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Abstract—The solid-state phase behaviour of lyophilised n-dodecyl-b-DD-glucoside (b-C12G1), n-dodecyl-b-DD-maltoside (b-C12G2)

and n-dodecyl-b-DD-maltotrioside (b-C12G3) has been investigated by differential scanning calorimetry (DSC) and X-ray techniques.

For b-C12G1, lyophilisation results in a formation of a crystalline anhydrate. The lamellar spacing (37 Å) is consistent with an alkyl

chain packing in which the chains are not interdigitated. At 80 �C, the material melts into a lamellar liquid crystal with a lamellar

spacing of 32 Å, which suggests that the non-interdigitated chain packing of the crystalline state is retained in the liquid crystal. In

contrast, lyophilisation of b-C12G2 and b-C12G3 results in the formation of a glassy state, best described as a frozen version of the

lamellar liquid crystal. For b-C12G2, the lamellar spacing in the glass and liquid crystal suggests interdigitation of the alkyl chains.

The glass transition temperature was found to be 65 �C for b-C12G2 and 100 �C for b-C12G3, which compares favourably with the

glass transition of the parent carbohydrates. A second crystalline modification of b-C12G1 was prepared by precipitation from an

aqueous solution at temperatures below the Krafft point (38 �C). For this modification, the lamellar distance (24 Å) is consistent

with interdigitated alkyl chains. At 50 �C, the crystalline material melts into a liquid crystalline phase. The material also readily loses

water and rapidly re-crystallises to the anhydrate. The amount of water lost upon drying is consistent with the idea that the material

is a monohydrate of b-C12G1. The drying and re-crystallisation processes give rise to �pre-transitions� in the DSC thermograms and

illustrate the importance of careful control of water in any analysis of the phase behaviour of alkylglycosides.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In contrast to most other surfactant systems, the head-

groups of sugar-based surfactants interact strongly with

each other. This interaction stems from intermolecular

hydrogen bonds between hydroxyl groups in the sugar

moieties and makes sugar-based surfactants very inter-

esting in terms of their solid phase behaviour.

In alkylglycosides, the sugar unit and the alkyl chain
are linked via a glycoside bond. Alkylglycosides are of

particular relevance for �green� industrial applications,
since they are stable against hydrolysis, yet readily bio-

degradable. Previous investigations of the thermotropic
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behaviour of alkylglycoside surfactants have established
that they demonstrate so-called �double melting

points�.1–8 The two melting points are conventionally

referred to as the chain melting and the clearing point.

They are generally widely separated in temperature,

and a liquid crystalline phase prevails at intermediate

temperatures. The existence of this phase is possible to

attribute to the strong attractive interactions between

adjacent head-groups.5

Besides the two main melting points of alkylglyco-

sides, one or two pre-transitions are often observed in

DSC thermograms. The origin of these pre-transitions

is less well understood. However, a number of studies

suggest that pre-transitions are not observed in systems

that have been carefully dried prior to measurement.8

Based on this observation and other supplementary evi-

dence, Kocherbitov and Söderman have suggested the
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pre-transition observed for n-octyl-a-DD-glucoside (aC8G1)

to be a crossing of the peritectic point.8

The understanding of the structure of crystalline and

liquid crystalline phases of alkylglycosides is still sket-

chy. For the b-alkylglucosides, no single-crystal X-ray

data are available and the discussion of their crystal

structure has to be based on single-crystal data on the

corresponding a-anomers. However, the strong impact

of intermolecular head-group interaction on phase

structure and behaviour makes direct comparison of
the a- and b-anomers difficult. In crystalline a-alkylglu-
cosides the bilayer is composed of interdigitated alkyl

chains sandwiched between head-groups connected in

a hydrogen-bonded network.9 It has been claimed that

the crystalline b-glucosides differ from the a-analogues
in the sense that they are hydrated due to a �less perfect
packing� of the head-groups,10 and that their chains are

not interdigitated.11 The latter claim is based on the
observation that the inter-lamellar spacing of the b-ano-
mers is often larger than that of the corresponding a-
anomers.5,10–12 However, contradictory conclusions

can also be found in the literature.13 It is reasonable

to assume that the ambiguities in the literature, at least

in part, are due to the fact that the hydrates of alkylgly-

cosides readily lose their water of crystallisation several

degrees below the melting for the anhydrous material.11

Consequently, more detailed studies of the effects of

water of crystallisation on the phase structure and phase

behaviour are called for.

