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Abstract

Thermotropic properties and crystal structures of alkyl a-D-glucopyranosides and their hydrates were estimated by
X-ray, DSC and thermogravimetric measurements (TGA). Monohydrates rapidly lose their crystal water several
degrees below the melting point of the anhydrous glucopyranosides. The melting points of the monohydrates
measured in DSC pressure cells (chain length longer than seven) are lower, and the clearing points higher than those
of the anhydrous glucosides. Layer distances of smectic and crystalline phases of anhydrous compounds were
established. Melting points, densities and layer distances of the crystalline anhydrous glucopyranosides display strong
even–odd effects. The strong decrease of these effects in the case of the monohydrates can be elucidated by the
results of X-ray crystal structure analysis. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fischer and Helfrich [1] published in 1911 a
‘double melting point’ for alkylglucosides.
Noller and Rockwell [2] characterised this as
transition to a liquid crystalline phase. Transi-
tion temperatures [1,3–12], enthalpies [4–6,10]
and layer distances (distance of two identical
layers) of the thermotropic [5,9,10,13] and
crystalline phase [5,9,13] have been published
for b anomers but less so for a anomers. The
liquid crystalline phase was found to be type
smectic A in all cases [5,9,10,13,14]. Below the

melting point crystal–crystal transitions were
found in some cases, especially for b anomers
[1,6,9,10,12].

There are only a few papers that deal with
hydrates of alkylglucopyranosides. Straathof
et al. [15] described the crystallisation of octyl
a-D-glucopyranoside monohydrate from the
crude reaction products of the Fischer synthe-
sis upon addition of petroleum ether and its
DSC behaviour [16]. The monohydrates of
heptyl to decyl a-D-glucopyranosides can be
directly obtained by crystallisation, from wa-
ter at room temperature, of the a/b mixtures
(Fischer synthesis) [17]. Focher et al. [6] found
a lower melting point of hydrated octyl a-D-
glucopyranoside (stored at 90% relative hu-
midity) relative to the anhydrous compound.
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Fig. 4. Second heating differential scanning calorimetry curve
of octyl a-D-glucopyranoside with glass transition at 0 °C and
recrystallisation at 53.5 °C. dT/dt=10 °C min−1. Numbers
indicate endothermic transition enthalpies in kJ mol−1.

Fig. 1. TGA of nonyl a-D-glucopyranoside: solid line, heat
flow; dotted line, mass loss.

Prade and et al. [18] made the general state-
ment that a certain content of water could
lead to lower melting and higher clearing
points.

The first structural description of an alkyl
a-D-glucopyranoside (decyl a-D-glucopyra-
noside) was published in 1976 by Moews and
Knox [19]. The structures of the anhydrate
[20], monohydrate [21] and hemihydrate [21]
of octyl a-D-glucopyranoside followed in 1987
and 1988, hexyl a-D-glucopyranoside and hep-
tyl a-D-glucopyranoside monohydrate in 1998
[17]. In contrast, only the methyl b-D-glucopy-
ranoside hemihydrate [22] and a mixture of
the octyl a/b-D-glucopyranoside (equal ratio)
[23] have been published.

In this paper the structures of heptyl and
nonyl a-D-glucopyranoside, decyl a-D-gluco-
pyranoside monohydrate and hexyl a-D-gluco-
pyranoside hemihydrate and new data on the
liquid crystal behaviour of the a compounds
and their monohydrates are presented. The
reason for the extended even–odd effects of
physical properties of the anhydrous cry-
stal and their strong decrease in the case of
the monohydrate and the liquid phase is
discussed.

2. Experimental

Materials.—Mixtures of a:b (7:3) alkyl a-D-
glucopyranosides were obtained by Fischer
synthesis. Monohydrates of heptyl to decyl
a-glucopyranosides were separated from these

Fig. 2. Differential scanning calorimetry. (a) Anhydrous
nonyl a-D-glucopyranoside dT/dt=10 °C min−1; (b) nonyl
a-D-glucopyranosid monohydrate dT/dt=5 °C min−1. Num-
bers indicate endothermic transition enthalpies in kJ mol−1.

