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In this article we describe the self-assembling properties of alkyl substituted xylitols in relation
to both thermotropic and lyotropic liquid crystalline mesophases. Three series of substituted
xylitols were prepared where aliphatic chains of varying length were attached to a xylitol
moiety via ether, thioether and ester linking groups. The thermotropic properties were
investigated by thermal polarized light microscopy and di� erential scanning calorimetry, and
evaluated as a function of chain length and linking group. The lyotropic phase behaviour
was investigated via the addition of water to each material at room temperature. The e� ciency
for forming thermotropic phases was found to be reversed for the lyotropic phases in respect
of the three series, i.e. as a function of the linking unit.

1. Introduction was made for the structure of the thermotropic phase
where the aliphatic chains are interdigitated and placedIn 1983 Je� rey and Bhattacharjee showed that a
towards the centre of the layers, and the sugar moietiesvariety of n-alkyl substituted glucopyranosides exhibited
self-assemble in the outer regions of the bilayers [5].thermotropic liquid crystalline properties [1]; this result
This second model of the bilayer structure more appro-concurred with earlier speculations that many biologic-
priately resembles that of a cell membrane.ally active materials, e.g. DNA, phosphatidyl cholines

Subsequently, many studies were performed on liquidand ethanolamines, cholesterol derivatives, etc., could
crystalline carbohydrates and related materials; however,exhibit both lyotropic and thermotropic liquid crystal-
the majority of the studies undertaken involved theline properties [2, 3].
investigation of substituted cyclic furanose and pyranoseThe thermotropic mesophase exhibited by the alkyl
systems. Acyclic sugars on the other hand are under-1-O-b-d-glucopyranosides was classi® ed as being essen-
represented in the carbohydrate family of liquid crystals,tially smectic A* in type [4]. In addition, it was suggested
especially taking into account the fact that they tend tothat clusters or associations of the molecules via hydro-
be incorporated into the poly-ol genus. Nevertheless, forgen bonding were instrumental in the stabilization of
most of the mono-substituted acyclic systems investi-the structure of the mesophase, and a simple bilayer
gated, e.g. structures I and II in ® gure 1, only smectic A*model of the structure of the smectic A* phase was
phases have been found to occur [6, 7]. Di-substitutedproposed to explain this phenomenon [4]. In this struc-
systems, however, have been shown to exhibit moretural model the molecular layers are held together by
exotic phase behaviour; for example, Crystal B* phaseshydrogen bonding of the carbohydrate moieties along
[8] and columnar modi® cations (structure III, ® gure 1)the median of the layers. The liquid-like aliphatic chains
have been found [9]. Moreover, as the degree of alkylthen form the outer regions of the layers; thus the model
substitution is increased, it is apparent that columnaris comparable to the typical bilayer structure found in
phases are preferred over calamitic structures [10].conventional thermotropic smectic Ad systems, e.g. the

Thus, this article is concerned with a systematic and4-n-alkyl-4 ¾ -cyanobiphenyls. An alternative suggestion
fundamental investigation into the e� ects of the linking
group (positioned between the sugar unit and the ali-
phatic chain in mono-substituted systems) on the liquid*Author for correspondence.

0267± 8292/97 $12´00 Ñ 1997 Taylor & Francis Ltd.
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368 J. W. Goodby et al.

Figure 1. General structures of
some acyclic carbohydrate
liquid crystals.

crystalline properties of acyclic systems. As earlier for the three families of materials. For the ether derivat-
ives, compounds of general structure 3, the diacetal wasinvestigations described aliphatic substituted tetrols as

being liquid crystalline in nature, but of unde® ned phase directly alkylated with various n-bromoalkanes in the
presence of potassium hydroxide (step (i )). The esters, 4,type [11], we chose to study the mesomorphic behaviour

of alkyl substituted xylitols where the aliphatic chain is were prepared by reaction of the diacetal, 1, with various
acid chlorides in the presence of triethylamine (TEA)attached to the xylitol moiety via ether, ester or thioether

linkages respectively, see structure IV in ® gure 1. (step (ii)). Thioetheri® cation of the diacetal to give
compounds of structure 5 was achieved by ® rst makingApart from our fundamental interest in the meso-

morphic behaviour of these materials, the compounds the tosylate 2 (step ( iii )), and then subjecting this to
reaction with suitable thiols in the presence of potassiumalso have practical uses as surfactants and non-ionic

detergents. In addition, their abilities to self-organise hydroxide (step (iv)). The conditions for the deacetaliz-
ation of 3, 4, and 5 (step (v)) were selected with a viewand assemble can give insights into the structures and

stabilities of membranes. to obtaining simultaneously the desired products 9, 10

and 11 and the corresponding monoacetalated com-
pounds 6, 7, and 8. The monoacetalated compounds are2. Experimental

2.1. General synthetic procedures found not to be mesomorphic, but nevertheless they
provide a new range of surfactants for other applications.Aliphatic derivatives of xylitol (structure IV ) were

prepared following the general synthetic pathway
depicted in the Scheme. The diacetal substrate, 2.2 Characterization of materials and measurement of

physical properties1,253,4-di-O-isopropylidene-d,l-xylitol, 1, was prepared
using the method reported by Regnaut [12]. The diace- All chemical reactions were monitored by either

reverse phase HPLC (Waters 721) or GPC (Girdel )tal, 1, was subsequently derivatized via di� erent routes

Scheme. Synthesis of materials.
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369L C properties of d,l-xylitol amphiphiles

chromatography. Reverse phase HPLC was carried out two factors; ® rstly, the two methods used separate
instruments which are calibrated in di� erent ways, andusing either RP-18 (Merck) or PN 27± 196 (Waters)

columns, whereas GPC was performed using either secondly, and more importantly, the carbohydrates
tended to decompose slightly at elevated temperaturesOVE 17 or SE 30 columns. Puri® cation of the ® nal

products was achieved by gradient column chromato- and at di� erent rates depending on the rate of heating,
the time spent at an elevated temperature and the naturegraphy over silica gel (60 mesh, Matrex) using a mixture

of hexane± acetone as the eluent (in each case the ratio of the supporting substrate, i.e. the materials decomposed
more quickly in aluminium DSC pans than on glassof silica gel to product mixture to be puri® ed was 3051).