The properties of the non-crystalline solid state of

alkylglycosides represent another interesting area of

research. Recent results from X-ray techniques and

calorimetry have shown that anhydrous n-octyl- and n-

decyl-b-DD-maltoside (b-C8G2 and b-C10G2) form glasses
at room temperature.14 These glasses may be regarded

as �frozen� versions of a lamellar liquid crystalline phase.

In contrast, the non-crystalline state of anhydrous long-

chain maltosides b-C14G2 and b-C16G2 is best described

as gel phases, in which the alkyl chains are ordered in a

hexagonal array, whereas the head-groups are disor-

dered (�glassy�).27 For glucosides, no glass transition is

observed, which has been explained by the lower num-
ber of intermolecular hydrogen bonds in these sys-

tems.14 Consequently, we again find that interactions

between head-groups are decisive for the solid-state

behaviour of alkylglycosides.

In the present study, n-dodecyl-b-DD-glucoside (b-
C12G1) has been thoroughly investigated in order to

confirm and extend previous studies of the solid-state

phase behaviour of alkylglucosides.
Previous investigations on the solid-state phase

behaviour of b-C12G1 show the material to display the

characteristic double melting points at ca. 80 and

143 �C.3,4,15–17 Additional transitions (referred to as

�pre-transitions� or �solid–solid transitions�) have been

observed at 52–63 �C.16,17 However, these transitions
have not been investigated in any detail and their rela-

tion to phase structure and possible loss of water of crys-
tallisation has not been elucidated. Therefore, the

present study uses a combination of X-ray techniques

and calorimetry in order to correlate phase behaviour

with phase structure in systems where the amount of

water is rigorously controlled.

A second objective of the present study is to extend

our understanding of the non-crystalline state of alkyl-

glycosides by investigating the effect of head-group size
on phase behaviour. To this end, the properties of lyo-

philised (freeze-dried) b-C12G1 have been compared

with those of n-dodecyl-b-DD-maltoside (b-C12G2) and

n-dodecyl-b-DD-maltotrioside (b-C12G3).
2. Experimental

2.1. Materials and sample preparation

n-Dodecyl-b-DD-glucoside (b-C12G1), n-dodecyl-b-DD-mal-

toside (b-C12G2) and n-dodecyl-b-DD-maltotrioside (b-
C12G3) were purchased from Anatrace Inc. (Maumee,

OH) and were of ANAGRADETM quality. The supplier

states a purity of >97% for all three compounds.

Water was distilled and further purified on a Purelab

Plus apparatus, equipped with a final filter with a pore

size of 0.1 lm. tert-Butanol was obtained from Acros

organics (New Jersey, USA) and had a purity of 99.5%.

Freeze-drying was preformed on a Christ Alpha
freeze-drier. The powders were completely dissolved in

tert-butanol at room temperature in round bottom

flasks. The solutions were rapidly quenched on an iso-

propanol/dry ice bath while constantly rotating the

flask. Drying was performed under vacuum (<0.5 mbar)

for at least 24 h.

Re-crystallisation of b-C12G1 from water was

achieved by dissolving the starting material at 45 �C.
The system was left to equilibrate at room temperature

for 2 days, which ensured quantitative precipitation.

The precipitate was isolated from the supernatant by

means of centrifugation and subsequently dried at room

temperature under vacuum for at least 48 h.
2.2. Solid-state differential scanning calorimetry

(SS-DSC)

Solid-state DSC was preformed on a TA Instrument

Q1000 equipped with a modulation option. A typical

experiment was carried out with a modulation of

±0.5 �C every 40 s with an underlying heating rate of

2.5 �C/min. The heating rate was in a heat-only mode,

that is, the overlaid temperature was always positive.

The cell was purged with dry nitrogen at an average rate
of 50 mL/min.



