
DOI: 10.1002/chem.200500773

Self-Organizing Properties of Monosubstituted Sucrose Fatty Acid Esters:
The Effects of Chain Length and Unsaturation
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Introduction

Sucrose fatty acid esters are often used in the food and cos-
metics industries, where their excellent physical properties
in terms of emulsification, mildness and toxicology make
them ideal candidates as non-ionic surfactants.[1–12] Due to
their structural complexity (mixtures with different substitu-
tion degrees and regioisomers), the physico-chemical prop-
erties of defined sucrose compounds have been less exten-
sively studied compared with other types of non-ionic sur-
factants, for example polyoxyethylenic surfactants or alkyl-
polyglucosides. Although surface and related properties of
monosubstituted sucrose esters in solution are well-docu-
mented,[13–22] their thermotropic liquid crystal properties
have not been investigated in detail to date, except for a
study of a defined mixture of sucrose oleate.[23] More recent-
ly, shear induced phase transitions of sucrose stearate blends
have also been investigated.[21]

Most amphiphiles, which contain sugars or cyclic and acy-
clic polyols as polar heads, have been found to exhibit smec-
tic A* phases.[24–26] A limited number of inverted thermo-
tropic, disordered columnar mesophases have also been ob-
tained by grafting several fatty chains on to the polar head
group, thus increasing the volume ratio of fatty chain to
polar head group, thereby leading to changes in curva-
ture.[27,28] Inverted hexagonal columnar mesophases have
been obtained by increasing the volume of the head group
from a single-sugar head to double-sugar head, but still with
the attachment of a single aliphatic chain. Interestingly, in
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such molecular architectures which maintain a rod-like
shape, as it is the case for most alkylpolyglucosides, smectic
A* phases are again observed.[29–31] However, when the
polar head is not only more bulky, but also takes a wedge-
shaped conformation, as in the case of certain regioisomers
of sucrose hydroxyalkylethers, columnar or cubic mesophas-
es are observed.[32,33]

In order to gain insight into the self-organizing, thermo-
tropic and lyotropic behaviours of glycolipids, and eventual-
ly connect these properties to those of associated com-
pounds found in biological systems,[34–37] we describe the
thermotropic behaviour of pure monosubstituted sucrose
esters of defined structure, namely the compound families 1
to 3, as a function of chain length (n) and the position of at-
tachment to the sucrose scaffold (i.e., the 1’, 6 and 6’-substi-
tuted systems), as shown below. In addition, unsaturated
fatty chains, possessing a double bond with a cis geometry,
as often found in nature, were also included in the investiga-
tion.

Experimental Section

General synthetic methods : Compounds 1a–f, 2a–h and 3a–e, with chain
lengths and levels of unsaturation as shown in Tables 1 and 4, were syn-
thesised from unprotected sucrose, using selective methods of esterifica-

tion.[38] The 1’-monoesters, 1a–f, were prepared by enzymatic methods,
see Scheme 1, whereas the 6-monoesters, 2a–h, and the 6’-monoesters,
3a–e, were obtained by Mitsunobu coupling reactions, see Scheme 2.[39]

These methods, though very selective, did not yield totally pure re-
gioisomers, therefore further purification was performed by preparative
HPLC. Due to migration phenomena,[40,41] other regioisomers could not
be synthesised in the pure form.

Enzymatic synthesis of sucrose monoesters 1a–f : The 1’-monoesters, 1a–
f, were obtained by transesterification of unprotected sucrose with the
corresponding vinylic ester in hydrated dimethyl formamide, and in the
presence of a selected protease.[42–45] The isolated monoesters contained
from 67 to 76% of the 1’-isomer together with the 6 and 6’-isomers. Com-
pounds 1c–f were further purified by semipreparative HPLC to give the
pure 1’-O-isomer. Materials 1a and 1b, for which purification proved to
be very difficult, were used as mixtures (1a contained 75% of the 1’-
isomer, 7% of the 6-isomer and 12% of the 6’-isomer, and for compound
1b, 76% of the 1’-isomer, 11% of the 6-isomer and 10% of the 6’-
isomer).

Synthesis of sucrose monoesters 2a–h and 3a, 3c–e by the Mitsunobu re-
action : The 6-monoesters 2a–h and the 6’-monoesters 3a, c–e were ob-
tained by the reaction of sucrose with the appropriate carboxylic acid
under the Mitsunobu conditions.[36, 37, 39] The isolated monoester fraction,

which typically contained approxi-
mately 85% of the 6-isomer and 15%
of the 6’-isomer, was subjected to pu-
rification using semi-preparative
HPLC to give the pure 6- isomers and
6’- isomers.