Fig. 3. Clearing point cp and melting point mp of heptyl to
decyl a-D-glucopyranosides: �, anhydrous compounds; 	,
monohydrates.
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Table 1
Transition temperatures and enthalpy values for anhydrous alkyl a-D-glucopyranosides

Lit.Transitionsn a Tg (mp)

Melting point Clearing pointRecrystallisation bGlass temperature

Mp (°C) DH (kJ mol−1) Cp (°C) DH (kJ mol−1)DH (kJ mol−1)Tg (°C) tmax (°C)Dcp (J mol−1 °C)

0.80 53.4 28.7 99.6 1.4−12.4 1207
51.5 26.15 97.9 1.21 [4]
75.1 40.6 117.8 2.1−35.2125 53.58 0.78 0.0
73 46.4 117 1.8 [6]
71.8 36.82 117 2.05 [5]
54.9 35.27 120.1 1.77 [4]
69 116 [8]
57 c 10.2 120 c 0.3 [16]

0.79 71.9 39.0 130.4 2.2+1.1 929
57.0 33.35 128.0 1.88 [4]
77.8 46.2 139.4 2.2−33.40.7910 56.3122−1.4
70.3 38.07 134.2 0.70 [4]

60.2 −22.5 80.6 47.0 145.9 2.111
81 61.5 149 2.4 [6]12

−6.7, −17.8 86.1 58.3 150.6 2.032.1, 38.513
46.3 d −34.5 84.9 60.8 150.5 1.814

a n=chain length.
b Crystallisation in second heating curve.
c Estimated from published DSC curve.
d Crystallisation in first cooling curve.
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mixtures by crystallisation from water [17]; all
anhydrous glucopyranosides were crystallised
from organic solvents [17,24].

Preparation of single crystals for X-ray mea-
surements.—Approximately 0.5–1.0 wt% of
anhydrous heptyl or nonyl a-D-glucopyran-
osides were dissolved in EtOAc (distilled) at
about 70 °C. The sample tubes were slowly
cooled to room temperature and stored for
3–5 days. When no crystallisation was ob-
served after this time, the cap of the reagent
tube was slightly opened to allow slow evapo-
ration. Single crystals were typically obtained
within 2 weeks. Decyl a-D-glucopyranoside
monohydrate and hexyl a-D-glucopyranoside
hemihydrate were crystallised from EtOAc
saturated with water.

DSC.—For differential-scanning calorimet-
ric (DSC) measurements of the anhydrous
glucopyranosides a Perkin–Elmer DSC 7 in-
strument was used. In total 5–10 mg
(lyophilised) were examined in sealed alu-

minium pans with a scan rate of 10 K min−1.
The monohydrates (recrystallised from water)
were measured in steel pressure vessels with a
Setaram DSC 141 instrument. The scan rate
was 5 K min−1. Indium was used for calibra-
tion of both instruments.

TGA.—Thermogravimetric analysis (TGA)
was performed in a Seteram TGA 92–16.18
unit. The heating rate was 10 K min−1 and
the helium stream flow 20 ml min−1.

X-ray in6estigations on thermotropic
phases.—For this purpose a Guinier camera
(Huber Diffraktionstechnik, Rimsting) and
for calibration a self-constructed small-angle
X-ray camera of the institute in Halle were
used.

Structure analysis.—All structures were
analysed at 296 K on a Siemens P4 diffrac-
tometer with graphite-monochromated Mo Ka
radiation (l=71.073 pm); the intensity of the
primary beam was controlled by monitoring
three reference reflections every 100 reflec-

Table 2
Transition temperatures and enthalpy values for alkyl a-D-glucopyranoside monohydrates

Melting pointn a Clearing point Lit.

DH (kJ mol−1)Cp (°C)DH (kJ mol−1)Mp (°C)

57.9 26.4 94.7 0.67
59.5 30.38 120.0 1.2

0.473 b [16]11.2 117 b

139.7 1.662.89 37.8
151.7 1.862.310 34.5

a n=chain length.
b Estimated from published curve from literature.

