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Liquid crystalline derivatives of galactose and galactitol:

dependence of thermotropic mesomorphism on carbohydrate form
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An almost complete homologous series of the acyclic, open-chain 6-O-n-alkyl-d-galactitols
has been prepared. Most homologues in this series exhibit an enantiotropic smectic A* phase.
The liquid crystal transition temperatures of these open-chain carbohydrates are compared
with those of the corresponding homologues in the cyclic form, i.e., with those of the 6-O-n-
alkyl-a-d-galactopyranoses. In general the carbohydrates in the open-chain form exhibit
higher clearing points than those of the analogous cyclic pyranoses. However, the melting
point of the galactitols is generally signi® cantly lower than that of the corresponding
galactopyranoses. This leads to a much wider temperature range of the smectic A* phase for
the carbohydrates in the pyranose form. The lowest clearing point was found for related
galactoses in the furanose form. Alternation was found for the clearing point of the 6-O-n-
alkyl-a-d-galactopyranoses and the 6-O-n-alkyl-d-galactitols. Powder X-ray di� raction studies
indicate a non-intercalated structure for the crystalline state and an interdigitated arrangement
in the smectic A* phase with a degree of chain melting for both series.

1. Introduction as exhibiting antiviral and antibacterial activity them-
selves [16 ± 18]. Per¯ uorinated carbohydrate derivativesGlycophospholipids, glycoproteins and glycolipids
have also been used as arti® cial blood [19]. Most ofare basic components of biological membranes [1 ± 5].
these practical applications of carbohydrates involveThe oligosaccharide parts of some of these molecules
aqueous solutions, suspensions, emulsions or gels. Sinceare responsible for intercellular recognition and also act
the solubility, surface tension, critical micelle concen-as speci® c binding sites for viruses, hormones and pro-
tration, lyotropic phase formation, aqueous gel formation,teins [3± 5]. Many glycophospholipids and glycolipids
etc., are all dependent on the hydrophilic± lipophilic balanceexhibit thermotropic and lyotropic liquid crystalline
(HLB) [20], i.e. on the chain length of the alkyl/acylbehaviour [6± 8]. Related, but simpler and synthetically
substituent for a given carbohydrate head group, it ismodi® ed, carbohydrates also have signi® cant practical
important to synthesize homologous series for systematicapplications as non-ionic, low toxicity, biocompatible
investigations of their physical and biological properties.and biodegradable surfactants easily prepared in a high
Therefore, we report here the synthesis of an almostoverall yield from a diverse, renewable and natural
complete homologous series (n =2, 3, 5 ± 16, 18) of 6-O -resource. Mixtures of monosaccharides, oligosaccharides
n-alkyl-d-galactitols. Although a number of homologousand polysaccharides, such as alkyl polyglycosides (APGs),
series of substituted carbohydrates has been reported,are used in tens of thousands of tons per annum as cost-
such as open-chain aldose dialkyl dithioacetals [21, 22],e� ective surfactants as components of detergents for
the number of homologues has generally been limited,laundry and dishwashing applications [9± 11]. More
since it is known that liquid crystalline properties areexpensive, monodisperse monosaccharides, such as alkyl
generally found for carbohydrates after a critical alkylglycosides, are commercially available as mild solvents for
chain length has been exceeded (#3± 8 methylene units,proteins in membranes which can be solvated, extracted,
depending on the form of the sugar), see below.separated and reconstituted in a non-denatured form

The ® rst alkyl glycosides with surfactant properties[12, 13]. They are also used as components of liposomes
were prepared and reported more than 120 years agoand vesicles in drug release formulations [14, 15] as well
[23 ± 29]. However, it was not until much later that they
were recognized and characterized [30± 44] as liquid*Authors for correspondence.

³ EPSRC Advanced Fellow crystal materials exhibiting lamellar smectic A* (SmA*)
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32 P. Bault et al.

[21, 22, 29± 38], discotic (columnar) or cubic [39± 41] derivatives in the open chain, pyranose and furanose
forms in order to investigate these e� ects further.mesophases. Furthermore, glycolipids often possess

amphotropic behaviour [42], as they exhibit liquid Some X-ray di� raction data are available for a number
of liquid crystalline carbohydrate derivatives. The limitedcrystalline properties both on melting the pure material

to generate a thermotropic mesophase and also in the amount of data is mostly for the crystalline state
[34 ± 36, 62± 66], although the results of some measure-presence of solvents, e.g. with water to produce lyo-

tropic mesophases [43, 44], which are also temperature ments made on the liquid crystalline state have recently
been reported [42, 60, 66]. Therefore, it was hoped thatdependent. In the meantime, and especially in the last

ten years, many substituted carbohydrates with liquid X-ray di� raction studies on these new compounds in
the crystalline and mesomorphic state would yield infor-crystal properties have been synthesized [45 ± 62].