In order to limit the content of water
in the products, all of the sucrose
monoesters were freeze-dried. The pu-
rities of the compounds were deter-
mined by 1H and 13C NMR, HPLC,
HRMS and elemental analysis (when
enough sample was available).

Detailed syntheses of the sucrose
monoesters : Compounds 1a,[45] 1b,[45] 1c,[45,46] 1e,[46] 2a,[40, 47] 2c,[45,47, 48]

2d,[48] 2e,[47, 48] 3c,[42] were prepared according to the literature. The spec-
troscopic data obtained was the same as that reported, whereas com-
pounds 2b, f, g, h, 3d, and e were prepared according to the methods re-
ported by Molinier et al.[39] The syntheses of the remaining materials,

Scheme 1. Synthesis of the saturated and unsaturated sucrose 1’-monoesters, series 1, by enzymatic methods.

Scheme 2. Synthesis of the 6- and 6’-sucrose monoesters (series 2 and 3) via the Mitsunobu reaction.

www.chemeurj.org M 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 3547 – 35573548

www.chemeurj.org


which have not yet been reported in the literature, are described in more
detail in the following section.

Synthesis of compounds 1a–f by enzymatic methods : Sucrose, obtained
from B>ghin-Say, (1.11 g, 3 mmol) was dissolved in a DMF/water mixture
96:4 (8 mL), at a temperature of 45 8C with stirring. The acylating agent,
lauric acid vinyl ester (3.65 g, 5 equiv), and protease (Novozyme FM/
Celite, 2.5 g, obtained as a gift from Novozyme), were added to the mix-
ture. The temperature of the reaction was maintained at 45 8C for 4 d
with slow stirring. After filtration and removal of the DMF by evapora-
tion, the monoester was isolated by flash chromatography (elution of di-
chloromethane/acetone/methanol/water 56:20:20:4, Rf=0.56 for sucrose
monolaurate) and freeze-dried. The monoester was formed with yields
ranging from 7 to 61%, the lower yields were obtained for the products
with the longer aliphatic chains. For example, the yield for sucrose mono-
laurate was 49%. This material was subjected to purification by semi-
preparative HPLC using a NH2 spherisorb column and an eluent acetoni-
trile/water[40] in order to isolate pure mono-1’-O-ester (67% to 74%
yield of the monoester fraction).

1’-O-Palmitoylsucrose (1d): [a]D=++47 (c = 0.3 in MeOH); 1H NMR
(300 MHz, MeOD): d = 0.80–1.00 (m, 3H, CH3), 1.15–1.45 (m, 24H,
(CH2)12), 1.55–1.73 (m, 2H, CH2b), 2.39 (t, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.3 Hz,
CH2a), 3.37 (dd, 1H, J ACHTUNGTRENNUNG(H4,H3)=9.1, J ACHTUNGTRENNUNG(H4,H5)=9.9 Hz, H4), 3.42 (dd, 1H,
J ACHTUNGTRENNUNG(H2,H1)=3.8, J ACHTUNGTRENNUNG(H2,H3)=9.9 Hz, H2), 3.60–3.90 (m, 7H, H5, H6a/b, H6’a/b,
H5’, H3), 4.00–4.11 (m, 2H, H3’, H4’), 4.14 (d, 1H, J(H1’b,H1’a)=12.1 Hz,
H1’b), 4.38 (d, 1H, J(H1’a,H1’b)=12.1 Hz, H1’a), 5.41 (d, 1H, J ACHTUNGTRENNUNG(H1,H2)=
3.8 Hz, H1); LSIMS: m/z : calcd for C28H52O12Li: 587.3619; found:
587.3645 [M]+ .

1’-O-Dodec-5c-enoylsucrose (1 f): [a]D=++44 (c = 0.7 in MeOH); 1H
NMR (500 MHz, MeOD): d = 0.87–0.99 (m, 3H, CH3), 1.24–1.43 (m,
8H, (CH2)4), 1.70 (q, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.5 Hz CH2b), 2.01–2.16 (m, 4H,
CH2CH=CHCH2), 2.40 (t, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.5 Hz, CH2a), 3.38 (t, 1H,
J ACHTUNGTRENNUNG(H4,H3) = J ACHTUNGTRENNUNG(H4,H5) = 9.5 Hz, H4), 3.43 (dd, 1H, J ACHTUNGTRENNUNG(H2,H1)=3.9,
J ACHTUNGTRENNUNG(H2,H3)=9.9 Hz, H2), 3.60–3.88 (m, 7H, H5, H6a/b, H6’a/b, H5’, H3), 4.03–
4.12 (m, 2H, H3’, H4’), 4.15 (d, 1H, J(H1’b,H1’a)=12.2 Hz, H1’b), 4.38 (d,
1H, J(H1’a,H1’b)=12.2 Hz, H1’a), 5.31–5.49 (m, 3H, H1, CH=CH); 13C
NMR (125 MHz, MeOD): d = 14.7 (CH3), 26.3 (CH2b), 27.8–28.5
(2CH2a CH=CH), 24.0, 30.4, 31.1, 33.2 (4CH2), 34.7 (CH2a), 62.5 (C6),
63.5 (C6’), 64.1 (C1’), 71.7 (C4), 73.3 (C2), 74.7 (C5), 74.9 (C3), 75.2 (C4’),
79.1 (C3’), 84.1 (C5’), 94.4 (C1), 104.3 (C2’), 129.9–132.4 (CH=CH), 174.9
(C=O on 1’); LSIMS: m/z : calcd for C24H42O12Na: 545.2574; found:
545.2576 [M+Na]+ .