The purities of the ® nal compounds were determined by microscope slides.
Classi® cation of the mesophases of the productschromatographic, spectroscopic, and elemental analyses.

The structures of all starting reagents, intermediates and was achieved via binary phase diagrams which were
constructed by determining the phase transition temper-® nal products, were determined by a combination of

spectroscopic methods; for example, NMR spectra were atures of individual binary mixtures of a test material
mixed with a standard compound of known phaserecorded using a Bruker WP-300 spectrometer for solu-

tions in CDCl3 or C5D5N (tetramethylsilane was used transition sequence. The binary mixtures were produced
by weighing out each individual test material and aas the internal standard). The melting point of each

product was determined using an electrothermal auto- known standard material on a microscope slide and
mixing them thoroughly while in their liquid states. Thematic apparatus (the results reported are uncorrected).

Phase identi® cations and determination of phase cooled samples were introduced into the microscope
microfurnace and the phase transition temperatures andtransition temperatures were carried out, concomitantly,

by thermal polarized light microscopy using either a classi® cation of phase type were assessed in the usual
manner. Typically, when the test and standard materialsZeiss Universal or a Leitz Laborlux 12 Pol polarizing

transmitted light microscope equipped with a Mettler were mixed on a microscope slide while in their liquid
states, some decomposition occurred thereby resultingFP82 microfurnace in conjunction with an FP80 Central

Processor. Photomicrographs were obtained using a in lower transition temperatures. In all cases, recrystal-
lization temperatures were not determined because theNikon POH polarizing light microscope equipped with

a Nikon AFM camera. Homeotropic sample prepara- binary mixtures supercooled to room temperature in
their liquid crystalline states. Investigations of thetions suitable for phase characterization were prepared

simply by using clean glass microscope slides (washed lyotropic phases were carried out at room temperature
by simply allowing crystals of the test material to dissolvewith water, acetone, water, concentrated nitric acid,

water and dry acetone), whereas homogeneous defect in water, thereby creating a concentration gradient which
supported mesophase formation.textures were obtained by using nylon coated slides.

Nylon coating of the slides (~200± 300 AÊ thick) was Molecular modelling studies were performed on a
Silicon Graphics workstation (Indigo XS24, 4000) usingperformed by dipping clean slides into a solution of

nylon (6/6) in formic acid (1% wt/vol ). The nylon solu- the programs Quanta and CHARMm. Within
CHARMm, the Adopted Basis Newton Raphsontion was allowed to drain o� the slides over a period of

1 h, and then they were baked dry, free from solvent, in (ABNR) algorithm was used to locate the molecular
conformation with the lowest potential energy. Thean oven at 100ß C for a period of 3 h. For the purposes

of phase identi® cation some of the slides were not bu� ed, minimization calculations were performed until the root
mean square (RMS) force reached 4 1́84 kJ mol Õ 1 AÊ Õ 1 ,as is usual for preparing aligned samples, but instead

they were used untreated so that many defects would be which is close to the resolution limit. The RMS force is
a direct measure of the tolerance applied to the energycreated when the liquid crystal formed on the surface of

the slide on cooling from the liquid phase. gradient (i.e. the rate of change of potential energy with
step number) during each cycle of minimization. TheDi� erential scanning calorimetry was used to deter-

mine enthalpies of transition and to con® rm the phase calculation was terminated if the average energy gradient
was less than the speci® ed value.transition temperatures determined by optical micro-

scopy. Di� erential scanning thermograms (scan rate The results of the molecular mechanics calculations
were generated using the programs QUANTA V 4.0 and10 ß min Õ 1 ) were obtained using a Perkin Elmer DSC 7

PC system operating on UNIX software. The results CHARMm V22.2. The programs were developed and
integrated by Molecular Simulations Inc. The modellingobtained were standardized relative to indium (measured

onset 156 6́8 ß C, DH 28 4́7 J g Õ 1 , literature value [13] packages assume the molecules to be a collection of
hard particles held together by elastic forces, in the gas156 6́0 ß C, DH 28 4́5 J g Õ 1 ).

Comparison of the transition temperatures determined phase, at absolute zero, in an ideal motionless state,
and the force ® elds used are those described inby optical microscopy and di� erential scanning calori-

metry shows some slight discrepancies. This is due to CHARMm V 22.2.
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370 J. W. Goodby et al.

2.3. Synthesis of Materials 2.3.4 General procedure for the deprotection of
intermediates 3, 4, and 52.3.1. General procedure for the preparation of 1-O-n-

alkyl-2,354,5-di-O-isopropylidene-d,l-xylitols, 3 Wet Amberlyst 15H+ resin was added, at 50 ß C, to a
stirred solution of intermediates 3, 4 or 5 in 951Finely powdered potassium hydroxide (2 equiv) and

the appropriate bromoalkane (1 2́ equiv) were added to ethanol/water (125 g l Õ 1 ) ( in each case the weight ratio
of the resin to substrate was 451). The reaction wasa stirred solution of the diacetal 1 (1 equiv) in 451

toluene/Me2SO (100 g l Õ 1 ) at room temperature. After monitored by HPLC, and once 95% of the diacetalized
precursors 3, 4, 5 had been consumed the mixture was95% conversion, the mixture was ® ltered and the ® ltrate

neutralized with saturated aq NH4Cl. The organic phase ® ltered and the solvent removed under reduced pressure.
The desired products were isolated after puri® cation bywas separated, washed with water (2 Ö 100 ml), dried

(Na2SO4 ), and the solvent removed under reduced pres- column chromatography (see table 1 ). The structures of
the ® nal products were elucidated by 13C and 1H NMRsure. The desired products were isolated after puri® ca-

tion by column chromatography. spectroscopy (see tables 2 and 3, respectively). The
conditions for the deprotection also allowed for the
monoacetal derivatives, 6, 7, 8 to be isolated.