C. A. Ericsson et al. / Carbohydrate Research 340 (2005) 1529–1537 1531
The presence of water (which may be retained bulk

water and/or water of crystallisation) obviously has a
major impact on the phase behaviour of solid materials

and therefore on their DSC characteristics. For this

reason, SS-DSC analysis of a givenmaterial was generally

conducted according to both of the following protocols.

1. Experiments with the sample enclosed in sealed alu-

minium pans, which allows for measurements in

which the water content is constant.
2. Experiments with the sample enclosed in aluminium

pans with a loosely fitted lid, which allows for any

released water to escape from the sample during heat-

ing. These pans will henceforth be referred to as �open�.
The walls of the open pans are somewhat thinner than

those in the sealed ones, which increase the sensitivity

of the measurement. After ensuring that no thermal

events occurred below 30 �C, experiments with open
pans were started by drying the sample in the pan for

60 min at 30 �C under a flow of dry nitrogen. It then

continued with a heat ramp up to a final temperature.

As described in detail elsewhere,18 modulating DSC

makes it possible to separate the total heat flow (dQ/

dt) into a heat-rate dependent component (the so-called

reversing heat flow) and a kinetic (temperature and time
dependent) component, denoted as non-reversing heat

flow. This separation of components makes it possible

to analyse thermal events in greater detail than in con-

ventional DSC. In particular, the identification of glass

transitions is vastly facilitated.

Temperatures reported in this work for endothermic

(exothermic) events are the maximum (minimum) of the

corresponding peak in the thermogram. Glass transition
temperatures are defined as the mid-point of the corres-

ponding step-change in CP (reversing heat flow).

2.3. Thermogravimetric analysis (TGA)

TGA experiments were performed on a TA Instrument

Q500 thermogravimetric analyser. Measurements were

performed according to two different, but complementary
protocols. In the first protocol, the material under study

was dried in the sample compartment at 30 �C for

60 min under a flow of dry nitrogen. The sample was then

heated at 5 �C/min from 30 to 200 �C. In the second pro-

tocol, the drying step was omitted and the heat ramp

started directly after the sample had been placed in the

sample compartment. During the measurement and the

initial drying step (if applicable), the sample compartment
was flushed with dry nitrogen at a rate of 60 mL/min.

2.4. Liquid differential scanning calorimetry

A MCS DSC instrument from Microcal Inc. (North-

ampton, MA) was used for DSC studies of liquid
samples. The sample cell volume was 1.16 cm�3. b-
C12G1 was dissolved in water to a concentration of
0.1 wt % at elevated temperature and then equilibrated

at room temperature until a precipitate formed. Before

DSC measurement, the samples were homogenised on

a vortex stirrer and de-aerated under vacuum for half

an hour. The sample was injected to the sample cell

and scanned at a rate of 60 �C/h in the temperature

interval 11–60 �C.

2.5. Powder X-ray diffraction (PXRD)

All X-ray diffraction experiments conducted at room

temperature were performed on a Scintag XDS 2000

h–h diffractometer (Scintag Inc., USA), whereas experi-

ments at elevated temperatures were performed on a

Panalytical X�Pert Pro. The Scintag diffractometer was

equipped with a liquid-nitrogen-cooled solid-state
germanium detector and spinning sample holders.

The sample holders consisted of open Teflon cups.

Measurements were performed over an angular range

of 2–35� (2h), using CuKa radiation (1.5418 Å, 45 kV

and 30 mA). A continuous scan rate of 1�/min and a step

size of 0.03� were used. On the primary side, 2- and 4-

mm slits were used, whereas the secondary side used

0.5- and 0.3-mm slits.
PXRD experiments at elevated temperatures were

performed on a Panalytical X�Pert Pro h–h diffracto-

meter equipped with an X�Celerator detector. Measure-

ments were conducted with an increasing temperature of

1 �C/min, a continuous scan rate of 6.1�/min and a step

size of 0.017�. The angular range was 2–40� (2h) and the

radiation was CuKa (1.5418 Å, 45 kV and 40 mA). Sam-

ples were contained in a cavity in a metal plate and mea-
surements were performed without spinning the sample

holder.