Table 3
Single-crystal data of alkyl a-D-glucopyranosides a

Dx (g cm−3)Chain length n Lit.a (A, ) b (A, ) c (A, ) b (°) V (A, 3) Z

Anhydrous
5.115(2) 7.589(2)6 17.795(4) [17]96.11(3) 686.8(4) 2 1.278

755.6(3)92.00(3)17.045(3)7.239(2)6.127(2)7 1.2232
5.140(2) 7.604(2) 19.939(4) 92.18(2)8 778.7(2) 2 1.25 [20]

26.110(2) 1.1957.248(2) 19.325(2) 95.69(2) 851.6(4)9
5.153(2) 7.626(4) 22.125(7) 90.95(4)10 869.3 2 1.220 [19]

Hemihydrate
15.160(4) 5.016(2) 19.063(5) 101.58(2)6 1420.1(8) 4 1.278

5.136(3)15.190(5) [21]8 1.28841554.2(10)92.74(3)19.944(7)

Monohydrate
19.620(4)4.971(2)18.304(4)7 115.11(3) 1616.4(8) 4 1.218 [17]

17.896(2) 5.154(1) [21]8 1.22118.303(2) 41688.2(4)90.30(1)
5.140(2)17.818(7)10 1.17241918.7(12)92.49(3)20.968(7)

a The unit cells with Z=2 belong to the space group P21, with Z=4 to C2.
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Table 4
Data pertaining to the crystal structure determination

Heptyl a-D- Nonyl a-D- Hexyl a-D-glucopyranoside-Decyl a-D-glucopyranoside-
hemihydratemonohydrateglucopyranosideglucopyranoside

278.35M (g mol−1) 306.40 338.44 273.33
0.40×0.20×0.15Crystal dimensions (mm) 0.50×0.25×0.12 0.50×0.20×0.15 0.60×0.15×0.04

4551 38644038 3727Collected reflections
3–552u Range (°) 3–50 3–50 3–55
3464Independent 3903 3360 3253

3741 27263351 2655Fo]2s(Fo)
191Parameters 209173 171
0.056/0.058 0.081/0.0930.052/0.053 0.084/0.106R/Rw [w−1=s2(Fo)]

0.65/−0.30 0.66/−0.35 0.35–0.33 0.74/−0.66Max/min residual electron
density (e A, −3)

Fig. 5. Crystal structure of nonyl a-D-glucopyranoside.

Transition temperatures of the monohy-
drates were unexpectedly different for DSC
and thermogravimetry (Figs. 1 and 2). In
the DSC pressure vessels only a negligible
amount of water must be evaporated to main-
tain the equilibrium pressure of the monohy-
drates. In TGA, the monohydrates lose their
crystal water several degrees below the melting
point and consequently the second and third
TGA peak represent the melting and clearing
point of the anhydrous glucopyranosides,
respectively.

The transition points of the monohydrates
and of the anhydrous compounds are col-
lected as a function of the chain length (Fig.
3). The melting points of the anhydrous glu-
cosides display remarkable even–odd effects
[4,14,18], which are typical of many crystalline

tions. The structures were solved by direct
methods and refined against F by full-matrix
least-squares using the program package
SHELXTL V.4.2 [25]. The positions of the hy-
drogen atoms were geometrically calculated
and refined with fixed U values (0.08 A, 2) apply-
ing the riding model. All non-hydrogen atoms
were refined anisotropically.

The X-ray diffraction patterns were obtained
with an Enraf–Nonius PDS 120 diffractometer
using Cu Ka radiation (l=154.059 pm).

3. Results and discussion

DSC and thermogra6imetry.—A typical
thermogravimetric curve of the monohydrates
is shown in Fig. 1.
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compounds [26–28]. This effect is less pro-
nounced for the monohydrates.

The monohydrates of octyl to decyl a-D-
glucopyranoside have lower melting but
higher clearing points than the anhydrous
compounds. Heptyl a-D-glucopyranoside dis-
play the opposite characteristics. The melting
process of anhydrous heptyl (50.4–53.4 °C)
and tetradecyl a-D-glucopyranoside (80.8–
84.9 °C) is characterised by two overlapping
peaks, whose origin was not clarified. A crys-
tal–crystal transition could be taken into ac-
count. The thermotropic phases can be
strongly supercooled and glass transitions at
the temperature Tg are observed. Tg divided
by the melting point mp is 0.7990.01 (Fig. 4

and Table 1), as expected for typical macro-
molecules [29].