2.3.2 General procedure for the preparation of 1-O-n-
acyl-2,354,5-di-O-isopropylidene-d,l-xylitols, 4

3. Results and Discussion
To a stirred solution of dry diacetal 1 in anhydrous

3.1. T hermotropic liquid crystal properties
toluene (125 g l Õ 1 ) at room temperature, TEA (1 1́ equiv)

3.1.1. T ransition T emperatures
was added, followed by the appropriate acid chloride

The transition temperatures were determined by ther-
(1 equiv) . After complete reaction, the mixture was ® l-

mal optical microscopy and di� erential scanning calori-
tered and the solvent removed under reduced pressure.

metry (DSC). The results obtained by both methods are
The desired products (see table 1) were isolated after

shown together in table 4, and the clearing points for
puri® cation by column chromatography.

all three series of compounds, as determined by thermal
The acid chlorides used were commercially available

optical microscopy, are shown together in ® gure 2.
except for decanoyl chloride which was prepared by

It can be seen from table 4 and ® gure 2 that the
reaction of thionyl chloride (1 2́ equiv) on the corres-

clearing points rise as a function of aliphatic chain length
ponding acid (1 equiv) in dry toluene, in the presence of

in a way similar to results found for other related liquid
pyridine (1 equiv) at 110ß C. After 24 h, the solvent was

crystalline carbohydrate systems [4, 14]. When the
removed under reduced pressure until the volume of the

aliphatic chain is increased to twelve carbon atoms in
mixture was reduced to 50% of its original size. The

length, i.e. the dodecyl homologue, the clearing points
resulting concentrated solution was then used to esterify

stabilize and level o� . It is interesting to note that the
the diacetal 1, as described above.

thioethers have higher clearing points in relation to the
esters, which are in turn higher than those obtained for
the ethers. These results indicate the following order of2.3.3. General procedure for the preparation of 1-S-n-

alkyl-1-thio-2,354,5-di-O-isopropylidene-d,l- e� ciency of the functional groups in stabilizing liquid
crystal properties for aliphatic substituted polyols.xylitols, 5

p-Toluenesulfonyl chloride (9 g, 1 1́ equiv) dissolved in
RS± >RCOO± >RO±

dry toluene (15 ml ) was added at room temperature to
a mixture of the diacetal 1 (10 g) and toluene-TEA (551, At short chain lengths this order of e� ciency becomes

more pronounced with the thioethers being much more35 ml). After 24 h the mixture was ® ltered and the solvent
removed under reduced pressure. The crude product was stable than the esters or ethers (i.e. the thioethers have

~60 ß C higher clearing temperatures). At longer chainrecrystallized from a mixture of 551 hexane-acetone
giving the pure tosylate, 2, in 96% yield (m.p. 75 ß C). lengths the discrepancy between the clearing temper-

atures of the thioethers and the esters shrinks to virtuallyThioetheri® cation was achieved via the dropwise addi-
tion of a solution of the appropriate alkyl thiol (2 equiv) nil; conversely the ethers still lag behind but to a lesser

degree (~30 ß C).in toluene, at 50 ß C to a stirred solution of KOH (2 equiv)
and 2 (1 equiv) in 451 toluene/Me2SO (150 g l Õ 1 ). After
95% conversion, the mixture was ® ltered, and the ® ltrate 3.1.2. Phase classi® cation

The mesophases exhibited by all three series of com-neutralized with saturated aq NH4Cl. The organic phase
was separated, washed with water (2 Ö 100 ml), dried pounds were determined, by miscibility studies, to be of

the same classi® cation type. Classi® cation was achieved(Na2SO4 ), and the solvent removed under reduced
pressure. The desired products were isolated after in two ways; ® rstly from observations of the defect

textures exhibited by the mesophase on cooling frompuri® cation by column chromatography.
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371L C properties of d,l-xylitol amphiphiles

Table 1. Physicochemical and microanalytical data for 1-Z-R-d,l-xylitols.

Calculated Found
Products Yield

n % Formula C H C H

Ethers (Z =O)
5 51 (31 ) C10H22O5 54 0́5 9 9́1 54 1́1 10 0́1
6 76 (19 ) C11H24O5 55 9́1 10 2́4 55 9́2 10 5́5
7 71 (21 ) C12H26O5 57 5́7 10 4́7 57 5́2 10 6́0
8 60 (31 ) C13H28O5 59 0́6 10 6́7 59 1́0 10 4́5
9 33 (45 ) C14H30O5 60 4́0 10 8́6 60 3́0 10 8́7

10 64 (16 ) C15H32O5 61 6́1 11 0́3 61 3́1 11 1́7
11 50 (40 ) C16H34O5 62 7́1 11 1́8 62 6́5 11 4́7
12 57 (32 ) C17H36O5 63 7́1 11 3́2 63 5́1 11 2́1
14 59 (16 ) C19H40O5 65 4́8 11 5́7 65 5́1 11 8́1
16 30 (40 ) C21H44O5 66 9́8 11 7́8 67 1́7 11 9́1

Esters (Z=OCO)
5 52 (34 ) C11H22O6 52 7́8 08 8́6 52 6́9 8 9́2
6 48 (42 ) C12H24O6 54 5́3 9 1́5 54 3́2 9 2́9
7 59 (30 ) C13H26O6 56 1́4 9 4́1 56 0́9 9 7́0
8 41 (50 ) C14H28O6 57 5́1 9 6́5 57 3́6 9 8́4
9 27 (57 ) C15H30O6 58 8́0 9 8́7 58 5́0 10 0́3

10 31 (51 ) C16H32O6 59 9́7 10 0́7 59 9́7 10 2́8
11 54 (27 ) C17H34O6 61 0́5 10 2́5 61 3́0 10 5́4
13 40 (43 ) C19H38O6 62 9́8 10 5́0 63 0́5 10 5́9
15 45 (46 ) C21H42O6 64 5́8 10 8́4 64 6́1 10 9́5

T hioethers (Z =S)
5 58 (31 ) C10H22O4S 50 4́2 9 2́4 50 5́4 9 3́0
6 58 (23 ) C11H24O4S 52 3́8 9 5́2 52 5́0 9 6́8
7 54 (34 ) C12H26O4S 54 1́4 9 7́7 54 2́8 9 9́1
8 61 (25 ) C13H28O4S 55 6́8 10 0́6 55 7́8 10 1́9
9 70 (26 ) C14H30O4S 57 1́4 10 2́0 57 2́5 10 3́1

10 47 (32 ) C15H32O4S 58 4́0 10 4́5 58 3́9 10 8́0
11 51 (31 ) C16H34O4S 59 6́3 10 5́6 59 7́1 10 8́0
12 70 (15 ) C17H36O4S 60 6́7 10 7́8 60 7́1 11 1́1
14 55 (40 ) C19H40O4S 62 5́9 11 0́6 62 6́9 11 4́6
16 60 (33 ) C21H44O4S 64 2́4 11 2́9 64 2́0 11 4́0

the isotropic liquid, and secondly through miscibility and homeotropic alignment in variously treated speci-
mens is indicative of the presence of a smectic A phase.studies with standard materials.