2.6. Small- and wide-angle X-ray scattering (SAXS and

WAXS)

A Kratky compact small-angle system with linear colli-

mation and a position sensitive detector was used in the
SAXS and WAXS experiments. Measurements were

performed between 25 and 130 �C using CuKa radiation

(1.5418 Å). SAXS and WAXS data were recorded simul-

taneously. The sample cell was equipped with mica win-

dows and sealed with rubber O-rings.
3. Results and discussion

3.1. Lyophilised b-C12G1, b-C12G2 and b-C12G3

freeze-dried from tert-butanol

Freeze-drying of b-C12G1 from tert-butanol produces

an extremely fluffy solid material. Considering that
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freeze-drying often produces non-crystalline materials, it

is noteworthy that PXRD and WAXS in this case pro-
vide diffractograms comprising well-defined Bragg

reflections (Fig. 1). This observation, together with the

mode of preparation, strongly suggests that the material

is a crystalline anhydrate. The data also show that this

modification of b-C12G1 has an inter-lamellar spacing

of 37 Å (Table 1). The lamellar distance of b-C12G1 in

the crystalline state may be estimated by extrapolation

of data on shorter-chain homologues with non-interdigi-
tated chains reported by Hoffman et al.11 This estimate

yields a distance of 39 Å for b-C12G1, in fair agreement

with our experimental results.

The thermogram of the material displays only two

events, namely endothermic peaks at 79 and 142 �C
(Table 2), which agrees with the literature data.4,15 Ther-
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Figure 1. Powder X-ray diffractograms at 25 �C for (A) freeze-dried b-
C12G1 from tert-butanol and (B) precipitate of b-C12G1 formed from

water at room temperature. The peaks corresponding to inter-lamellar

reflections are marked with asterisks.

Table 1. SAXS data for the different solid forms of b-C12G1

Temperature

(�C)
Precipitate from H2O

at rt (hydrate)

Freeze-dried from

tert-butanol (anhydrate)

25 29, 25, 24 C 37 C

55 53, 47, 41, 38 C 37 C

75 53, 47, 41, 38 C 37 C

95 32 32

115 31 31

135 30 30

In each entry, the inter-lamellar spacing d is given in units of Å. C

denotes crystallinity (as determined from WAXS data). Distances

marked in bold type correspond to peaks that are distinctly more

intense in the diffractogram than the other peaks. Bold lines between

two temperatures denote that a DSC transition is observed between

these temperatures under conditions where water can escape during the

experiment (see also Table 2).
mograms recorded in sealed and open pans were found

to be identical, which provides further support for the
assignment of the material as anhydrous. Furthermore,

the thermogram does not provide any evidence for any

solid-state transitions, that is, there is no evidence of

any polymorphism.

When passing the endothermic peak at 79 �C, the

high-angle Bragg reflections are lost and only a broad

peak centred at 20� (ca. 4.4 Å) is observed. This observa-

tion makes it possible to assign this peak as an order–
disorder transition, and thus as a transition from a crys-

talline phase to a lamellar liquid crystal phase (a �chain
melting�). The SAXS data reveals that the lamellar dis-

tance decreases to 32 Å during the order–disorder tran-

sition (Table 1), which is fairly consistent with the

general observation that the effective length of an alkyl

chain is reduced by approximately 20% in a liquid crys-

talline phase, as compared to a crystalline one.19 The
data thus suggest that the non-interdigitated state of

the alkyl chains is retained in the liquid crystal. The

lamellar distance decreases from 32 to 30 Å, when the

temperature is increased up to 135 �C (Table 1). This in-

verse dependence of lamellar spacing on temperature

again agrees with what is normally observed for liquid

crystals.20 When passing the second DSC peak at

143 �C, all small- and wide-angle X-ray reflections are
lost, which shows this event to correspond to the clear-

ing point, where an isotropic melt is formed.

In order to investigate the physical stability of freeze-

dried b-C12G1, it was kept at room temperature for

4 months in a sealed container and then re-analysed by

SS-DSC. The thermogram showed no differences as

compared with that recorded directly after freeze-dry-

ing, and the material can be concluded to be stabile at
room temperature for quite a substantial time.