However, most thermal data for liquid crystalline carbo- mation on the molecular ordering in these states. There
are two prime models for the molecular organization inhydrate derivatives to be found in the literature are

for glucose as it is a cheap, readily available starting the lamellar SmA* phase of liquid crystal carbohydrates
[34 ± 38], although they are strongly related. One modelmaterial, which is relatively easy to derivatize regio-

and stereo-selectively. However, other carbohydrates, suggests that the layers are held together by hydrogen
bonding of the carbohydrate moieties along the mediansuch as galactose [56± 60], may well exhibit a more

advantageous property spectrum for the above appli- of the layers; the non-interdigitated aliphatic chains form
the outer regions of the layers [37]. The other modelcations. Therefore, we have started a systematic study

of substituted derivatives of galactose with alkyl chains suggests that the aliphatic chains are intercalated in the
SmA* phase and located at the centre of the layers,attached to the carbohydrate core in various positions

by diverse linkages [60]. whereas the carbohydrate moieties self-assemble in the
outer regions of the bilayers [38]. Although X-rayIn the crystalline and liquid crystalline states the

carbohydrate cores of amphiphilic substituted carbo- di� raction studies primarily carried out on such liquid
crystalline carbohydrate derivatives in the crystallinehydrates tend to separate into discrete layers stabilized

by intermolecular hydrogen bonding between the carbo- state indicate that intercalation of the alkyl chains is
indeed present, there is no correlation between thehydrate hydroxy groups, whereas the aliphatic terminal

chains aggregate to form a complementary layer held ordering in the crystalline state and in the mesomorphic
state [34± 38, 60].together by van der Waals forces. These bilayers may

show a degree of interdigitation of either the hydrophilic
sugar or the lipophilic chain. It is this microscopic phase 2. Synthesis

The 6-O -n-alkyl-a-d-galactopyranoses (1 ± 15 ) wereseparation of the hydrophilic and lipophilic parts of
amphiphilic substituted carbohydrates which determines prepared as previously described [60] by alkylation

of 1,2:3,4-di-O-isopropylidene-a-d-galactopyranose usingthe nature of the thermotropic and lyotropic mesophases
exhibited by them as well as the absolute values of their appropriate bromoalkanes and potassium hydroxide to

produce the intermediate 6-O -n-alkyl-1,2:3,4-di-O -iso-transition temperatures [21, 22, 62]. Therefore, the
bilayer structure and its liquid crystallinity should also propylidene-a-d-galactopyranoses, followed by depro-

tection using tri¯ uoroacetic acid [67, 68], see the reactiondepend upon the form of the sugar, i.e. on its furanose,
pyranose or open-chain forms. Since it has been shown scheme. The conditions for the deacetalization were chosen

to permit a anomer formation. The galactopyranosesthat the smectic A*± isotropic transition temperature
(TSmA*-I) is dependent on the number of groups capable were then reduced with NaBH4 [69] to give the desired

6-O -n-alkyl-d-galactitols (16-30 ).of hydrogen bonding [29, 33, 46± 48], it may be speculated
that carbohydrates in the open chain form would exhibit
a higher TSmA*-I than the corresponding carbohydrate in 3. Phase characterization

3.1. Phase characterization by thermal opticalthe pyranose and furanose forms, as well as changing
the shape and rotation volume of the polar head group. microscopy

The thermotropic mesophases observed for the 6-O -Conversely, cyclic forms could imbue the sugar with a
higher degree of conformational stability compared with n-alkyl-a-d-galactopyranoses (1 ± 15 ) [60] and the 6-O -

n-alkyl-d-galactitols (16 ± 30 ) exhibited similar texturesthe open chain form at elevated temperatures, since the
relative orientations of the hydroxy groups (primarily during optical microscopy. For the carbohydrates with

an enantiotropic mesophase, the crystals melt on heatingequatorial ) are maintained, despite the existence of a
wide variety of conformations for the ring itself. This at a discrete temperature (Tm ) to form a birefringent,

¯ uid texture with an oily streak appearance of webbedis not the case for the acyclic, open-chain analogues.
Therefore, we report here a direct comparison of the focal conic-like defects typical of a SmA* phase, see

® gure 1. Upon further heating the material becametransition temperatures of alkyl substituted galactose
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33L iquid crystalline galactitols

Figure 3. The focal conic defect texture of 6-O-decyl-d-Figure 1. The oily streak texture observed on melting
6-O-decyl-d-galactitol (23 ) at 147ß C on a glass substrate galactitol (23 ) formed on cooling from the isotropic liquid

down to 150 ß C on a glass substrate (Ö 160).(Ö 160).