The defect textures exhibited by the mesophase fall In addition, since the molecules are chiral, the speci-
mens were examined for the formation of helical macros-into three categories. On untreated clean glass substrates

the compounds exhibited focal-conic, oily streak and tructures, e.g. banding in the focal-conic domains, rotation
of plane polarized light and selective re¯ ection of light;homeotropic defect textures, see ® gure 3. On glass sub-

strates treated with aligning agents, such as nylon, the however, none of these properties were found. Thus, the
materials do not exhibit the twisted form of the smectic Amaterials showed focal-conic defects characterized by

their elliptical and hyperbolic lines of optical discontinu- phase, i.e. the twist grain boundary phase. These results
classify the phase as being smectic A* in type.ity. In this case the focal-conic domains were found to

be disordered in the plane of the glass even when the Miscibility studies with a variety of related standard-
ized carbohydrate liquid crystals were found to con® rmsubstrate had been bu� ed (bu� ng usually breaks the

degeneracy in the plane). These observations indicate the above hypothesis. For example, all the dodecyl
substituted xylitols (thioether, ester and ether) werethat the alignment of the focal-conic domains is a

function of the interaction of the hydroxyl groups of the found to be independently miscible with the smectic A*
phase of n-octyl 1-O-b-d-glucopyranoside [4].xylitols with the substrate surface. Many hydrogen bond-

ing interactions can occur per molecule and hence the Thus, the phase exhibited by all three sets of com-
pounds is, not surprisingly, found to be smectic A* withresulting specimen is disordered in the plane of the

sample. Nevertheless, the presence of focal-conic defects a structure which might be expected [5] to resemble
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372 J. W. Goodby et al.

Table 2. 13C NMR chemical shifts of 1-Z-R-d,l-xylitol type 9, 10, 11 compounds in C5D5N. d=32 ±́ 32 5́ in all cases.

Xylitol moiety Alkyl chain
Products Ester

n C1 C2 C3 C4 C5 ± O± C_O± ZC_H2 ZCH2C_H2

Ethers
5 73 9́ 72 7́ 72 5́ 74 8́ 64 9́ 71 9́ 14 5́
6 73 9́ 72 6́ 72 5́ 74 7́ 64 8́ 72 0́ 14 5́
7 73 4́ 72 7́ 72 5́ 74 8́ 74 8́ 72 0́ 14 6́
8 73 9́ 72 6́ 72 6́ 72 7́ 64 9́ 72 0́ 14 5́
9 73 9́ 72 7́ 72 6́ 74 7́ 64 9́ 72 0́ 14 6́

10 74 0́ 72 7́ 72 6́ 74 8́ 64 9́ 72 0́ 14 6́
11 73 9́ 72 6́ 72 6́ 74 7́ 64 8́ 72 1́ 14 6́
12 74 0́ 72 6́ 72 6́ 74 7́ 64 9́ 72 1́ 14 6́
14 74 0́ 72 7́ 72 6́ 74 7́ 64 9́ 72 0́ 14 6́
16 73 9́ 72 7́ 72 6́ 74 7́ 64 9́ 72 0́ 14 6́

Esters
5 67 3́ 71 7́ 74 3́ 72 6́ 64 7́ 174 0́ 34 8́ 14 4́
6 67 2́ 71 7́ 74 2́ 72 6́ 64 7́ 173 5́ 34 7́ 14 4́
7 67 3́ 71 8́ 74 3́ 72 6́ 64 8́ 174 1́ 34 8́ 14 6́
8 67 2́ 71 8́ 74 3́ 72 5́ 64 8́ 174 1́ 34 8́ 14 6́
9 67 4́ 71 8́ 74 4́ 72 6́ 64 8́ 174 1́ 34 8́ 14 7́

10 67 4́ 71 8́ 74 3́ 72 6́ 64 8́ 174 1́ 34 8́ 14 6́
11 67 4́ 71 8́ 74 4́ 72 6́ 64 8́ 174 1́ 34 8́ 14 7́
13 67 4́ 71 8́ 74 4́ 72 6́ 64 8́ 174 1́ 34 8́ 14 7́
15 67 4́ 71 8́ 74 4́ 72 6́ 64 8́ 174 1́ 34 8́ 14 6́

T hioethers
5 37 1́ 73 6́ 75 0́ 73 4́ 64 9́ 33 3́ 14 5́
6 37 1́ 73 6́ 75 0́ 73 4́ 64 9́ 33 3́ 14 5́
7 37 2́ 73 6́ 75 0́ 73 4́ 64 9́ 33 3́ 14 6́
8 37 2́ 73 6́ 74 9́ 73 4́ 64 9́ 33 4́ 14 5́
9 37 1́ 73 6́ 75 0́ 73 4́ 64 9́ 33 3́ 14 6́

10 37 1́ 73 6́ 75 0́ 73 4́ 64 9́ 33 3́ 14 6́
11 37 1́ 73 6́ 74 8́ 73 4́ 64 9́ 33 4́ 14 7́
12 37 1́ 73 5́ 74 8́ 73 3́ 64 8́ 33 3́ 14 5́
14 37 1́ 73 6́ 74 9́ 73 3́ 64 9́ 33 3́ 14 6́
16 37 0́ 73 8́ 75 0́ 73 2́ 74 7́ 33 2́ 14 5́

that shown in ® gure 4. In this structure, the aliphatic The proposed structure for the mesophase is in keep-
chains in adjacent pairs of layers are expected to partially ing with structures reported for similar phases of carbo-
interdigitate. The degree of interdigitation can be deter- hydrate liquid crystals, which would classify the
mined by X-ray di� raction (currently the topic of other mesophase as smectic A*

d .
studies on these and related systems). The carbohydrate
moieties are expected to arrange themselves on the

