures of 12-Glc and didodecylphosphatidyleth- 
anolamine shows that replacement of the monoglucoside 

head group with a phosphorylethanolamine moiety does 
not alter significantly the temperature of the melting 
L,+L, transition, but results in a substantial increase of 
the temperature of the La-*QII transition by more than 
35°C. Cubic phases of space groups Im3m and Pn3m 
have also been found to coexist in aqueous dispersions of 
dioleoylphosphatidylethanolamine after intensive tem- 
perature cycling [51]. Upon heating, the Im3m phase 
disappears at  about 45"C, while Pn3m is stable up to 
about 75°C. Prolonged equilibrium of N-methylated 
dioleoylphosphatidylethanolamine at a temperature just 
below the L,--iH,, transition also results in formation of 
coexisting Im3m and Pn3m phases [45]. The Im3m and 
Pn3m phases seem to be the phases of cubic symmetry 
which have been up to now usually observed to form in 
fully hydrated two chain lipids. At low water contents, 
two chain lipids typically form cubic phases of the space 
group Ia3d (see, e.g. [46]). 

The Pn3m phase strongly undercools, practically until 
the conversion to the lamellar gel phase (figure 2). The 
ability of the cubic phases to undercool, once accessed, is 
well known from previous studies and, supposedly, origi- 
nates from slow water release taking place during the 
cubic4amellar transformation [45-471. 
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480 K. Tenchova et al. 

Table. Low angle spacings d (nm) of the glycolipid phases at the indicated temperatures, and also at their appearance (superscript i) 
and disappearance (superscript f )  upon heating; the lattice parameter. ~ = 2 d / 3 ' ! ~  of the inverted hexagonal (HI,) phase is shown 
in brackets. 

Phase 12-Glc 14-Glc 16-Glc 18-Glc 14-Gal 14-2.3-Gal 18-Gla 16-Man 

LL (35 4o'C) 
L: 

L: 

Lk 

L: 
I., ( -  55  C )  
L:, 

P4' 

Lp (35- 40 ' C )  

Qzzq (60'C) 

Q"' (70°C) 
Q"' (90°C) 

Hi, 

HI,  (70-75 C) 

HI, (lOO'C)L 

5.03 
5.03 

5.40 
5.40 
5.40 

5.03 
4.76 
4.70 

9.32 

8.12 
7.81 
6.93 

4.75 
(5.48) 
4.75 

(5.48) 
4.63 

(5.48) 

5.50 
5.50 

5.65 
5.65 
5.65 

5.55 
5.40 
5.30 

0 

0 

0 

0 

6-20 
(7.16) 
5.65 

(6-52) 
5.30 

(6.52) 

5.60 
5.60 

6.10 
6.15 
6.12 

0 

0 

0 

0 

0 

0 

0 

5.52 
(6.37) 
5.52 

(6.37) 
5.51 

(6-37) 

6.08 
6.20 

6.56 
6.62 
6.68 

0 

0 

0 

0 

0 

0 

0 

5.85 
(6.75) 
5.79 

(6.69) 
5.75 

(6.69) 

5.48 
5.48 

5 5 2 b  
5.52 
5-52' 

5.23' 
5.05 
4.87' 

0 

0 

0 

0 

5.48 
(6.33) 
5.47 

(6.32) 

5.54 
5.35 

5.84 
5-84 
5.61 

5.16 
5.16 
5.12 

0 

0 

0 

0 

5.96 
(6 .88)  
5.72 

(6.60) 

6.50 
6-50 

6.70 
6.70 
6.60 

0 

0 

0 

0 

0 

0 

0 

5.90 
(6.81) 
5.90 

(6.81) 

ad 
0 

6.40 
6.40 
6.28 

0 

0 

0 

0 

0 

0 

0 

5.67 
(6.55) 
5.10 

(5.89) 

* phases absent in these lipids marked 
I, lamellar repeat periods taken from the cooling sequence 
' values of d determined by extrapolation to 100°C 

4.4. Effi2cf of temperulure and chain length on the lattice 
purnmetrrs of' the inverted hexagonal phase 

The thermal shrinking of the HI, lattice outside the 
transition region is expressed in a lattice spacing decrease 
by - -0.01 to -0.03 nm "C-  '. A decrease of similar 
magnitude of the HI, lattice spacing (- -0-02nm " C - ' )  
has been observed in aqueous dispersions of phosphati- 
dylethanolamines [34,35,44]. It has been shown to result 
from progressively smaller water core radii as the tem- 
perature is increased [34]. The Pn3m cubic phase formed 
in 12-Glc exhibits even stronger thermal shrinking of - -0-04 to -0.05 nm cC-l (figure 2). 