Recrystallisation on heating is observed for
octyl, decyl, undecyl and tridecyl a-D-glucopy-
ranosides, but not for heptyl, nonyl and dode-
cyl a-D-glucopyranosides (Fig. 4 and Table 1).
The recrystallisation of tetradecyl a-D-glu-
copyranoside is so fast that it occurs at the
cooling curve about 40 °C below the melting
point. The differences in melting enthalpies of
the anhydrous glucosides and monohydrates
are low for compounds with an odd number
of carbon atoms (seven: 2.3 kJ mol−1 and
nine: 1.2 kJ mol−1) and high for those with
even numbers (eight: 10.3 kJ mol−1 and ten:
11.7 kJ mol−1) (Tables 1 and 2). This indi-

Fig. 6. Hydrogen bonding in the crystal structure of heptyl a-D-glucopyranoside (a) and of nonyl a-D-glucopyranoside (b). The
H···O distances are given in A, . For the purpose of clarity, only the first carbon atom of the alkyl chain is shown.
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Table 5
Chain arrangement of the different crystal structures

Compounds OddEven

Anhydrous all-trans conformation single gauche conformation at O1C7�C8C9
chain planes perpendicular to each other but chainchain direction and chain planes are parallel
directions parallel

whole molecule is stretched chain directions nearly perpendicular to the sugar
group

Hemihydrate n a=6
unknown until nowsingle gauche conformation at O1C7�C8C9

chain planes perpendicular to each other, chain
directions parallel
n a=8
all-trans conformation
chain direction and chain planes parallel
whole molecule is stretched

Monohydrate chain planes parallelchain planes parallel
chain directions crossed chain directions crossed

a n=chain length.

cates that the anhydrous glucopyranosides
with even carbon atoms should have the
highest lattice energy.

Crystal structures.—Table 3 shows the es-
sential data of the crystal structures. For com-
parison, all known glucopyranosides are
included. Refinement data are listed in Table
4. Hydrogen bondings are represented in Figs.
6, 9 and 11. The crystal structure of the alkyl
a-D-glucopyranosides contains alternating
bilayers of sugar groups and layers of inter-
digitizing hydrocarbon chains with character-
istically different chain arrangements. The
chains are slightly curved and tilted. In a good
approximation, all carbon atoms of a chain
are located in a single plane (chain plane). The
different arrangement of the chains can be
described using the chain planes and the direc-
tions of the chains (Table 5).

Heptyl and nonyl a-D-glucopyranosides. An-
hydrous heptyl and nonyl a-D-glucopyra-
nosides (Fig. 5) form platelets in the space
group P21, as well as hexyl, octyl and decyl
a-D-glucopyranosides [17,19,20]. The direc-
tions of alkyl chains are ordered parallel to
each other. However, there are remarkable
differences in the orientation of the chain
planes between the compounds with even and
odd numbers of carbon atoms (Table 5). The
single gauche conformation (Table 6) of the
anhydrous compounds with odd numbers of
carbon atoms permits shorter layer distances

(see Fig. 12) and lower densities (Fig. 7). The
densities of the hydrocarbon chains calculated
from the linear slope of the molar volume, Vm,
as a function of the chain length (Fig. 7) are
similar for compounds with even (r=1.003 g
cm−3) and odd numbers of carbon atoms
(r=0.986 g cm−3). It should be emphasised
that these values are very close to the density
of crystalline polyethylene (r=1.004 g cm−3)
[30].

Decyl a-D-glucopyranoside monohydrate.
Decyl a-D-glucopyranoside monohydrate crys-
tallises as needles in the space group C2 like
all other monohydrates [17,21]. Interestingly,
the structures of the monohydrates and anhy-
drous glucosides are quite different. The in-
corporation of water results in an arrange-
ment of the sugar groups different from that

Table 6
Torsion angle t (°) (O1C7�C8C9) of alkyl a-D-glucopyra-
nosides

Anhydrous HemihydrateChain length n

175.7(0.3)6
7 59.4(0.4) −72.5
8 4.4(0.4) [20] 180 a [21]
9 60.1(0.4)

180 a [19]10

a The alkyl chains are fully extended, but no exact values
are given in the literature.
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Fig. 7. Molar volume 	 and density � of the alkyl a-D-glucopyranosides and their monohydrates (open symbols).

Fig. 8. Crystal structure of decyl a-D-glucopyranoside monohydrate. For the purpose of clarity not all molecules of the unit cell
are shown.

of the anhydrous glucosides. The driving force
arises from the strong hydrogen-bridging
bonds (Fig. 9). The conformation is nearly
independent of the chain length and the even–
odd effect disappears. This means that the
hydrogen-bond-stabilised conformation of
these sugar groups in the crystal forces the
chains into a less favourable packing with
crossed chain directions (137° for decyl a-D-
glucopyranoside monohydrate) (Fig. 8).