3.2. Lyotropic liquid crystal propertiesperipheral surfaces of this bilayer structure, and thereby
The lyotropic properties of the materials were investi-resemble a membrane. The mesophase could therefore

gated via the addition of water to the materials at roombe classi® ed as an interdigitated bilayer structure, and
temperature. A few crystals of each compound wereas the stronger intermolecular interactions are at the
placed on a microscope slide and covered with a cover-interfaces of the bilayer ordering, the structure could be
slip. Water was then introduced via capillary action atsaid to be inverted relative to that normally found for
the edge of the slip. The solvation and dissolutionthe smectic A phase where the strong interactions are
processes of the materials were then observed by polar-more likely to be found within the layer [5]. This
ized optical microscopy. The lyotropic phase observedstructure allows for very small traces of water to be
in each of the series of xylitols was the lamellar phase.positioned between the carbohydrate residues of adja-
This phase was identi® ed from its characteristic defectcent bilayers, thereby allowing for easy formation of

lyotropic phases. textures; see ® gure 5.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
2
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



373L C properties of d,l-xylitol amphiphiles

Table 3. 1H NMR chemical shifts of 1± Z ± R± d,l-xylitol type 9, 10, 11 compounds in C5D5N.

Xylitol moiety
Alkyl chain

Products H1a H1b H2 H3 H4 H5a H5b

n (J1a± 1b ) (J1a± 2 ) ( J1b± 2 ) (J2 ± 3 ) (J3 ± 4 ) ( J4 ± 5a ) (J4 ± 5b ; J5a± 5b ) ZCH_2 CH3
v

Ethers
5 4 0́3 3 9́5 4 5́8 4 4́1 4 5́1 5 2́33 4 2́9 3 4́6 0 7́7

(9 6́ ) (6 4́ ) ( 5 2́ ) ( 3 4́ ) (3 6́ ) ( 5 3́ ) ( 6 3́; 10 9́ ) ( 6 6́ ) ( 7 0́)
6 4 0́2 3 9́7 4 5́6 4 3́9 4 5́0 4 3́3 4 2́8 3 3́7 0 7́8

(9 6́ ) (6 3́ ) ( 5 1́ ) ( 3 1́ ) (3 5́ ) ( 4 0́ ) ( 5 5́; 10 8́ ) ( 6 6́ ) ( 6 6́)
7 4 0́4 3 9́6 4 5́8 4 4́1 4 5́2 4 3́4 4 3́0 3 4́8 0 8́0

(9 7́ ) (6 3́ ) 5 2́ ) (3 4́ ) ( 3 5́ ) ( 5 3́ ) (6 3́; 10 9́ ) ( 6 6́ ) ( 6 8́ )
8 4 0́6 4 0́1 4 6́2 4 4́5 4 5́5 4 3́7 4 3́5 3 5́1 0 8́3

(9 6́ ) (6 3́ ) ( 5 2́ ) ( 3 6́ ) (3 8́ ) ( 5 2́ ) ( 5 9́; 10 1́ ) ( 6 6́ ) ( 6 8́)
9 4 0́6 3 9́8 4 6́0 4 4́2 4 5́3 4 3́6 4 3́1 3 5́1 0 8́5

(9 6́ ) (6 3́ ) ( 5 2́ ) ( 3 6́ ) (4 1́ ) ( 5 1́ ) ( 5 8́; 10 8́ ) ( 6 6́ ) ( 6 6́)
10 3 9́8 3 9́1 4 5́2 4 3́7 4 4́7 4 3́0 4 2́6 3 4́4 0 7́8

(9 6́ ) (6 4́ ) ( 5 2́ ) ( 3 3́ ) (3 7́ ) ( 5 1́ ) ( 5 9́; 10 8́ ) ( 6 6́ ) 6 7́ )
11 4 0́0 3 9́3 4 5́5 4 3́6 4 4́7 4 3́0 4 2́5 3 4́6 0 8́0

(9 6́ ) (6 3́ ) ( 5 2́ ) ( 3 5́ ) (4 5́ ) ( 5 5́ ) ( 5 6́; 10 9́ ) ( 6 6́ ) ( 6 5́)
12 4 0́1 3 4́3 4 5́7 4 3́7 4 4́7 4 2́9 4 2́8 3 4́7 0 8́1

(9 6́ ) (6 3́ ) ( 5 3́ ) ( 3 5́ ) (3 8́ ) ( 4 7́ ) ( 5 2́; 10 6́ ) ( 6 6́ ) ( 6 7́)
14 4 0́1 3 9́2 4 5́5 4 3́6 4 4́8 4 2́9 4 2́6 3 4́5 0 8́0

(9 6́ ) (6 2́ ) ( 5 1́ ) ( 3 5́ ) (3 8́ ) ( 5 2́ ) ( 5 9́; 10 9́ ) ( 6 6́ ) ( 6 7́)
16 3 9́4 3 9́1 4 5́2 4 3́4 4 4́5 4 2́7 4 2́5 3 4́1 0 8́0

(9 6́ ) (6 3́ ) ( 5 2́ ) ( 3 6́ ) (3 8́ ) ( 5 8́ ) ( 4 9́; 10 6́ ) ( 6 6́ ) ( 6 6́)

Ethers
5 4 8́4 4 8́0 4 6́8 4 4́1 4 5́6 4 3́9 4 3́1 2 2́6 0 7́4

(11 1́ ) (6 8́ ) ( 4 7́ ) ( 3 4́ ) (3 6́ ) ( 6 9́ ) ( 5 5́; 11 0́ ) ( 7 5́ ) ( 6 7́)
6 4 8́3 4 7́9 4 6́7 4 3́8 4 5́5 4 3́3 4 2́9 2 2́9 0 7́8