In contrast to b-C12G1, b-C12G2 and b-C12G3 freeze-

dried from tert-butanol display PXRD diffractograms

that are devoid of Bragg reflections (Fig. 2). Rather,

the diffractograms contain only a broad peak centred

around 20� (ca. 4.4 Å). These characteristics are consis-

tent with what is normally observed for molten hydro-

carbon chains in lamellar liquid crystals.19 However,
DSC thermograms comprise a well-defined glass transi-

tion in both cases (Fig. 3) and therefore clearly show

that the materials are to be regarded as glasses, rather

than super-cooled liquid crystalline phases, at room

temperature. The data also show that an increase of

the head-group length by one glucose unit results in an

increase of the glass transition, from 65 �C for b-
C12G2 to �100 �C for b-C12G3. This increase is presum-
ably attributable to more thermal energy being required

to transform the glass to a liquid crystalline phase when

the number of intermolecular hydrogen bonds between

head-groups increases. SAXS data for b-C12G2 at room

temperature show a single reflection at 39 Å. Above the

glass transition temperature, the distance decreases to



Table 2. Transition temperatures T and enthalpy changes DH, as obtained by DSC for b-C12G1

Sample Transition temperature (�C) DH (kJ mol�1) Assignment

Data recorded using open pans

Freeze-dried from tert-butanol 79.1 24.7 Chain melting

142.2 1.4 Clearing point

Freeze-dried from tert-butanol stored at rt for 2 weeks 79.0 24.1 Chain melting

142.1 1.2 Clearing point

Precipitate from water—first heating scan 49.4 17.3 Solid–solid

80.6 19.9 Chain melting

143.4 1.1 Clearing point

Precipitate from water—first cooling scan 142.6 �1.3 Maltese cross

46.9 �13.5 Crystallisation

Precipitate from water—second heating scan �40 — Crystallisation?

80.3 22.7 Chain melting

143.4 1.1 Clearing point

Precipitate from water stored in oven at 55 �C for 65 h 81.1 25.4 Chain melting

143.4 1.3 Clearing point

Data recorded using sealed pans

Freeze-dried from tert-butanol 79.2 24.4 Chain melting

142.4 1.4 Clearing point

Precipitate from water—first heating scan 49.5 53.6 Chain melting

144.0 1.4 Clearing point

Precipitate from water—first cooling scan 143.7 1.1 Maltese cross

�40 — Crystallisation?

Precipitate from water—second heating scan 42.4 �13.0 Crystallisation

79.8 25.1 Chain melting

144.0 1.4 Clearing point

The transition temperature is defined as the corresponding maximum in the total heat flow.
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Figure 2. Powder X-ray diffractograms for (A) freeze-dried b-C12G2

and (B) freeze-dried b-C12G3. The insert shows an expansion of the

small-angle region.
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Figure 3. Reversing heat flow as measured with solid-state DSC for

(A) freeze-dried b-C12G2 and (B) freeze-dried b-C12G3 from tert-

butanol.
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38 Å, but returns to 39 Å upon cooling to room temper-

ature. Assuming an alkyl chain length of 16.7 Å and a
head-group length of 12 Å,21 the observed reflections
are consistent with a lamellar structure in which the

alkyl chains are interdigitated. The observation that
the liquid crystal of b-C12G2 comprises interdigitated

alkyl chains, whereas the chains in the liquid crystal of
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Figure 4. TGA analysis for precipitate of b-C12G1 formed from water.

(A) measured without initial drying and (B) dried at 30 �C for 60 min

prior to analysis.
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b-C12G1 are non-interdigitated may be understood as an

effect of the larger size of the maltose head-group. The
diffractograms of b-C12G3 freeze-dried from tert-buta-

nol comprise a low-angle peak that is very broad, which

suggests that the molecules do not arrange themselves

into a lamellar structure with a well-defined bilayer

thickness (Fig. 2). In this case, the large size and inher-

ent flexibility of the head-groups may be assumed to

lead to substantial variation in bilayer thickness, which

smears out the X-ray diffraction.
In addition to the glass transition, the DCS thermo-