optically extinct at the clearing point (TSmA*-I ). Several adhere more strongly to the glass surface via hydrogen
homologues of the 6-O-n-alkyl-d-galactitols (16 ± 30 ) started bonding. Thus, most of the resultant texture became
to decompose just below TSmA*-I to form birefringent homeotropic and optically extinct viewed between crossed
strips of focal conic texture with isotropic areas of polarizers. This indicates that the phase is optically
decomposed material, see ® gure 2. Upon further heating uniaxial (if the mesophase were biaxial then a residual
the birefringent areas eventually disappeared completely. birefringence for the sample would be observed). However,
This was taken as the clearing point for these materials. focal conic defects can still be observed in parts of the
Surprisingly good agreement (#1± 5 ß C) was found with area of view and especially around air bubbles and at
those values determined by di� erential scanning calori- the edges of the preparation. This optical behaviour, i.e.
metry, see § 3.2. Upon cooling from the isotropic liquid, simultaneous presence of both homeotropic and focal
baÃ tonnets were observed, which coalesced spontaneously conic textures, indicates that the mesophase observed
in the bulk to form focal conic domains, see ® gure 3. As should be a calamitic smectic A* phase (SmA*). The
the sample was cooled further, the polar hydrophilic notation smectic A* is used to describe the smectic A
end of the carbohydrate molecules sometimes tended to phase exhibited by these compounds which possess

reduced symmetry since they are optically active. The
elliptical and hyperbolic lines of optical discontinuity
characteristic of focal conic defects were observed. The
characterization of these defects classi® es the mesophase
as smectic A* with a layered structure where the long
axes of the molecules are on average orthogonal to the
layer planes and the in-plane and out-of-plane positional
ordering of the molecules is short range.

3.2. Phase characterization by di� erential scanning
calorimetry

The enthalpy values for the melting (Tm ) and clearing
(TSmA*-I ) points of the 6-O -n-alkyl-a-d-galactopyranoses
(1 ± 15 ) [60] and the corresponding 6-O -n-alkyl-d-
galactitols (16 ± 30 ) prepared are listed in brackets in
tables 1 and 2, respectively. A typical heating thermo-
gram for the 6-O -n-alkyl-a-d-galactopyranoses (1 ± 15 )

Figure 2. The focal conic defect texture with isotropic areas
and for the corresponding 6-O -n-alkyl-d-galactitolsof decomposed material at 170 ß C just below the clearing
(16 ± 30 ), i.e. for 6-O -tetradecyl-a-d-galactopyranose (12 )point of 6-O-decyl-d-galactitol (23 ) on a glass substrate

(Ö 160). and 6-O -tetradecyl-d-galactitol (27 ), are shown in ® gures
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34 P. Bault et al.

Scheme.

Table 2. Transition temperatures ( ß C) and enthalpies of trans-Table 1. Transition temperatures ( ß C) and enthalpies of
transition (J g Õ

1 in brackets) for the 6-O-n-alkyl- ition (J g Õ
1 in brackets) for the 6-O-n-alkyl-d-galactitols

(16 ± 30 ).a-d-galactopyranoses (1 ± 15 ).

Compound n Cr SmA* I

(1 ) 2 E Õ 2 (tg ) Ð Ð E Compound n Cr SmA* I
(2 ) 3 E Õ 18 (tg ) Ð Ð E

(3 ) 5 E 114 (14 5́) E 123 (4 8́2) E (16 ) 2 E >170 (dec) Ð E

(4 ) 6 E 106 (14 5́) E 145 (8 8́0) E (17 ) 3 E >180 (dec) Ð E

(5 ) 7 E 113 (110 7́) E 168 (7 8́8) E (18 ) 5 E 147 Ð E

(6 ) 8 E 113 (117 1́) E 169 (7 7́5) E (19 ) 6 E 149 Ð E

(7 ) 9 E 120 (91 7́) E 176 (2 9́4) E (20 ) 7 E 148 (147 3́ ) E 193 E

(8 ) 10 E 117 (72 7́) E 172 (1 8́7) E (21 ) 8 E 147 (205 7́ ) E 154 (6 7́5) E

(9 ) 11 E 127 (128 6́) E 176 (4 1́6) E (22 ) 9 E 144 (168 9́ ) E 195 E

(10 ) 12 E 119 (127 8́) E 171 (3 7́0) E (23 ) 10 E 145 (174 1́ ) E 170 (4 7́7) E

(11 ) 13 E 129 (141 9́) E 174 (2 4́ ) E (24 ) 11 E 146 (198 3́ ) E 193 (5 0́0) E

(12 ) 14 E 114 (118 1́) E 169 (6 9́2) E (25 ) 12 E 142 (189 5́ ) E 171 (4 2́5) E

(13 ) 15 E 127 (138 2́) E 170 (2 0́6) E (26 ) 13 E 142 (162 6́ ) E 185 E

(14 ) 16 E 121 (127 1́) E 167 (1 5́8) E (27 ) 14 E 138 (139 3́ ) E 167 (0 5́5) E

(15 ) 18 E 119 (125 6́) E 164 (1 1́6) E (28 ) 15 E 143 (173 3́ ) E 172 (1 1́2) E

(29 ) 16 E 146 (170 4́ ) E 165 (2 0́1) E

(30 ) 18 E 139 (101 5́ ) E 149 (1 4́3) E

4 and 5, respectively. It is clear that the transitions Tm

and TSmA*-I are both ® rst order transitions. Whereas the
galactoses tend to form a glass, the galactitols generally observed [42]. The homologues with an odd number of

carbon atoms in the terminal chain decompose sorecrystallize on cooling. All the sugars show a substantial
degree of supercooling at TSmA*-I and below Tm . strongly in the DSC apparatus that the TSmA*-I values

given for them in table 2 represent the temperature atThe galactitols appear to decompose much more
readily at elevated temperatures than the corresponding which birefringent material was no longer observable

by microscopy. A typical DSC trace showing suchgalactopyranoses. A greater tendency of open-chain
sugars compared with the corresponding cyclic sugars decomposition on heating is shown in ® gure 6 for

6-O -heptyl-d-galactitol (20 ).to decompose (caramelize) on heating has already been
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35L iquid crystalline galactitols

Figure 4. Di� erential scanning thermogram for the ® rst heating cycle for 6-O-tetradecyl-a-d-galactopyranose (12 ), scan rate
10 ß C min Õ

1.