(11 1́ ) (7 0́ ) ( 4 7́ ) ( 3 4́ ) (3 7́ ) ( 5 2́ ) ( 6 0́; 11 1́ ) ( 7 5́ ) ( 6 8́)
7 4 9́ 4 8́5 4 7́3 4 4́4 4 5́7 4 3́7 4 3́2 2 3́0 0 8́0

(11 0́ ) (6 9́ ) ( 4 7́ ) ( 3 8́ ) (3 9́ ) ( 5 3́ ) ( 6 0́; 11 0́ ) ( 7 5́ ) ( 6 9́)
8 4 8́7 4 8́5 4 7́1 4 4́3 4 5́8 4 3́7 4 3́4 2 3́3 0 8́4

(11 1́ ) (7 6́ ) ( 4 1́ ) ( 3 8́ ) (3 7́ ) ( 5 5́ ) ( 6 0́; 10 9́ ) ( 7 5́ ) ( 6 8́)
9 4 8́5 4 8́1 4 6́8 4 3́9 4 5́5 4 3́4 4 3́0 2 3́1 0 8́3

(11 0́ ) (7 1́ ) ( 4 7́ ) ( 3 6́ ) (3 9́ ) ( 5 3́ ) ( 5 5́; 11 0́ ) ( 7 5́ ) ( 6 7́)
10 4 8́4 4 7́9 4 6́6 4 3́8 4 5́2 4 3́7 4 3́3 2 2́7 0 8́1

(11 0́ ) (7 1́ ) ( 4 6́ ) ( 3 6́ ) (3 7́ ) ( 5 5́ ) ( 5 6́; 11 1́ ) ( 7 5́ ) ( 6 7́)
11 4 8́6 4 8́1 4 6́9 4 4́1 4 5́5 4 3́6 4 3́0 2 3́2 0 8́6

(10 9́ ) (6 7́ ) ( 4 9́ ) ( 3 7́ ) (3 8́ ) ( 5 5́ ) ( 5 9́; 11 0́ ) ( 7 5́ ) ( 6 6́)
13 4 8́5 4 8́1 4 6́8 4 4́0 4 5́4 4 3́5 4 3́0 2 3́2 0 8́6

(11 1́ ) (4 7́ ) ( 7 2́ ) ( 3 6́ ) (3 7́ ) ( 5 3́ ) ( 5 9́; 10 9́ ) ( 7 5́ ) ( 6 6́)
15 4 8́6 4 8́2 4 6́9 4 4́1 4 5́5 4 3́6 4 3́1 2 3́2 0 8́6

(11 1́ ) (7 2́ ) ( 4 3́ ) ( 3 5́ ) (3 6́ ) ( 5 4́ ) ( 6 0́; 11 0́ ) ( 7 5́ ) ( 6 6́)

T hioethers
5 3 3́1 3 2́0 4 5́4 4 5́5 4 4́7 4 3́8 4 3́2 2 6́3 0 8́0

(13 2́ ) (7 0́ ) ( 5 8́ ) ( 8 8́ ) (3 3́ ) ( 5 3́ ) ( 6 0́; 10 9́ ) ( 7 4́ ) ( 7 1́)
6 3 3́2 3 2́1 4 5́2 4 5́5 4 4́7 4 3́8 4 3́2 2 6́2 0 7́8

(13 2́ ) (7 1́ ) ( 5 9́ ) ( 8 9́ ) (3 9́ ) ( 5 2́ ) ( 6 0́; 11 0́ ) ( 7 3́ ) ( 6 8́)
7 3 3́2 3 2́1 4 5́2 4 5́5 4 4́8 4 3́8 4 3́2 2 6́6 0 8́1

(13 2́ ) (7 2́ ) ( 5 8́ ) ( 9 1́ ) (3 2́ ) ( 5 0́ ) ( 6 0́; 11 0́ ) ( 7 4́ ) ( 6 4́)
8 3 3́3 3 2́2 4 5́3 4 5́4 4 4́8 4 3́7 4 3́2 2 6́8 0 8́4

(13 2́ ) (7 1́ ) ( 5 8́ ) ( 9 0́ ) (3 0́ ) ( 5 2́ ) ( 5 8́; 10 9́ ) ( 7 4́ ) ( 6 7́)
9 3 3́2 3 2́2 4 5́5 4 5́5 4 4́7 4 3́8 4 3́2 2 6́8 0 8́5

(13 2́ ) (7 1́ ) ( 9 0́ ) ( 9 0́ ) (3 1́ ) ( 4 9́ ) ( 5 9́; 11 0́ ) ( 7 3́ ) ( 6 2́)
10 3 3́2 3 2́2 4 5́2 4 5́5 4 4́8 4 3́8 4 3́2 2 6́8 0 8́6

(13 2́ ) (7 1́ ) ( 5 9́ ) ( 9 1́ ) (3 6́ ) ( 5 3́ ) 5 9́; 11 0́ ) ( 7 3́ ) ( 6 7́ )
11 3 3́1 3 2́1 4 5́4 4 5́4 4 4́5 4 3́5 4 3́1 2 6́9 0 8́9

(13 2́ ) (7 1́ ) ( 9 1́ ) ( 9 1́ ) (3 5́ ) ( 5 1́ ) ( 5 9́; 10 9́ ) ( 7 4́ ) ( 6 7́)
12 3 3́3 3 2́2 4 5́3 4 5́4 4 4́7 4 3́7 4 3́2 2 7́1 0 8́9

(13 2́ ) (7 1́ ) ( 5 8́ ) ( 9 0́ ) (3 0́ ) ( 4 6́ ) ( 5 6́; 11 1́ ) ( 7 3́ ) ( 6 5́)
14 3 3́1 3 2́0 4 5́3 4 5́2 4 4́6 4 3́6 4 3́0 2 6́7 0 8́6

(13 2́ ) (7 1́ ) ( 5 8́ ) ( 9 0́ ) (3 6́ ) ( 4 9́ ) ( 5 7́; 10 9́ ) ( 7 3́ ) ( 6 4́)
16 3 2́2 3 2́3 4 5́8 4 5́7 4 5́1 4 3́7 4 3́2 2 6́9 0 8́1

(13 3́ ) (6 8́ ) ( 6 3́ ) ( 8 7́ ) (3 4́ ) ( 5 3́ ) ( 5 7́; 10 8́ ) ( 7 3́ ) ( 6 7́)
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374 J. W. Goodby et al.