grams of freeze-dried b-C12G2 and b-C12G3 comprise

an endothermic peak at elevated temperatures. This fea-

ture is observed at 244 �C for b-C12G2 and >250 �C for

b-C12G3, and can be readily assigned as the clearing

point. Our data on the clearing point of b-C12G2 is in

agreement with the literature.2,15,22 For b-C12G3, our

data give a higher clearing point than previously
reported (228 �C).22

Together with the X-ray data, the DSC results thus

show that lyophilised b-C12G2 and b-C12G3 are to be re-

garded as glasses at room temperature. This makes it

interesting to consider the glass transition temperatures

of the parent carbohydrates. For maltose, the glass tran-

sition temperature is 73 �C, whereas that of maltotriose

is 99 �C.23 We therefore find evidence that the glass tran-
sition temperature of b-C12G2 and b-C12G3 is primarily

governed by the nature of their head-groups, in agree-

ment with the more general observation that the

solid-state behaviour of alkylglycosides is dictated by

head-group characteristics. However, the same conclu-

sion is not directly applicable to b-C12G1. The glass

transition temperature of glucose is 39 �C,24 yet b-
C12G1 forms a crystalline material, rather than a glass,
upon lyophilisation.

3.2. Precipitate of b-C12G1 from water

b-C12G1 is practically insoluble in water at room tem-

perature. However, previous studies show that at

slightly higher temperatures (>38 �C), the b-C12G1/

water system comprises a two-phase domain with two
micellar phases in equilibrium.25 The present work con-

firms these previous findings in the sense that the DSC

thermogram for a 0.1 wt % b-C12G1 solution was found

to show a single endothermic peak centred at 38 �C, cor-
responding to an enthalpy change of 33 kJ/mol. This

point represents the phase transition from dispersed

crystals to the two-phase micellar domain.

An aqueous solution of b-C12G1 heated to tempera-
tures above 38 �C and then left to equilibrate at room

temperature was found to produce a precipitate. The

PXRD diffractogram of the precipitate at room temper-

ature displays a crystalline pattern with relatively few,

but very strong Bragg peaks (Fig. 1). The diffractogram

comprises first through fourth order inter-lamellar
reflections corresponding to a spacing of 23.4 Å. The

diffractogram also shows that the material does not con-
tain detectable amounts of the crystalline anhydrate ob-

tained by freeze-drying from tert-butanol. Considering

the high scattering efficiency, the relatively low number

of Bragg peaks, the presence of one and only one set

of inter-lamellar reflections and the perfectly flat base

line, the PXRD data strongly suggest that the material

is not only highly crystalline, but also that it comprises

only one crystalline modification and contains very lit-
tle, if any, amorphous material. It is therefore surprising

that the SAXS diffractogram comprises more than one

set of reflections (Table 1). However, the reflections

are centred at ca. 25 Å.

TGA experiments were conducted on the precipitate

in order to establish its water content. When the precipi-

tate was analysed without any initial drying step, a

weight loss of 4.5 wt % was found to take place between
25 and 55 �C, whereas the weight remained constant at

higher temperatures (Fig. 4). On the other hand, if the

material was analysed with initial drying at 30 �C for

60 min, the initial drying resulted in a weight loss of

4 wt %, whereas the subsequent temperature increase

was found to result in a further loss of 0.5 wt %. Regard-

less of experimental protocol, the total weight loss was

thus found to equal 4.5 wt %. The calculated water con-
tent of b-C12G1ÆH2O is 4.9 wt %. The idea that water of

crystallisation is lost even under the mild conditions em-

ployed in the TGA experiments is fully consistent with

previous data on alkylglycosides.11 TGA and PXRD

data are therefore consistent with the idea that the domi-

nating crystalline modification in the precipitate is a

monohydrate of b-C12G1. It is possible that the occur-

rence of more than one set of reflections in SAXS is
an artefact caused by a loss of water during

measurement.
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water (A) dried at 40 �C for 2 weeks and then cooled to rt, (B) dried at

55 �C for 65 h and then cooled to rt and (C) freeze-dried from tert-

butanol.
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Drying of the precipitate under ambient atmosphere

at temperatures in the range 40–55 �C, followed by cool-

ing to room temperature was found to result in a forma-

tion of the crystalline anhydrate obtained also by freeze-

drying from tert-butanol (Fig. 5). Consequently, we may

conclude that the crystalline hydrate is prone to dehy-

dration and subsequent re-crystallisation, even under

comparably mild conditions. This makes further charac-
terisation and data interpretation somewhat more chal-

lenging than is the case for the freeze-dried material. In

particular, the credibility of data interpretation hinges

on careful consideration of the question whether a given

experiment is conducted under conditions where the

water is retained during measurement, or not.