Synthesis of the sucrose monoesters 2a–h and 3a, c–e via the Mitsunobu
reaction : Sucrose (3.42 g, 10.0 mmol) was dissolved in dry DMF (79 mL)
at 70 8C with stirring under a nitrogen atmosphere. The mixture was
cooled to room temperature before the addition of triphenylphosphine
(7.06 g, 2.7 equiv), the appropriate carboxylic acid (for example, lauric
acid, 5.00 g, 2.5 equiv), and more DMF (21 mL). Once the materials had
dissolved, the mixture was cooled to 0 8C, and DIAD (5.3 mL, 2.7 equiv)
was added. TLC showed the nearly total consumption of sucrose after
26 h stirring at room temperature. After removal of DMF under reduced
pressure at T=36–38 8C, the crude residue was subjected to chromatogra-
phy over silica gel (dichloromethane/acetone/methanol/water
78:10:10:1.5!67:15:15:3). The monoester fraction was collected (e.g., for
monolauroylsucrose, 1.86 g, 35%) and subjected to further purification
by semi-preparative HPLC (NH2 spherisorb column, acetonitrile/
water[40]) in order to isolate the pure mono-6-O-ester (e.g. 85% of the
monoester fraction for the monolauroylsucrose) and pure mono-6’-O-
ester (15% of the monoester fraction).

6’-O-Octanoylsucrose (3a): [a]D=++52 (c = 1 in MeOH); 1H NMR
(300 MHz, MeOD): d = 0.80–1.00 (m, 3H, CH3), 1.20–1.45 (m, 8H,
(CH2)4), 1.53–1.73 (m, 2H, CH2b), 2.36 (t, 2H, J ACHTUNGTRENNUNG(CH2,CH2)=7.4 Hz,
CH2a), 3.35 (t, 1H, J ACHTUNGTRENNUNG(H4,H3)=J ACHTUNGTRENNUNG(H4,H5)=9.4 Hz, H4), 3.42 (dd, 1H,
J ACHTUNGTRENNUNG(H2,H3)=9.7, J ACHTUNGTRENNUNG(H2,H1)=3.8 Hz, H2), 3.57–3.77 (m, 4H, H6b, H3, H1’a/b),
3.78–3.88 (m, 2H, H6a, H5), 3.93 (td, 1H, J ACHTUNGTRENNUNG(H5’,H4’)=J ACHTUNGTRENNUNG(H5’,6’a)=7.5 Hz,
J ACHTUNGTRENNUNG(H5’,H6’b)=3.3 Hz, H5’), 4.02 (t, 1H, J ACHTUNGTRENNUNG(H4’,H5’)=J ACHTUNGTRENNUNG(H4’,H3’)=8.1 Hz, H4’),
4.11 (d, 1H, J ACHTUNGTRENNUNG(H3’,H4’)=8.1 Hz, H3’), 4.32 (dd, 1H, J(H6’b,H6’a)=11.7,
J ACHTUNGTRENNUNG(H6’b,5’)=3.3 Hz, H6’b), 4.41 (dd, 1H, J(H6’a,H6’b)=11.7, J ACHTUNGTRENNUNG(H6’a,H5’)=
7.5 Hz, H6’a), 5.36 (d, 1H, J ACHTUNGTRENNUNG(H1,H2)=3.8 Hz, H1);

13C NMR (75 MHz,

MeOD): d = 14.7 (CH3), 26.3 (CH2b), 24.0, 30.4, 30.4 , 33.2 (4CH2), 35.2
(CH2a), 62.8 (C6), 64.1 (C1’), 67.2 (C6’), 71.8 (C4), 73.6 (C2), 74.5 (C5), 75.0
(C3), 77.2 (C4’), 79.2 (C3’), 81.0 (C5’), 93.7 (C1), 105.8 (C2’), 175.8 (C=O on
6’).