Table 4. Transition temperatures ( ß C) determined by thermal optical microscopy (clearing temperatures in bold) and DSC
Enthalpy results, DH, ( J g Õ 1 ) determined by DSC shown in square brackets.

n Ethers (Z=0) Thioethers (Z=S) Esters (Z =OCO)

5 22´0 84´8 28´0
m.p. 36 2́ [150 3́]a m.p. 62 6́ [146 5́]a m.p. 50 8́ [128 6́]a

cl.pt. 20 5́ [ 2 7́] cl.pt. 83 5́ [7 7́] cl.pt. 27 5́ [2 9́]

6 57´4 107´6 73´8
m.p. 21 4́ [122 7́]a m.p. 56 7́ [125 1́]a m.p. 56 8́ [141 3́]
cl.pt. 49 3́ [ 5 8́65] cl.pt. 105 8́ [8 6́5] glass Õ 25 4́

cl.pt. 74 1́ [ 3 8́4]

7 80´3 123´4 97´0
m.p. 29 1́ [118 5́]a crystÐ cryst 2 16 5́ [24 0́] complex m.p. 71 2́ [99 5́ ]
cl.pt. 80 7́ [ 6 6́] m.p. 63 7́ [ 134 9́]a ( three crystal phases)

cl.pt. 121 [8 8́] glass Õ 14 3́
cl.pt. 92 9́ [ 4 4́6]

8 101´8 132´3 112´1
m.p. 48 9́ [117 2́] m.p. 49 9́ [151 8́ ]a m.p. 53 3́ [ 142 7́]
glass Õ 46 6́ cl.pt. 128 7́ [ 7 8́] glass Õ 14 0́
cl.pt. 98 0́ [ 6 3́] cl.pt. 110 0́ [ 6 4́]

9 107´2 136´0 124´9
m.p. 36 5́ [131] m.p. 55 5́ [160 3́] m.p. 62 3́ [145 6́]
glass Õ 15 3́ [ 15 3́] rec Õ 10 3́ [22 4́ ] rec Õ 12 3́ [ 30 1́]
cl.pt. 103 5́ [5 5́8] cl.pt. 136 4́ [7 8́] cl.pt. 124 7́ [ 5 4́6]

10 113´2 141´8 130´4
m.p. 56 2́ [171 4́] m.p. 58 0́ [153] m.p. 61 8́9 [154]
rec Õ 16 1́ [50 3́ ] rec 5 8́ [ 150] rec 40 1́ [4 8́]
cl.pt. 109 8́ [5 4́] cl.pt. 141 9́ [3 9́7] cl.pt 132 3́ [4]

11 115´5 142´5 136´2
m.p. 48 8́ [147 5́] m.p. 62 5́ [174 4́ ] m.p. 69 5́ [156 3́]
rec 3 8́ [65 6́ ] rec 21 8́ [30 8́ ] rec 22 7́ [ 42 6́]
cl.pt. 112 6́ [4 6́5] cl.pt. 141 2́ [5 6́] cl.pt. 133 1́ [ 4 7́]

12 114´7 142´9
complex m.p. 43 6́ [55 0́ ] m.p. 66 7́ [177]
(four crystal phases) rec 30 0́ [179] Ð
rec 40 9́ [44 3́] cl.pt. 139 3́ [ 4 3́6]

13 146´1
m.p. 75 0́ [165 2́]

Ð Ð rec 39 1́ [42 4́ ]
cl.pt. 146 1́ [3 3́7]

14 116´7 143´6
m.p. 68 9́ [183 8́] m.p. 66 3́ [185 7́ ]
rec 41 6́ [18 3́] rec 50 5́ [46] Ð
cryst 2 Ð cryst 1 31 4́ [22 2́]b cl-pt. 140 7́ [3 0́5]
cl.pt. 112 1́12 5́ [ 2 1́]

15 m.p. 75 0́ [165 2́]
rec 54 9́ [53 5́ ]

Ð Ð rec 54 9́ [53 5́ ]
cl.pt. 141 0́ [2 4́]

16 114´5 146´0
m.p. 75 4́ [1062] complex m.p. 67 2́ [ 148 9́]
rec 52 5́ [54] rec 59 2́ [133 5́] Ð
cl.pt. 110 5́ [1 7́] cl.pt. 145 5́ [0 7́]

a No recrystallisation determined upon cooling by DSC to Õ 50 ß C.
b Crystal to crystal transitions determined on cooling.
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375L C properties of d,l-xylitol amphiphiles

Table 5. Lyotropic phases at room temperature.

n Ethers (Z=0) Thioethers (Z=S) Esters (Z =OCO)

5 lamellar dissolves dissolves
6 lamellar lamellar lamellar
7 lamellar no LLCs lamellar
8 lamellar lamellar no LLCs
9 lamellar no LLCs no LLCs

10 no LLCs no LLCs no LLCs
11 lamellar no LLCs no LLCs
12 no LLCs no LLCs ±
13 ± ± no LLCs
14 no LLCs no LLCs ±
15 ± ± no LLCs
16 no LLCs no LLCs ±

interesting change-over from lyotropic to non-lyotropic
properties with a change in phase behaviour for theFigure 2. Clearing temperatures ( ß C) shown as a function of

aliphatic chain length (n). nonyl to the undecyl homologues. Thus, the nonyl
homologue exhibits a lamellar phase, whereas the decyl
member is non-mesomorphic at room temperature andComparisons of the results obtained for the three

series can be drawn from table 5. It can be seen that the the undecyl homologue is again lamellar. It should be
noted however, that these results are preliminary becauseethers more readily form lamellar phases than did either

esters or thioethers. Only two examples of each of the no account has been taken of either the time for solvation
of materials (i.e. the kinetic formation of mesophasesester and thioether series were found to exhibit lyotropic

phases, whereas representatives were found for six ethers. was not investigated ) or the temperature at which the
lyotropic phases were formed (i.e. the construction ofThese results tentatively provide a correlation for the

e� ciency of forming lyotropic phases for the three series full temperature/concentration phase diagrams is out of
the scope of this article, and therefore will be discussedas follows;
in detail in a future report).