If the precipitate is subjected to solid-state DSC analy-

sis in an open pan after initial drying at 30 �C, the ther-
mogram comprises two peaks that are virtually identical
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Figure 6. Temperature-cycling solid-state DSC thermograms of b-C12G1 prec

an open pan. The second heating scan is denoted with a dotted trace.
to those of the material obtained by freeze-drying,

namely those corresponding to the chain melting and
the clearing point of the crystalline anhydrate (Table

2). However, the thermogram also contains an addi-

tional, markedly skew-symmetric endothermic peak at

ca. 50 �C (Fig. 6, Table 2). This peak coincides with a

transition reported in the literature, alternatively re-

ferred to as a �solid–solid transition�, �loss of water� or
a �pre-transition�.16,17 When the precipitate is analysed

in a sealed pan, on the other hand, the thermogram con-
tains a considerably more symmetric peak at 49 �C,
whereas the transition at 80 �C is not observed (Fig. 6,

Table 2). These observations seem to shed some light

on the previous ambiguities in the literature. Our results

strongly suggest that the transition at 49 �C corresponds

to the melting of a crystalline hydrate into a hydrated li-

quid crystalline phase. However, if water is not carefully

retained during measurement (as in experiments con-
ducted in an open pan), the hydrated liquid crystalline

phase very rapidly loses water and re-crystallises to the

anhydrous modification, the chain melting of which pro-

duces the peak at 80 �C. The drying process may also be

assumed to make the peak at ca. 50 �C skew-symmetric.

The suggested behaviour of b-C12G1 therefore seems to

provide a direct analogy to the behaviour of a-C8G1, for

which Kocherbitov and Söderman have showed that a
pre-transition is observed in the thermogram if, and

only if, traces of water is present.8

Temperature-cycling DSC experiments provide addi-

tional information about the drying and re-crystallisa-

tion processes. Upon cooling after initial heating to

150 �C, DSC analysis of a sample in an open pan reveals

two exothermic peaks, at 143 and 47 �C (Fig. 6, Table

2). In the subsequent heating scan, the melting point
of the anhydrate at 80 �C is observed, whereas the endo-

thermic peak at 50 �C has vanished. These observations

are expected, based on the assumption that the 50 �C
peak corresponds to drying and subsequent re-crystalli-

sation of the hydrate. In this picture, the exothermic
-1
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ipitated from water where (a) were recorded in a sealed pan and (b) in
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peak at 47 �C is the crystallisation of the anhydrate

from the dry, super-cooled liquid crystalline phase.
However, the situation is suggested to be even more

complex. In the second heating cycle, there is also an

exothermic peak at ca. 40 �C. This may indicate a relaxa-

tion or limited re-crystallisation process. Indeed, further

evidence for the presence of transient crystalline or semi-

crystalline states is obtained from PXRD data, as will be

described below. If the same DSC experiment is

conducted in a sealed pan, the same transitions are
(somewhat surprisingly) observed, although the temper-

ature and enthalpy of crystallisation are somewhat lower

(Fig. 6, Table 2). The fact that the second heating

cycle does not contain any melting of the hydrate (at

49 �C), in combination with the evidence for relaxation

and/or re-crystallisation, suggest the system to be far

from equilibrium and under kinetic control on the time

scale of a DSC experiment. According to this line of rea-
soning, the crystallisation of the anhydrate is appreci-

ably faster than that of the hydrate and there is no

appreciable formation of the latter modification on the

relevant time scale.

Before discussing the results obtained by SAXS,

PXRD and polarised microscopy at elevated tempera-

tures it must again be emphasised that all of the experi-

mental set-up for these techniques allows for water to
escape during measurement. Water may escape through

the seals of the SAXS sample cell during measurement,

particularly since the cell is housed in vacuum. Similarly,

the PXRD and microscopy experiments were conducted

in a manner where water can escape during heating of

the sample. This means that the results from these three

methods must be compared with DSC data recorded

with open pans.
SAXS data show that when the endothermic transi-

tion at 49 �C is passed, the group of reflections at ca.