Evaluation of physical properties : Phase identification and the determi-
nation of phase transition temperatures were carried out by thermal po-
larised light microscopy (POM), by using a Zeiss Universal polarising
transmitted light microscope equipped with a Mettler FP82 microfurnace
in conjunction with an FP50 Central Processor. Photomicrographs were
obtained using a Zeiss polarising light microscope equipped with a Nikon
AFM camera. Homogeneous specimens were obtained by using untreat-
ed glass slides and cover slips. Differential scanning calorimetry was used
to determine enthalpies of transition and to confirm the phase transition
temperatures determined by optical microscopy. Differential scanning
thermograms (scan rate 10 8Cmin�1) were obtained by using a Perkin–
Elmer DSC7 PC system operating on DOS software. The results ob-
tained were standardised to indium (measured onset 156.68 8C, DH =

28.47 Jg�1; lit. value 156.60 8C, DH = 28.45 Jg�1).[49] Comparison of the
transition temperatures determined by optical microscopy and differen-
tial scanning calorimetry show some slight discrepancies, which are due
to the carbohydrate moieties which tended to decompose at elevated
temperatures and at different rates depending on the rate of heating, the
time spent at an elevated temperature and the nature of the supporting
substrate, that is, the materials decomposed more quickly in aluminium
DSC pans than on glass microscope slides.

The X-ray diffraction experiments were performed using a MAR345 dif-
fractometer equipped with a 2D image plate detector (CuKa radiation,
graphite monochromator, l=1.54 S). The samples were heated in the
presence of a magnetic field (B �1 T) by using a home-built capillary
furnace. The diffraction patterns show the intensity as a function of the
modulus of the scattering wave vector (q) as in Equation (1).

q ¼ jqj 4p sinq=l ¼ 2pn=d ð1Þ

where q is the diffraction angle, l is the wavelength (1.54 S), n is an inte-
ger and d is the lattice distance.

Molecular lengths were determined either by using Dreiding molecular
models or via computer simulations using an Apple MacIntosh G5 com-
puter and ChemDraw3D as part of a ChemDraw Ultra 6.0 program.

Results and Discussion

The materials were segregated into two groups by the
nature of the aliphatic chains. Thus the first group to be dis-
cussed has saturated fatty chains, that is monoesters 1a–e,
2a–e and 3a, 3c–e ; the second group has analogues possess-
ing a cis-unsaturated double bond in the middle of the
chain, that is 1 f, 2 f, 2g and 2h.

Saturated fatty acid monoesters

Transition temperatures : The mono-1’- (series 1), mono-6-
(series 2) and mono-6’- (series 3) esters of sucrose were ex-
amined in their dry state by thermal polarised light micro-
scopy (POM) and differential scanning calorimetry (DSC).
While the clearing points from the liquid crystalline state to
the isotropic liquid were clearly discernable by POM, de-
composition caused by caramelisation meant for many of
the materials that, although the clearing points could be de-
termined by DSC, the associated enthalpy values could not
be measured. Decomposition caused the baseline of the
heating thermogram to fluctuate strongly after the clearing
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point transition, suggesting that the materials were more
stable in the liquid-crystal state than in the amorphous
liquid. In most cases the melting points could not be deter-
mined by POM due to either paramorphosis of the defect
textures at the phase transition or if the transition was from
a glassy solid to the mesomorphic state no discernable
change in texture could be detected. Thus, Table 1 summa-
rises the most clearly defined results obtained concerning
melting behaviour of the compounds possessing saturated
aliphatic chains.

The first members of the three series, that is the shortest
aliphatic homologues 1a, 2a and 3a, in all cases were found
to exhibit disordered hexagonal columnar phases. Figure 1
shows a photomicrograph of the defect texture of mono-6’-
O-octanoylsucrose (3a). This texture is typical of the first
members of each of the series. Under crossed polarizers
(T100), fan-like defects of the liquid crystal phase were ob-
served, and in some cases a homeotropic uniaxial defect tex-
ture was also observed. In the fan-like texture, no hyperbol-
ic or elliptical lines of optical discontinuity associated with
focal-conic defects were observed, indicating that the phase
is probably not a lamellar/smectic phase.[50] The fan-like re-
gions indicate that the phase is columnar, and the lack of or-
dering (straight-lines) along the column edges suggests that
the mesophase is disordered. These results were confirmed
by X-ray diffraction (see later).