RO± >RS± ~ROCO±

which is the reverse order with respect to the e� ciency 3.3. Molecular simulations
Molecular simulations were used, in a pictorial way,for thermotropic phases.

For all three series, the lamellar phase appears for the to examine the spatial relationships between the atoms
positioned in the regions of the linking groups in theshorter homologues, but disappears at longer chain

lengths. This e� ect is probably due to the decreasing three systems, and through simulations we were also
capable of investigating how the motions of the aliphaticsolubilities of the materials as the aliphatic chain length

is increased. chain interfere with the ability of the sugar moiety to
hydrogen bond in the neighbourhood of the linkingAt room temperature, the ethers also show an

Figure 4. proposed structure of the
thermotropic smectic A* phase
formed by aliphatic substi-
tuted xylitols.
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376 J. W. Goodby et al.

group of each family of compounds. The decyl homo- aliphatic chain in the thioether has more freedom of
motion than that of the ether, which is a consequencelogues were selected for extensive simulation studies

because for this chain length in all three series the of the small size of oxygen relative to sulphur. From this
comparison, it appears that the thermotropic liquidisotropization temperatures start to level o� . The geo-

metrically optimized structures of the three decylxylitols crystal properties are stabilized when the motions of the
aliphatic chain and the xylitol substrate are decoupled.studied are shown together in ® gure 6. Modelling was

also performed on other members of each series, but no The increased decoupling between the sugar unit and
the aliphatic chain facilitates intermolecular hydrogenappreciable di� erences in the modelled structures could

be discerned particularly in the neighbourhood of the bonding interactions between the sugar moieties, which
in turn stabilizes mesophase formation, i.e. the thioetherslinking group and sugar moiety as a function of aliphatic

chain length. have the higher isotropization temperatures. Turning
now to the ester derivatives, the ester linkage is moreSimulations of the three xylitol derivatives were also

carried out at a temperature within the smectic A* phase. rigid than either the thioether or ether linkages, and
because of this the aliphatic chain has a more restrictedCHARMm dynamics were achieved, constraining only

bonds containing hydrogens and using the parameter environment which, from the above arguments, should
lower mesophase stability. However, the more rigidspeci® ed geometry. The molecular dynamics calculations

were carried out in three stages: heating to 373 K, nature of the linking group e� ectively extends the length
of the q̀uasi-core’ or polar head-group, thereby stabiliz-equilibrating the molecule at 373 K and simulating the

motion of the molecule at 383 K, in the gas phase. The ing thermotropic properties. In addition, the carbonyl
group of the ester can act as an extra point for hydrogen® rst two stages were necessary to prepare the model for

the third simulation stage where CHARMm dynamics bonding interactions. Thus, we might expect the esters
were performed for a simulated time of 6 4́ ps, thereby
generating 640 conformations. Average coordinates of
these conformations produced time-average structures
of the xylitol derivatives which were respectively found Figure 3. The focal-conic, homeotropic and oily-streak defect
to be very similar to the conformations with the lowest textures of the thermotropic smectic A* phase of 1-O-n-

dodecyl-d,l-xylitol.potential energy.
The relative mobilities between the core and tail of Figure 5. The defect texture of the lamellar lyotropic phase

of 1-O-n-hexyl-d,l-xylitol in water at room temperature.the three xylitol derivatives were studied by allowing the
substituent to rotate relative to the carbohydrate core. Figure 6. The minimized energy conformations of the decyl
A conformational search around the C± Z bond (see homologues of the three series.
below) was performed on the geometrically optimized Figure 7. The stepwise rotations (about a total rotation of
structures. The search was done in a systematic way, 360 ß ) of the alkyl chain of 1-O-n-decyl-d,l-xylitol about

the carbohydrate to aliphatic chain carbon± oxygen bond.using a 360ß scan of the appropriate torsion angle with
The superimposed sugar moieties appear at the centre ofa 3 ß step sequence and, at each step, the grid torsion
the ® gure, whereas the superimposed rotational con-was de® ned and ® xed arti® cially to prevent the stucture
formers of the aliphatic chain appear spread out as a disc.

from returning to the original geometrically optimized Blue shows regions where the chain has the most freedom
structure. Each conformation generated in the stepwise to rotate, and white shows regions where it is restricted.
rotation was geometrically optimized using a conjugate Figure 8. The stepwise rotations (about a total rotation of
gradient algorithm and an energy gradient tolerance 360 ß ) of the alkyl chain of 1-S-n-decyl-1-thio-d,l-xylitol
equal to 4 1́84 kJ mol Õ 1 AÊ Õ 1 . about the carbohydrate to aliphatic chain carbon± sulphur

bond. The superimposed sugar moieties appear at theIt is possible to overlay the minimized rotational
centre of the ® gure, whereas the superimposed rotationalstructures for each material in order to generate a model
conformers of the aliphatic chain appear spread out as aof the relative positions and energies of the di� erent disc. Blue shows regions where the chain has the most

rotational conformers produced (see ® gures 7± 9 for Z= freedom to rotate, and white shows regions where it is
O, S, OCO, respectively). In these photographs the long restricted.
axis of the xylitol moiety is perpendicular to the plane Figure 9. The stepwise rotations (about a total rotation of
of the plate, and the freedom of motion of the aliphatic 360 ß ) of the alkyl chain of 1-O-n-undecanoyl-d,l-xylitol

about the carbohydrate to aliphatic chain carbon± oxygenchain is shown as a disc centred on the xylitol unit. The
bond. The superimposed sugar moieties appear at thecolour coding of the disc depicts the relative degree of
centre of the ® gure, whereas the superimposed rotationalfreedom of the decyl chain. The colour blue depicts a
conformers of the aliphatic chain appear spread out as a

fairly unrestricted chain, whilst at the other extreme disc. Blue shows regions where the chain has the most
white represents conformationally disfavoured struc- freedom to rotate, and white shows regions where it is

restricted.tures. It can be seen from ® gures 7 and 8 that the
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Figure 7
Figure 3

Figure 8
Figure 5

Figure 6 Figure 9
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