Hexyl a-D-glucopyranoside hemihydrate. In
contrast, this hemihydrate is formed by crys-
tallisation from aqueous ethyl acetate. The
crystals are needles in the space group C2.
Although hexyl and octyl a-D-glucopyranoside
hemihydrate crystallise in the same space
group, there are characteristic differences in the
conformation of the chains, which are dis-
played in Tables 5 and 6 (Figs. 10 and 11).

Layer distances.—Bilayer structures with
head-to-head sugar groups have been reported

for the thermotropic phases and the crystalline
phases [5,9,10,13,14,17,19–21] of the alkyl a
and b-D-glucopyranosides (Table 7). The dif-
ferent crystallisation properties of a and b
glucosides become more obvious upon com-
parison of the layer distances in the crystalline
and the liquid crystalline state for both
anomers. The layer distances of the a anomers
were calculated from crystal data by d=csin
b (d, layer distance; c, cell axis c ; b, mono-
clinal angle); those of the b anomers are
known only from X-ray powder patterns
[5,9,10,13] (Fig. 12).

A characteristic feature of the anhydrous
alkyl a-D-glucopyranosides is the distinct
even–odd effect in the crystalline phase. The a
anomers display the smallest layer distances
because of their interdigitated alkyl chains.
The high layer distances and slope of the
crystalline b anomers is because the chains are
not interdigitated [13], and so no even–odd
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effect is observed. The big differences between
the layer distances of the a and b glucosides
decrease in the liquid crystalline phase. The
nearly complete disappearance of the even–
odd effect can be explained by the fluid struc-
ture of the chains in the liquid crystalline
phases. The even–odd effect of the monohy-
drates is very small, because of their low chain
order.

Fig. 11. Hydrogen bonding in the crystal structure of hexyl
a-D-glucopyranoside hemihydrate. The H···O distances are
given in A, . For the purpose of clarity only the first carbon
atom of the alkyl chain is shown.

Fig. 9. Hydrogen bonding in the crystal structure of decyl
a-D-glucopyranoside monohydrate. The H···O distances are
given in A, . For the purpose of clarity only the first carbon
atom of the alkyl chain is shown.

Fig. 12. Layer distances d as a function of the chain length n.
Open symbols, alkyl b-D-glucopyranosides [5,9,10,13]; full
symbols, alkyl a-D-glucopyranosides; � crystalline phase, 	
liquid crystalline phase, + monohydrates.

Fig. 10. Crystal structure of hexyl a-D-glucopyranoside hemi-
hydrate. For the purpose of clarity not all molecules of the
elementary cell are shown.

4. Supplementary material

Tables of atomic coordinates, bond lengths,
and bond angles have been deposited at the
Cambridge Crystallographic Data Centre.
These tables may be obtained on request from
The Director, Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge,
CB2 1EZ, UK (Fax: +44-1223-336033; e-
mail: deposit@ccdc.cam.ac.uk) on quoting
CCDC-135427 for nonyl a-D-glucopyran-
oside, CCDC-135428 for decyl a-D-glucopy-
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Table 7
Layer distances d of alkyl a- and b-D-glucopyranosides both in crystalline and thermotropic phase

Alkyl a-D-glucopyranosidesChain length n Alkyl b-D-glucopyranosides

Liquid crystal (A, )Crystalline (A, ) Crystalline (A, ) Liquid crystal (A, )

Anhydrous
20.26 22.9 [13]17.7 [17]

7 17.03 21.8 27.9 [9] 22.9 [9]
22.9 [10]

24.2 29.4 [9]19.92 26.1 [9]8
19.8 [5] 23.3 [5] 29.4 [5] 26.1 [10]

29.0 [13]19.7 [13] 25.4 [13]
19.9 [20]
19.29 24.5 32.6 [9] 27.6 [9]

31.7 [13] 27.6 [10]
27.5 [13]

26.4 34.0 [9]22.1 [19] 29.5 [9]10
34.2 [13] 29.5 [10]

29.8 [13]
11 21.40

29.424.4112
26.6514 32.6

Monohydrate
17.8 [17]7
18.3 [21]8

10 20.9

ranoside monohydrate, CCDC-135429 for
heptyl a-D-glucopyranoside and CCDC-13430
for hexyl a-D-glucopyranoside hemihydrate.
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Verlag, Basel-Heidelberg, 1990, p. 746.