25 Å is shifted to distances with larger inter-lamellar

spacing, where 38 Å is the dominating spacing based

on the relative intensity (Table 1). In PXRD, a less

well-defined diffractogram is obtained after having

passed the transition, but the data are still consistent

with a predominantly crystalline character (Fig. 7).
However, the diffraction pattern is not attributable to

the original material, nor is it attributable to the crystal-

line anhydrate obtained from freeze-drying. In addition,

the position and intensity of the Bragg peaks change

with time and temperature. The combined SAXS and

WAXS data are thus fully compatible with a rapid

solid–solid transition from a hydrated to a dehydrated

modification at ca. 50 �C. However, the data also
suggest that this transition proceeds via transient crys-

talline or semi-crystalline states. This agrees with the

DSC data from the temperature-cycling experiments,

where evidence for relaxation and re-crystallisation is

observed (see above). When passing the endothermic

event at 80 �C, all high-angle Bragg reflections are lost,
confirming the formation of a liquid crystalline phase

(Fig. 7).

The thermotropic behaviour of the material was also

studied with polarising microscopy in such a way that

the temperature conditions of the DSC experiments con-
ducted in open pans were simulated. No changes in opti-

cal properties were observed when passing the transition

at 49 �C, but the chain melting at 80 �C gave rise to pro-

found changes and was evident as a very rapid melting.

Similarly, the transition from the liquid crystal to isotro-

pic melt at the clearing point was easily detected due to

the isotropic character and consequent black appear-

ance in the microscope. Both exothermic peaks observed
in DSC experiments upon decreasing temperature corre-

spond to visible occurrences in the polarisation micro-

scope. At the first exothermic transition (143 �C),
Maltese crosses (typical for lamellar liquid crystals) were

formed, and during further cooling they stayed roughly

the same down to 47 �C. At this temperature they

started to grow dramatically and develop into a richly

coloured texture, indicative of a very rapid crystallisa-
tion process. The rate of the crystallisation lends sup-

port to the idea that the system is under kinetic

control during DSC experiments.

The inter-lamellar distances observed for the hydrate

(ca. 25 Å) is considerably smaller than that of the anhy-

drate (37 Å) and therefore suggest that the two structures

comprise different chain-packing motifs. Again assuming

an alkyl chain length of 16.7 Å and an extended glucoside
head-group with a length of 5 Å,26 a distance of ca. 25 Å

is indicative of lamellar structures in which the alkyl

chains are both interdigitated and tilted with respect to

the bilayer plane. However, Goodby has suggested a

lamellar structure in which the carbohydrate moieties

from two adjacent layers overlap to produce an interdigi-

tated hydrogen-bonded structure.16 It would seem as if
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such a hypothetical structure would make it necessary for

also the alkyl chains to be interdigitated in order to mini-
mise the void. This, in turn, would lead to very small bi-

layer spacing, and the most realistic assumption for the

hydrate seems to be that it contains interdigitated alkyl

chains and non-interdigitated head-groups.
4. Conclusions

In the present work, a hydrate and an anhydrate of

b-C12G1 have been characterised. Upon heating, the

hydrate readily converts to the anhydrate, via transient

crystalline states. This process seems to explain some

previous inconsistencies in the literature. X-ray data

strongly suggest that the chain packing in the anhydrate

is different from that in the hydrate. More specifically,

the alkyl chains in the hydrate are suggested to be inter-
digitated, whereas those in the anhydrate are not. For

the liquid crystalline state, the lamellar spacing suggests

a non-interdigitated chain packing.

Lyophilisation of b-G12G1 produces a crystalline

anhydrate, rather than a glass or a super-cooled liquid

crystalline phase. In contrast, lyophilisation of b-
C12G2 and b-C12G3 produces glasses that may be re-

garded as �frozen� versions of the corresponding lamellar
liquid crystalline phase. For b-C12G2, the lamellar spac-

ing is consistent with interdigitated alkyl chains in the

glass and liquid crystal.
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