The mono-6-O-decanoyl sucrose (2b) was also found to
exhibit a fan-like defect texture in which no hyperbolic or
elliptical lines of optical discontinuity were observed (see
Figure 2). For this reason, the mesophase formed by this
compound was initially classified as a columnar phase, how-
ever, structural studies show that it is probably a smectic A*

phase (see X-ray results later).
All of the other sucrose

monoesters exhibited typical
textures for the smectic A*
phase (see Figure 3). We note
that the classification of the
mesophase is smectic A*, be-
cause as the materials are chiral
the environmental symmetry of
the phase is reduced from D81
to D1, and as a consequence
the mesophase should exhibit
electroclinic properties. In
order to determine the type of
mesophase formed by the lon-
gest chain analogues and to
limit the degradation of the
products (caramelisation), the
samples were brought quickly
to a temperature above their
clearing point and cooled down
to observe the texture.

Under crossed polarisers, a
homeotropic black texture was
observed, together with a fan-
like defect texture possessing
elliptical and hyperbolic lines of
optical discontinuity. Oily
streaks and fringes around air
bubbles were also observed.
Upon cooling from the isotrop-

Table 1. Transition temperatures of the mono-1’ (series 1), mono-6 (series 2) and mono-6’ (series 3) saturated
fatty acid sucrose esters.[a]

Sucrose monoesters Chain Compd Transition temperatures [8C]

n=6 1a(*) soft solid–columnar 90 Iso Liq
n=8 1b(*) soft solid–SmA* 145 iso liq
n=10 1c glass 46.2 SmA* 186.8 iso liq
n=14 1d cryst 53.8 SmA* 209.5 iso liq
n=16 1e cryst 48.5 SmA* 210 iso liq

n=6 2a soft solid–columnar 95.6 iso liq
n=8 2b soft solid–SmA* 107 iso liq
n=10 2c cryst 65.8 SmA* 179.5 iso liq
n=14 2d cryst 72.4 SmA* 212 iso liq
n=16 2e cryst 39.3 SmA* 212 iso liq

n=6 3a soft solid–columnar 105 iso liq
n=10 3c crystal SmA* 204.5 iso liq
n=14 3d crystal SmA* 225.5 iso liq
n=16 3e crystal SmA* 211 iso liq

[a] Soft solid refers to transitions not seen in the DSC, whereas cryst refers to melting points determined by
DSC. (*) mixtures of isomers: 1a : 6/1’/6’ 7:75:12%, 1b : 6/1’/6’ 11:76:10%.

Figure 1. Defect texture of the columnar mesophase of mono-6’-O-octa-
noylsucrose (3a) (T100).
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ic liquid, the liquid crystal phase separated in the form of
b�tonnets that coalesced to form the focal-conic domains.
These features are characteristic of smectic A/A* mesophas-
es. They are highlighted with white arrows in the textures
shown in Figure 3.

The evolution of the isotropisation temperature (clearing
point) as a function of the length of the fatty chains is
shown in Figure 4. The values plotted were the ones deter-
mined for the first heating cycle, at a point when all of the
birefringence disappeared. For compounds 1c–e, 2c–e and
3c–e, the transition to the isotropic liquid took place at the
point where caramelisation started to occur, and as noted
above, caramelisation appeared to be accelerated at the
phase transition to the liquid.

It can be seen from Figure 4 that the columnar phases are
less thermally stable in comparison to the lamellar phases.
In some cases the lamellar phase occurs at temperatures ap-
proximately 100 8C higher than the corresponding columnar
phase. Columnar phases are only found for the homologues
with short chains, and the maximum stability of the lamellar
phase occurs at approximately the hexadecanoyl (C16) ho-
mologue.

Differential scanning calorimetry : For sucrose monoesters,
differential scanning calorimetry often showed the effects of
decomposition before the isotropic liquid was reached. The
decomposition was believed to be due to the high clearing
point values, and that the rate of decomposition was more
rapid when the materials were evaluated in aluminium pans,
rather than when observed between the glass slide and
cover-slip in POM.

For the materials with the shorter chains, each material
appears to be in its mesomorphic state at or near to room
temperature, since no melting peak is observed on the DSC
and only glass transitions were obtained. Conversely, the
longer chain analogues often undergo complex melting from
the solid to the liquid crystal state, with many solid–solid
transitions occurring. Upon cooling, these materials undergo
either a partial recrystallisation, or no recrystallisation at all,
with the liquid crystalline state remaining down to room
temperature. In some cases a glass transition close to room

Figure 3. Defect textures of smectic A* mesophases of mono-dodecanoyl-
sucrose (2c, top and bottom) and mono-6-O-hexadecanoylsucrose (2d,
right).