Figure 5. Di� erential scanning thermogram for the ® rst heating cycle for 6-O-tetradecyl-d-galactitol (27 ), scan rate 10 ß C min Õ
1.

The clearing point enthalpies are relatively small in quite large (0 5́5± 6 7́5 J g Õ
1 ) for TSmA*-I and much larger

than the percentage change for Tm (101 5́± 205 7́ J g Õ
1 ).comparison with the melting enthalpies, and the values

measured are of a similar magnitude to those found for As the solubility of an amphiphile in water is mainly
determined [70] by the amount of energy required toconventional liquid crystal systems which exhibit SmA*

to isotropic liquid transitions, although the variations are overcome the crystal lattice forces, the high values
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36 P. Bault et al.

Figure 6. Di� erential scanning thermogram for the ® rst heating cycle for 6-O-heptyl-d-galactitol (20 ), scan rate 10 ß C min Õ
1.

generally found for the melting process of the galactitols
(16 ± 30 ) indicate that these materials will be sparingly
soluble in water and indeed this was found to be the
case. The large enthalpy values determined for Tm com-
pared with those found for TSmA*-I indicate that these
values correspond to the breaking of a three-dimensional
crystal lattice primarily held together by intermolecular
hydrogen bonding between the carbohydrate moieties,
which de® nes the melting point [62]. This is followed
by the breaking down at the clearing point of the less-
ordered and ¯ uid bilayer structure of the SmA* phase,
stabilized by van der Waals forces between the aliphatic
chains, to give the isotropic liquid. Some residual hydro-
gen bonding will no doubt still be present in the liquid
crystalline and liquid states.

Figure 7. The experimental values for the d-spacings for3.3. X-ray analysis 6-O-decyl-d-galactitol (23 ) as a function of temperature;
The experimental values for the d-spacings are listed scan rate 2 ß C min Õ

1.
in ® gure 7 for 6-O -decyl-d-galactitol (23 ) measured at a
scan rate of 2 ß C min Õ

1 . At 140ß C re¯ ections relating to
lattice parameters of d1=37 9́ AÊ and d2=30 5́ AÊ were a manner that a maximum in the meridium was found,

indicative of some macroscopic alignment of the materialobservable. With increasing temperature re¯ ections
relating to d1 became very weak above 145ß C and were via interactions with the walls of the capillary. Elevation

of the temperature led to a broadening of the maximum,not detectable above 147ß C. For d2 a contraction from
30 5́ AÊ in the crystalline state to 29 6́ AÊ in the fully formed indicating a loss of macroscopic ordering. Up to 170ß C,

the d-spacing ¯ uctuates between 30 5́ to 28 8́ AÊ . WhereasSmA* phase was observable. These results are in agree-
ment with those made by optical polarizing microscopy the values for the recorded intensities relating to d2 remain

almost constant up to 160ß C, above that temperatureand by DSC measurements.
Upon reaching the liquid crystalline state, the intensities the observed di� raction starts to decrease. However,

even at 170 ß C, above the transition temperature observedof the powder-type di� raction pattern changed in such
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37L iquid crystalline galactitols

by optical polarizing microscopy, small angle scattering
occurs, indicative of a biphasic transition to the isotropic
liquid. Thermal decomposition at these high temper-
atures during the X-ray measurements is probable, see
§ 3.1 and § 3.2, and may also contribute to some extent
to the observed variations in the d-spacings.

The spacing of 37 9́ AÊ at 140ß C indicates that, com-
pared with the overall length of one molecule, of 21 8́ AÊ ,
as obtained via molecular modelling of one molecule in
the gas phase at zero Kelvin using the CERIUS 2.0
(MSI) software (see ® gure 8), a bilayer structure may be
present in the crystalline state (see ® gure 9). The experi-
mentally observed values would agree with the structure
shown in ® gure 9 where the carbohydrate groups and
the alkyl chains are not intercalated, a structural feature
which has been observed earlier for the analogous 6-O -
n-alkyl-a-d-galactopyranoses (1 ± 15 ) [60]. However,
it should be stressed that these are powder X-ray
di� raction studies and not single crystal measurements.
Investigations of samples ordered in a very strong
magnetic ® eld are in progress. It is not possible to clarify
whether the intensities relating to d2 are due to crystal-
line polymorphism, with the lattice having a smaller
d-spacing more stable at higher temperatures, or an
increase of liquid crystal lattice defects preceding the
onset of the liquid crystalline phase, due to the absence
of wide angle scattering data.