In order to demonstrate the efTect of chain length, the 
low anglc X-ray spacings of the different phases are 
plotted in figure 13 as a function of chain length for the 
series of 1,2-dialkylmonoglucosides with 12, 14, 16, and 
I8 carbon atoms in the alkyl chains. For the L, and Lg 
phases this dependence is close to linear, with increments 
per CH, group of 0.162nm for the L, phase, and 
0.208 nm for the Lg phase. For the HI, phase, however, 
the dependence of the lattice parameter on the chain 
length strongly deviates from linearity and has a maxi- 
mum at a chain length of 14 carbon atoms. This maxi- 
mum coincides with a dramatic change in the phase 
behaviour at this chain length: (i) no cubic phases form 

in 14-Glc; (ii) an LP phase intervenes during heating at 
this chain length and the L, phase disappears upon chain 
elongation above 14 carbon atoms. The anomalously 
high spacing of the hexagonal phase in 14-Glc thus 
appears to be connected with the substantially bigger 
lattice parameters of the cubic phases in 12-Glc (dashed 
lines in figure 13). The chain elongation from 12 to 14 
carbon atoms results in inability of 14-GIc to form cubic 
phases, at least under experimental protocols of a few 
heating and cooling scans. The HI, phase in 14-Glc 
retains, however, a high lattice parameter characteristic 
of the cubic phases. This expanded phase gradually 
relaxes to a 'normal' hexagonal phase upon further heat- 
ing. Correspondingly, the maximum in the HI, phase 
lattice parameter at 14 carbon atoms is best expressed at 
temperatures immediately after HI, formation and 
almost disappears upon extrapolation to 100°C (figure 
13 and table). 

As mentioned above, a noteworthy analogy exists 
between the behaviour of the alkyl chain monoglucosides 
studied here, and alkyl chain phosphatidylethanol- 
amines. Similarly to the monoglucosides, chain elonga- 
tion froin 12 to 14 carbon atoms results in inability of 
these phosphatidylethanolamines to form cubic phases 
[52]. In addition. the dependence of the lattice par- 
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Phase transitions in glycoglycerolipids 48 1 

ameters of their L,, Lg and L, phases on the chain length 
is also linear, while for the HI, phase it deviates from 
linearity [44]. 

The relatively big lattice parameter of the HI, phase 
immediately above the L,-+H,, transition in 14-Glc 
indicates a weaker propensity of this lipid to assume non- 
bilayer configurations [45]. According to the notion of 
intrinsic curvature of the lipid bilayers [48], this can be 
classified as an  example of intermediate curvature 
between curvatures characterizing the HI, phases in 16- 
and 18-Glc and curvatures of lipids which d o  not form 
non-bilayer phases. Lipids of such intermediate intrinsic 
curvature are known to exhibit slow and  complicated 
non-equilibrium phase behaviour [49,50]. I t  is thus con- 
ceivable that specific temperature treatment of 14-Glc, 
such as temperature cycling or  long incubation at tem- 
peratures near the L,+HI1 transition, may result in 
formation of cubic intermediates between the L, and HI, 
phases. Our preliminary calorimetric data provide sup- 
port for this assumption. 
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the Bulgarian National Science Foundation, grant 
K-407/1994, (R.T. and B.T.), Deutsche Forschungs- 
gemeinschaft, and the Royal Society are gratefully ack- 
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Kuttenreich for the glycolipid synthesis. Assistance of 
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for dynamic X-ray diffraction measurements. 

12 14 $6 I 8  

Chain length 
Figure 13. Dependence of the lattice parameters on the chain 

length for the series of 1,2-dialkylglucosides; 0 lamellar 
crystalline (L,) phase repeat period at 35-40°C; lamel- 
lar gel (Lp) phase repeat period at 35-40°C; 0 hexagonal 
(H,,) phase lattice parameter a=2d/3"' at the tempera- 
ture of its appearance upon heating; A hexagonal (H,,) 
phase lattice parameter at 75-80°C; A hexagonal (Hll) 
phase lattice parameter as extrapolated to 100°C; + cubic 
(Q224) phase lattice parameter (low angle 1st order spac- 
ing) at 70°C; cubic (Q224) phase lattice parameter (low 
angle 1st order spacing) at the temperature of its appear- 
ance upon heating. 
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