Figure 4. Evolution of the clearing point [8C] as a function of the length
of the fatty aliphatic chains (n) for the sucrose monoesters 1a–e (&),
2a–e (*) and 3a, and 3c–e (^).

Figure 2. Defect texture of the mesophase exhibited by mono-6-O-dec-
anoylsucrose (2b) (T100).
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temperature can be discerned. Thus for the longer chain
length materials the liquid crystal state can remain in a
metastable form over wide temperature ranges.

By way of example, the DSC thermogram for mono-1’-O-
dodecanoylsucrose (1c) is presented in Figure 5. For this
compound, the melting from the solid to the liquid crystal
proceeds via a glass transition, however, the transition to
the isotropic liquid is clearly defined. In contrast, Figure 6
shows the DSC thermogram for the first heating and cooling
cycles of mono-6-O-octadecanoylsucrose (2e). For this com-
pound, degradation is observed at the clearing point. The
fluctuations in the baseline reflect the process of caramelisa-
tion. Upon cooling from the isotropic liquid no enthalpy is
observed at a temperature where the clearing point occur-
red, and indeed no phase transition was detected until the
point at where the material recrystallised.

This type of inconsistent behaviour thus made it difficult
to obtain data for each material that could be used for com-
parative purposes within, and between, the series of com-
pounds. Moreover, because of the ease of decomposition,

even where results seemed to be conclusive, it was difficult
to exclude the possibility of degradation.

X-ray diffraction studies : For the purposes of comparison
and the evaluation of the structures of materials with colum-
nar and lamellar phases X-ray diffraction studies were per-
formed on compounds 2a, 2b and 2e over a wide range of
temperature in the mesomorphic state.

X-ray diffraction studies of mono-6-O-octanoylsucrose
(2a): Figure 7 shows the diffraction pattern of compound 2a
at 80 8C. The radially integrated pattern at 30 8C is shown in
Figure 8; Table 2 gives the rela-
tive distances in S relative to
the Miller indices.

The first three distances are
in the ratios 1, 1/

ffiffiffi

3
p

, 1/
ffiffiffi

4
p

,
which are characteristic of a
hexagonal packing arrangement
of the molecules. X-ray diffrac-
tion studies thus confirm the
microscopic observations and
give the classification of the
mesomorphic phase of mono-6-
O-octanoylsucrose (2a) as a
hexagonal columnar phase. The
diffuse reflection at 4.5 S

Figure 5. DSC thermogram, first heat and first cool cycles, for mono-1’-
O-dodecanoylsucrose (1c) at a scanning rate 10 8Cmin�1.

Figure 6. DSC trace, first heating and cooling cycles, for mono-6-O-octa-
decanoylsucrose (2e) at a scanning rate 10 8Cmin�1.

Figure 7. Powder diffraction
pattern of mono-6-O-octanoyl-
sucrose (2a) at 80 8C.

Figure 8. Radially integrated diffraction pattern of mono-6-O-octanoylsu-
crose (2a) at 30 8C. The diffraction intensity is given in a logarithmic
scale.

Table 2. Distances related to the Miller indices shown in the diffraction
pattern given in Figure 8 for the radially integrated diffraction pattern of
mono-6-O-octanoylsucrose (2a) at 30 8C.

Miller Indices q [nm�1] d [S] Ratios

100 2.24 28.1 1
110 3.85 16.3[a] 0.580�1/

ffiffiffi

3
p

200 4.49 14.0 0.498�1/
ffiffiffi

4
p

001 9.5 6.6 –
alkyl 14.1 4.5 –

[a] Very weak reflection.
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shows that the ordering of the aliphatic chains inside the
column is low, indicating that the phase is a disordered hex-
agonal phase. Furthermore, the reflection observed at 6.6 S
could be attributed to extensive ordering of the sugar head
groups.

X-ray diffraction studies of mono-6-O-decanoylsucrose
(2b): Figure 9 shows the radially integrated patterns for
compound 2b at various temperatures. No second order re-
flections were observed for this material, thereby indicating
the presence of a smectic mesophase. Conversely, the micro-
scopic observations suggested the formation of a columnar
mesophase.

For mono-6-O-decanoylsucrose (2b) no changes were ob-
served at the clearing point observed by optical microscopy,
that is, Ti=107 8C. Figure 10 shows the normalised, azimu-
thally integrated patterns at 85 and 140 8C, which demon-
strates that at high temperatures substantial ordering of the
molecules is maintained, despite degradation of the sample.
Thus, remarkably the “amorphous liquid” appears to be
structured at temperatures well away from the liquid crystal-
line state.