The observed values of d2 vary between 30 5́ and
28 8́ AÊ , a variation which remains nearly constant up to
the disappearance of the maximum, indicating a con-
traction of the layering with respect to the crystalline
modi® cation by roughly 8 AÊ , a value slightly larger than
that of the length of the polar head group which has a
length of about 6.5 AÊ . This result corresponds to an arrange-
ment in the type of an intercalated bipolar structure of
the SmA* phase primarily involving intercalation of the
carbohydrate cores and observed earlier for the crystal-
line phases of several liquid crystalline carbohydrates
[34± 36, 62± 66]. However, the data are also consistent
with some degree of intercalation of the isotropic, melted
ends of the aliphatic chains. Therefore the X-ray data are
inconclusive and an intermediate arrangement with some
interdigitation of the polar head groups within the bilayer
and of the chains between layers, as depicted schematically
in ® gure 10, may be closer to the real situation. Thus, the
structures of the crystalline and liquid crystalline states
are similar, at least as indicated by X-ray studies of the
previously reported 6-O -n-alkyl-a-d-galactopyranoses
(1 ± 15 ) [60] and the 6-O -n-alkyl-d-galactitols (16 ± 30 )
prepared in this work [60].

4. Discussion of the transition temperatures

The liquid crystal transition temperatures of the 6-O -
n-alkyl-a-d-galactopyranoses (1 ± 15 ) and the 6-O -n- Figure 8. A model of 6-O-decyl-d-galactitol (23 ) as obtained
alkyl-d-galactitols (16 ± 30 ) are collated in tables 1 and by CERIUS 2.0.
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38 P. Bault et al.

Figure 9. A schematic representation of the crystalline phase of 6-O-decyl-d-galactitol (23 ).

Figure 10. A schematic representation of the SmA* phase of 6-O-decyl-d-galactitol (23 ).

2, respectively, and plotted against the number (n) of for short alkyl chain lengths of the 6-O -n-alkyl-a-d-
galactopyranoses (1 ± 15 ) , but then reaches a maximummethylene units in the terminal chain in ® gures 11 and

12, respectively. TSmA*I increases from very low values before decreasing gradually as the chain becomes longer
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39L iquid crystalline galactitols

Figure 11. Plot of the transition
temperatures of the 6-O-alkyl-
a - d - galactopyranoses (1 ± 15 )
against the number of the carbon
atoms (n) in the alkyl part of
the alkyl terminal chain.

(see table 1 and ® gure 11). For short alkyl chains (1 and carbohydrate part of the molecule, rather than due to
van der Waals forces mainly attributable to the alkyl2; n =1 and 2) only a glass transition temperature could

be observed and these two homologues are liquids at chain. Apart from a dilution e� ect due to the alkyl chain,
these forces will be independent of the length of theroom temperature (Tg<25 ß C). d-(+)-Galactose itself

is a high melting solid (Tm=165± 168ß C). Tm shows carbon chain, thus giving rise to a relatively stable value
for Tm [71± 75].a certain degree of alternation and a general tendency

to increase with increasing chain length, although the The situation is quite di� erent for TSmA*-I , which
increases from very low values for short alkyl chaindi� erences for the absolute values of Tm are generally

small. Therefore, a broad SmA* phase is observed for lengths for both homologous series, reaches a maximum
and then decreases gradually as the chain becomesmost homologues of the 6-O-n-alkyl-a-d-galactopyranoses

(1 ± 15 ) after a critical length of the alkyl chain (n =5) longer. However, the values of TSmA*-I are considerably
higher for chains of intermediate chain length, althoughhas been attained, although most homologues exhibit

high Tm and TSmA*I . In contrast the ® rst two homologues signi® cant thermal decomposition renders measurement
of an accurate and reproducible TSmA*-I problematical(16 and 17; n =2 and 3) of the corresponding 6-O -n-

alkyl-d-galactitols (16 ± 30 ) exhibit a very high Tm (170 for the 6-O -n-alkyl-d-galactitols (16 ± 30 ). As the homo-
logous series are ascended, there will be increased van derand 180ß C, respectively), see table 2 and ® gure 12.

The other homologues prepared (18 ± 30 ) with longer Waals forces of attraction leading to a higher value of
TSmA*-I . This will reach a maximum for intermediatealkyl chains (n =5± 16, 18) possess a Tm which is almost

independent of chain length. This trend for Tm for both chain lengths, before decreasing due to back-folding of
long alkyl chains leading to non-linear conformationsseries is consistent with the assumption that Tm is

determined primarily by the dissociation of a three- and, thus, a lower TSmA*-I [71± 75]. These plots of the
clearing point are typical for many varied series of non-dimensional lattice held together by intermolecular

hydrogen bonding between the hydroxy groups of the amphiphilic liquid crystals materials. The plots of

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



40 P. Bault et al.

Figure 12. Plot of the transition
temperatures of the 6-O-alkyl-
d-galactitols (16 ± 30 ) against the
number of the carbon atoms (n)
in the alkyl part of the alkyl
terminal chain.