X-ray diffraction studies of mono-6-O-octadecanoylsucrose
(2e): X-ray diffraction studies were performed over a 30 to
160 8C temperature range for the mono-6-O-octadecanoylsu-

crose (2e), see Figure 11. The radially integrated patterns at
140 and 30 8C are shown together in Figure 12 and Table 3
gives the distances in S related to the Miller indices at T=

30, 50 and 130 8C, respectively.

With the ratios between the first three d spacings being
characteristic of a lamellar arrangement, X-ray diffraction
studies for the mono-6-O-octadecanoylsucrose (2e), confirm
the microscope classification of the phase as smectic A.
However, as the extended length of the material determined

Figure 9. Radially integrated diffraction pattern of mono-6-O-decanoylsu-
crose (2b) over a 30 to 100 8C temperature range. The diffraction intensi-
ties are given in a logarithmic scale.

Figure 10. Normalised azimuthally integrated patterns of 6-O-monodeca-
noylsucrose (2b), &: T=85 8C, *: T=140 8C.

Figure 11. Radially integrated diffraction pattern of mono-6-O-octadeca-
noylsucrose (2e) over a 30 to 160 8C temperature range. The diffraction
intensities are given in a logarithmic scale.

Figure 12. Radially integrated diffraction patterns of mono-6-O-octadeca-
noylsucrose (2e) at 140 and 30 8C. The diffraction intensities are given in
a logarithmic scale.
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from simulations was found to be approximately 28 S, and
the measured layer spacing being approximately 41 S, the
structure of the phase must consist of interdigitated bilayers.
Thus, the phase is further classified as a smectic Ad modifi-
cation.

The aliphatic chains inside the layers are disordered, as
indicated by the diffuse reflection at 4.3 S. Conversely, the
reflection observed at 3.8 S could be attributed to well-or-
ganised arrays of sugar head groups due to H-bonding. The
temperature scan shows that at a temperature lower than
40 8C, the smectic phase becomes more strongly ordered as
now the third order reflection is observed.

Thus, overall the early members of series 2 possess disor-
dered hexagonal columnar phases, whereas the later mem-
bers of the series exhibit interdigitated bilayer smectic Ad

phases. The amorphous liquid in all of the materials is struc-
tured to high temperatures, which is possibly due to hydro-
gen-bonding networks formed by the interactions of the su-
crose head groups. In the mesophases the aliphatic chains
are effectively melted, whereas the sugar head groups are
extensively organised.

Unsaturated fatty acid monoesters

In order to investigate the effects of the incorporation of a
cis-double bond into the terminal aliphatic chains com-
pounds 1 f and 2 f–h were prepared. It was expected that the
presence of the cis-bond would “kink” the aliphatic chain,
thereby leading to an increase in disordering of the mole-
cules and a concomitant lowering of the clearing points.

Microscopy studies showed that compounds 1 f and 2 f–h,
like their saturated analogues, exhibited smectic A meso-
phases. Figure 13 shows examples of the edge dislocation
(filaments) and homeotropic textures of mono-6-O-dodec-
5c-enoylsucrose (2 f). These textures are classical examples
of a lamellar phase.

Table 4 shows the structures of compounds 1 f and 2 f–h,
together with their clearing points and the comparative
values for the directly analogous materials with no unsatura-
tions in the aliphatic chain. It can be seen that when the
double bond is near to the sucrose head group the clearing
point is substantially lower in comparison to the saturated
ester. However, when the double bond is further away from
the sucrose head group the difference in clearing points is
much less. This is possibly due to the fact that the chains
will be essentially melted in the smectic state, and when the
double bond is nearer to the more rigid structure of the
head group, the freedom of the methylene units in the chain
to rotate is somewhat restricted.

Modelling of mesophase structures : If we now turn to the
question as to why the saturated esters with relatively short
aliphatic chains exhibit columnar phases, whereas the higher
homologues exhibit lamellar phases, we can explain this
result simply through examination of the minimised molecu-
lar structures, albeit in the gas phase, of the octanoyl versus
the octadecanoyl homologues of any of the three series. For

Figure 13. Defect textures of the smectic A* mesophase of mono-6-O-
dodec-5c-enoylsucrose (2 f) (T100).

Table 3. Distances related to the Miller indices shown in Figure 11 for
the radially integrated diffraction pattern of mono-6-O-octadecanoylsu-
crose (2e) at 30, 50 and 130 8C, respectively.

Miller indices q [nm�1] d [S] Ratios

T=30 8C
001 1.52 41.3 1
002 3.06 20.5 � 1=2
003 4.58 13.7 � 1=3
100 + alkyl 14.7 4.3 –
X 16.5 3.8
T=50 8C
001 1.53 41.2 1
002 3.04 20.7[a] � 1=2
100 + alkyl 14.2 4.4 –
X 16.5 3.8 –
T=130 8C
001 1.61 39.1 1
002 3.18 19.8[a] � 1=2
100 + alkyl 14.7 4.55 –
X 16.5 3.8 –

[a] Very weak reflection.
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example, if we select series 2, and therefore compounds 2a
and 2e, we find that the minimised structures show that the
head-group size relative to the overall molecular length is
much greater for 2a than for 2e. Thus when the molecules

of 2a pack together they will
do so with a curved structural
arrangement favouring the for-
mation of columnar phases,
whereas such an arrangement
would be less likely for 2e, and
thereby lamellar phases are
preferred. Figure 14 shows the
minimised structures for 2a and
2e achieved in the gas phase, at
absolute zero. Compound 2a
clearly has a more wedge liked
structure than 2e.

Further hypotheses can be
derived from the minimised
structures. It appears that intra-
molecular hydrogen bonding
between the carbonyl function
of the ester and one of the hy-
droxyl units causes the sucrose
head group to bend back on
itself, thereby exposing the rest
of the hydroxyl groups to the
exterior of the structure, away
from the aliphatic chain. This is
an unusual molecular arrange-
ment in light of the report by
Perez et al. ,[51] which shows for
2-O-lauroylsucrose that an in-
tramolecular hydrogen bond
between the 6,6’-OH groups
stabilises the cyclic arrange-
ment of the head group. Never-
theless, for the three series,

shown in Figure 15, gas-phase modelling shows that the car-
bonyl-OH hydrogen bond is slightly favoured. Consequently,
the intramolecular hydrogen bond apparently completes a
quasi-macrocyclic structure, which is sandwiched between

the hydrophilic head group and
the hydrophobic chain. The
quasi-macrocyclic structure ap-
pears as a cyclic polyether, and
thereby should be capable of
complexing various ions. Thus
the sucrose esters appear to
have a remarkable structure;
the head group is forced by an
intramolecular hydrogen bond
to expose all of its free hydrox-
yl groups for the purposes of in-
termolecular hydrogen bonding,
and behind this hydrophilic
wall a binding site sits, protect-
ed on one side by a hydrophilic
surface while on the other by a
hydrophobic chain as shown in
Figure 16.Figure 14. Minimised structures of compounds 2a and 2e in the gas phase at absolute zero.

Table 4. Structures and clearing point transitions for the unsaturated monoesters 1 f and 2 f–h.[a]

Monoesters Compound Clearing point transitions

1 f Iso Liq 165 8C SmA*
1c Iso Liq 186.8 8C SmA*

2 f Iso Liq 132.8 8C SmA*
2c Iso Liq 179.5 8C SmA*

2g Iso Liq 207 8C SmA*

2d Iso Liq 212 8C SmA*

2h Iso Liq 205 8C SmA*
2e Iso Liq 212 8C SmA*

[a] The clearing point transitions for the analogous saturated materials 1c and 2c–e are included for compari-
son.
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For the columnar phases, be they thermotropic or lyotrop-
ic, the self-organised structure consists of three tubes where
the outer tube can interact with solvents such as water or
with similarly stacked columns through intermolecular hy-
drogen bonding. The central tube is filled with hydrophobic
fatty material, and the space between the outer and inner
tubes is a region where the quasi-macrocycles can also as-
semble into internal columns, like a roller-bearing race,
thereby creating potential ion channels, as shown in
Figure 17.

Conclusion

In this report we show that for sucrose substituted with one
aliphatic chain in the 1’, 6 or 6’ positions, for relatively short
aliphatic chains columnar liquid crystals phases are favoured
over calamitic lamellar phases. The structure of the colum-
nar phase is suggested to be one where the aliphatic chains

are towards the interior of the column, whereas the carbo-
hydrate head groups are located at the surfaces of the col-
umns. This is the reverse arrangement for thermotropic

Figure 15. Intramolecular hydrogen bonding in the head groups of all three series, forming a quasi-macrocyclic ring system.

Figure 16. Composite parts of the structure of the mono-substituted su-
crose esters.

Figure 17. Tubular structure of the hexagonal disordered columnar meso-
phase.
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liquid crystalline columnar phases normally found in carbo-
hydrate systems, where the aliphatic chains are usually locat-
ed at the surfaces of the columns.

The structuring with the sugar groups at the exterior of
the columns leads to the possibility of ion channels being
formed within the columns and along the column axes.

Our X-ray diffraction studies also show that there is or-
ganization of the molecules in the amorphous liquid prior to
the phase transition to the liquid crystal state.
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