TSmA*-I for the 6-O -n-alkyl-a-d-galactopyranoses (1 ± 15 ) of methylene units in the alkyl substituent [45± 62].
This is probably a general phenomenon, as observed forand the 6-O-n-alkyl-d-galactitols (16 ± 30 ) can be regarded

as similar in shape, although the absolute values di� er. non-amphiphilic liquid crystals.
The thermal data collected in table 3 for the 6-O -TSmA*-I is generally lower for a cyclic carbohydrate

(1 ± 15 ) than for the corresponding open-chain homo- decyl-a-d-galactopyranose (8 ) [60], the 6-O -decyl-
d-galactitol (23 ) , the decyl-b-d-galactofuranoside (31 )logue (16 ± 30 ). This is especially valid for the members

of both series with an odd number of carbon atoms in [45] and the decyl-b-d-galactopyranoside (32 ) [56± 60]
indicate that cyclic forms of sugars increase the liquidthe chain. At long chain lengths, the di� erence is sub-

stantially lower than that observed for shorter chain crystalline temperature range by depressing Tm com-
pared with Tm of the corresponding open-chain sugar.lengths. This may be a dilution e� ect. However, as Tm

is considerably lower for the galactopyranoses (1 ± 15 ) The TSmA*-I of the furanoside (31 ) is not much lower
(12 ß C) than that of the open chain sugar (23 ) , althoughthan for the corresponding homologues of the galactitols

(16 ± 30 ), a wider temperature range for the SmA* phase the latter has ® ve hydroxy groups capable of hydrogen
bonding compared with four for the furanose form. Itis generally observed for the galactopyranoses. The plots

of TSmA*-I for the homologues with an even or an odd has been shown that TSmA*-I normally increases strongly
with the number of groups capable of hydrogen bondingnumber of carbon atoms (n) in the terminal alkyl chain

of the galactopyranoses (1 ± 15 ) and galactitols (16 ± 30 ), [29, 33, 46± 48]. The 6-O -decyl-a-d-galactopyranose (8 )
in the pyranose form exhibits a higher TSmA*-I (+14 ß Cshown in ® gures 11 and 12, show pronounced alter-

nation. This is unusual for homologous series of liquid and +2ß C, respectively) than that of the furanose isomer
(31 ) or the open chain sugar (23 ). The decyl-b-d-galacto-crystalline carbohydrates only in that either short series

have been prepared or the liquid crystalline transition pyranoside (32 ) also exhibits a low Tm as well as a
similar value for TSmA*-I . This suggests that the lowertemperatures of longer homologous series, e.g. of alkyl

glycosides, have not been plotted against the number conformational mobility associated with the heterocyclic
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41L iquid crystalline galactitols

Table 3. Transition temperatures ( ß C) for 6-O-decyl-a-d-galactopyranose (8 ), 6-O-decyl-d-galactitol (23 ), decyl-b-d-galactofuranoside
(31 ) and decyl-a-d-galactopyranoside (32 ).

Compound Structure Cr SmA* I Reference

(8 ) E 117 E 172 E [60]

(23 ) E 145 E 167 E

(31 ) E 98 E 155 E [45]

(32 ) E 123 E 169 E [56± 60]

rings, as manifested in a tendency for the hydroxy (36 ) [74]. Some di� erences in TSmA*-I are still observed
which may be due to the con® guration of the hydroxygroups to be maintained in a primarily equatorial con-

formation, leads to a stabilization of the liquid crystal- groups [46, 47].
line state. This is consistent with the behaviour found
for related non-amphiphilic carbohydrate derivatives, 5. Experimental

5.1. Characterizationwhose clearing point has been shown to decrease as the
proportion of non-linear conformers increases with NMR spectra were recorded using a Bruker WB-300

and the solvents CDCl3 , Me2SO or C5D5N (internaltemperature.
The direct dependence of TSmA*-I on the number of Me4Si). Reactions were monitored by either HPLC

(Waters 721), using either of the reverse phase columnsgroups capable of hydrogen bonding, in this case
hydroxy groups, on carbohydrates is demonstrated RP-18 (Merck) or PN 27-196 (Waters) or CPG (Girdel )

with columns of either OV 17 or SE 30. The structuresclearly by reference to the thermal data collated in
table 4 for the open-chain carbohydrates (23, 33 ± 36 ) . of all the compounds were determined by 1H and 13C

NMR spectroscopy.The TSmA*-I of the 6-O -decyl-d-galactitol (23 ) with ® ve
hydroxy groups is much higher (+57 ß C) than that of The purity of the compounds (>99 5́%) was deter-

mined by thin layer chromatography (TLC), highthe 5-O -decyl-d-xylitol (33 ) [46, 47] with only four
hydroxy groups, and the same alkyl substituent in a performance liquid chromatography (HPLC), elemental

analysis (CHN) and di� erential scanning calorimetryterminal position of the open chain sugar; Tm is also
much higher (+89 ß C). The number of hydroxy groups (DSC); 4Ö 8 cm precoated TLC plates, SiO2 SIL G/UV254 ,

layer thickness 0 2́5 mm (Machery-Nagel, DuÈ ren,appears to be a much greater factor in determining
TSmA*-I than the absolute con® guration of the hydroxy Germany) were utilized. Melting points were determined

with a BuÈ chi apparatus and are uncorrected. Opticalgroups. This is demonstrated by comparison of the
thermal data for the 6-O -decyl-d-galactitol (23 ) , 5-O - rotations were recorded at room temperature using

CHCl3 solutions with a Perkin-Elmer 241 polarimeterdecyl-d-xylitol (33 ), 6-O -decyl-d-glucitol (34 ) [72, 73],
1-O -decyl-d-glucitol (35 ) [71] and 1-O -decyl-d-mannitol having a 1 dm cell.
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42 P. Bault et al.

Table 4. Transition temperatures ( ß C) for 6-O-decyl-d-galactitol (23 ), 5-O-decyl-d-xyltitol (33 ), 6-O-decyl-d-glucitol (34 ),
1-O-decyl-d-glucitol (35 ) and 1-O-decyl-d-mannitol (36 )

Compound Structure Cr SmA* I Reference

(23 ) E 145 E 170 E

(33 ) E 56 E 113 E [46, 47]

(34 ) E 79 E 148 E [72, 73]

(35 ) E 82 E 161 E [71]

(36 ) E 108 E 162 E [74]

Column chromatography was performed on silica gel Di� erential scanning calorimetry was used to deter-
mine the enthalpies of transition and to con® rm the(60 mesh, Matrex) by gradient elution with hexane±

acetone (in each case the ratio of silica gel to product phase transition temperatures determined by optical
microscopy. Di� erential scanning thermograms (scanmixture to be puri® ed was 30 : 1). Reaction solvents and

liquid reagents were puri® ed by distillation or drying rate 10 ß C min Õ
1 ) were obtained using a Perkin Elmer

DSC 7 operating on 7 series/UNIX software. The resultsshortly before use. Reactions were carried out under
nitrogen unless water was present as a reagent or a obtained were standardized with respect to indium

(measured onset 156 6́8 ß C, DH 28 4́7 J g Õ
1 , literaturesolvent. All temperatures were measured externally

unless otherwise stated. value 156 6́0 ß C, DH 28 4́5 J g Õ
1 ), nitrotoluene (measured

onset 51 1́7ß C, DH 118 4́9 J g Õ
1 , literature value 51 6́3ß C,Mesophase identi® cation and the determination of the

transition temperatures of the carbohydrates prepared DH 122 5́8 J g Õ
1 ) and benzil (measured onset 94 4́2ß C,

DH 108 5́2 J gÕ
1 , literature value 94 8́7ß C, DH 92 6́8 J gÕ

1 ).were e� ected by optical microscopy using either a Zeiss
Universal or a Olympus BH-2 polarizing light micro- Comparisons of the transition temperatures deter-

mined by optical microscopy and di� erential scanningscope in conjunction with a Mettler FP 52 microfurnace
and FP 5 central processor. calorimetry show some discrepancies of about 1 ± 5 ß C.
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These are probably due to decomposition at elevated collagen as calibration standard leads to a systematic
temperatures at a rate which depends on the rate of error of 3% in the observed d-spacings [79].
heating, the time spent at an elevated temperature and
the nature of the supporting substrate, e.g. the materials
decomposed more quickly in aluminium DSC pans than 5.2. General synthetic procedures
on glass microscope slides. As each material was heated, For the synthesis of the 6-O -n-alkyl-d-galactitols
a typical webbing pattern of focal conic-like defects (16 ± 30 ), the appropriate homologue of the previously
surrounded by isotropic areas of decomposed material reported 6-O -n-alkyl-a-d-galactopyranoses (1 ± 15 ) [60]
was observed [42]. The proportion of birefringent (see the reaction scheme) was dissolved in methanol
material to optically extinct areas decreased on heating (50 g L Õ

1 ) and treated with sodium borohydride (6 equiv.)
until no more birefringence could be observed. This was at room temperature for 24 h. The excess of borohydride
taken as the clearing point. This complex transition to was destroyed by treatment with formic acid for 5 h at
the liquid corresponds to multiple small peaks in the room temperature. The solvent was removed and the
DSC traces, see ® gure 6. crude product obtained was recrystallized from methanol

In order to characterize the solid state of these
to give the pure 6-O -n-alkyl-d-galactitol. The 13C and

materials further, 6-O -decyl-d-galactitol (23 ) was investi- 1H NMR data are collated in table 5.gated using X-ray di� raction. The tendency of carbo-
hydrates to decompose at high temperatures required
an experimental set-up allowing for the recording of

We gratefully acknowledge the EPSRC for supportsu� cient data before degradation of the sample set in.
of an Advanced Fellowship (S.M.K.). We would alsoThus high ¯ ux synchrotron radiation was employed,
like to thank the cosponsored Alliance Programme ofusing the experimental set-up of station 8.2 at Daresbury
the British Council and the MinisteÁ re des A� airesLaboratories, described elsewhere [76± 78]. Samples
EtrangeÁ res, Direction de la Cooperation Scienti® ques etwere prepared as polycrystalline powders in Lindemann
Techniques, for ® nancial support for this research work.tubes and maintained at a controlled temperature allowing
Dr G. MacKenzie is thanked for useful discussions. Mrsfor the recording of di� raction data whilst performing a
J. Welsh and Mrs C. Kennedy (CHN) are also thankedtemperature scan of 2 ß C min Õ

1 in the temperature range
for their technical assistance. Dr B. U. Komanschek atof 120 to 180ß C. The selected experimental set-up was
Daresbury Laboratories is thanked for his support andlimited to the recording of data relating to lattice para-

meters greater than 17 8́ AÊ . The use of wet rat tail help.

Table 5. NMR data for the 6-O-n-alkyl-d-galactitols (16 ± 30 ) in C5D5N at 330 K.

Galactitol moeity Alkyl chain

13C NMR chemical shifts, d/ppm

C1 C2 C3 C4 C5 C6 a-CH2 (n-2)-CH2 v-CH3

65 7́ 72 6́ 72 6́ 72 4́ 70 4́ 74 4́ 72 0́ 23 2́ ± 32 4́ 14 5́

1H NMR chemical shifts, d/ppm (J/Hz)

2 Ö H1 H2 H3 H4 H5 2 Ö H6 a-CH2 (n-2)-CH2 v-CH3

4 2́8 d 4 7́4 dt 4 3́ dd 4 5́2 dd 4 8́1 dt 3 9́9 m 3 5́3 t 1 2́0 m 0 8́0 t
( J1,2 5 8́ ) ( J2,3 1 9́ ) ( J3,4 8 5́ ) ( J4,5 1 4́) ( J6a,6b 14 7́) ( J a , b 6 6́) Ð ( J x , x -1 6 4́ )
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67, 55. [61] Böcker T., and Thiem, J., 1989, T enside Surf. Det.,
[32] Barrall, E., Grant, B., Oxsen, M ., Samulski, E. T., 26, 318.

Moews P. C., Knox, J. R., Gaskill, R. R., and [62] Van Doren, H . A., van der Geest, R., de Ruijer, C. F.,
Haberfeld, J. L., 1979, Org. Coat. Plast. Chem., 40, 67. Kellogg, R. M ., and Wynberg, H ., 1990, L iq. Cryst.,

8, 109.[33] Vill, V., 1992, Mol. Cryst. liq. Cryst., 213, 67.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



45L iquid crystalline galactitols

[63] Pfannemüller, B., and Welte, W ., 1985, Chem. Phys. [71] Dahlhoff, W . V., 1990, L iebigs Ann. Chem., 811.
[72] Dahlhoff, W . V., 1991, L iebigs Ann. Chem., 463.L ipids, 37, 227.
[73] Dahlhoff, W . V., 1989, Z. Naturforsch., 44b, 1105.[64] Baeyens-Volant, D ., Cuvelier, P., Fornasier, R.,
[74] Van Doren, H . A., van der Geest, R., Keunig, C. A.,Szalai, E., and David, C., 1985, Mol. Cryst. liq. Cryst.,

Kellogg, R. M ., and Wynberg, H ., 1989, L iq. Cryst.,128, 277.
5, 265.[65] Baeyens-Volant, D ., Fornasier, R., Szalai, E., and

[75] Pfannemüller, B., and Welte, W ., 1985, Chem. Phys.David, C., 1986, Mol. Cryst. liq. Cryst., 135, 93.
L ipids, 37, 227.[66] Dahlhoff, W . V., Riehl, K ., and Zugenmeier, P., 1993,

[76] Bras, W ., Derbyshire, G . E., Bogg, D ., Ekell, N . J.,L iebigs Ann. Chem., 1063.
Komanschek, B. U ., Naylor, S., and Ryan, A. J., 1995,[67] Regnault, I., Ronco, G ., and Villa, P., 1989, French Science, 267, 996.

Patent No. 15995, GeÂ neÂ rale SucrieÁ re. [77] Bras, W ., and Boustra, J. A., 1993, NIMPR, A326, 587.
[68] Chelle, F., 1992, PhD thesis, UniversiteÂ de Picardie [78] Towns-Andrews, E., Berry, A., Bordas, J. G .,

Jules Verne, Amiens. Mant, R., Murray, P. K ., Roberts, K ., Sumner, I.,
[69] Raaijmakers, H. W. C., Arnouts, E. G., Zwanenburg, B., Worgan, J. S., Lewis, R., and Gabriel, A., 1989, Rev.

Chittenden, G . J. F., and Van Doren, H . A., 1995, sci. Instrum., 60, 2346.
Recl. T rav. Chim. Pays-Bas, 114, 301. [79] Folkhard, W ., Geercken, W ., Knoerzer, E.,

[70] Van Doren., H . A., and W ingert, L. M ., 1994, Recl. Mosler, E., Nemetschek-Gansler, H ., Nemetschek,
T., and Koch, M . H . J., 1987, J. mol. Biol., 193, 405.T rav. Chim. Pays-Bas, 113, 260.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
5
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


