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CARBOHYDRATE LIQUID CRYSTALS 

G. A. J E F F R E Y  
Department  of Crystal lography 
University of P i t t sburgh  
Pi t tsburgh,  Pennsylvania 15260 USA 

C e r t a i n  alkyl 1 - 0  and  1-S glycosides  with hydro- 
c a r b o n  chain lengths g r e a t e r  than hexyl have been 
shown to f o r m  thermotropic  liquid c r y s t a l s  a t  
t e m p e r a t u r e s  between 60 and 100°C. 
believed to be m e m b e r s  of a la rge  c l a s s  of a lkyl  and 
a c y l  carbohydrate  mesogens  which, a p a r t  f r o m  the i r  
in t r ins ic  value a s  potentially useful  solid-state 
m a t e r i a l s ,  could provide a var ie ty  of s t ruc tura l ly  
access ib le  model  s y s t e m s  f o r  studying the phase 
t ransi t ions in the ce l l -membrane  glycolipids. 

These  a r e  

1. INTRODUCTION 

It is proposed  that the alkyl  and  a c y l  glycosides  and aldo- 

s i d e s  of the type I, 11, 111 and I V  consti tute a la rge  c l a s s  

of thermotropic  and  possibly lyotropic liquid c rys ta l s .  In 

view of the i r  interest ing proper t ies ,  these compounds have 

hi ther to  not received the attention that they deserve .  

compilation of thermotropic  mesogens  made  in  1973 

o v e r  5000 compounds,  none of which a r e  carbohydrates .  

A 

l i s t s  
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222 G. A. JEFFREY 

(IV ) HOHZ C- (CHOH),CHz-O-C - ( CHZ )nCH3 
II 
0 

Only the octyl  and decyl  B-D-glucopyranosides a r e  well- 

known chemica ls  due to the i r  use a s  non-ionic de te rgents  

in the isolation and purification of m e m b r a n e  proteins.  2 

These  carbohydra tes  a r e  re la t ively s imple compounds 

which a r e  s t ra ight forward  to synthesize,  purify, and study, 

compared  with the i r  complex relat ives ,  the biologically 

important  glycolipids.  

amphiphilic with polar  carbohydrate  and  nonpolar hydro- 

carbon moie t ies ,  they might  be expected to display 

s i m i l a r  thermotropic  and lyotropic m e  sophase behavior.  

The glycolipids a r e  par t icu lar ly  inaccessible  to s t r u c t u r a l  

s tudies  by diffraction methods due to the difficulty of 

Since both c l a s s e s  of molecules  a r e  
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CARBOHYDRATE LIQUID CRYSTALS 223 

crystal l iz ing m a t e r i a l s  which a r e  not e a s i l y  obtained 

configurationally homogeneous. 

a c y l  glycosides ,  which c a n  frequent ly  be c rys ta l l ized ,  

might  therefore  s e r v e  a s  relevant  model  s y s t e m s  f o r  the 

complex s t r u c t u r a l  t ransi t ions that occur  in  the functioning 

of the glycolipids in  c e l l  membranes .  

The s i m p l e r  a lkyl  and 

3 

The i somer ic  v a r i e t y  that o c c u r s  in  carbohydrate  

c h e m i s t r y  leads  to the predict ion that the alkyl and a c y l  

g lycos ides  and aldosides  could provide a source  of the 

o r d e r  of half a mil l ion different mesogens  ( s e e  Table I)  

T A B L E  I Poss ib le  carbohydrate  liquid c r y s t a l s .  

26 Aldoses 

30 Alditols 

D a alkyl  
D,L B a c y l  

= 1 2 6 x  2 x 2 ~  2 i 
70 Reducing d isacchar ides  

1 - 0  
1-s C(7 )  
1-c to 
1 - N  C(14) 

x 4 x 7 ~ z 1  50,000 

x 10 k 500,000 

Deoxy s u g a r s  

Amino s u g a r s  

Anhydro s u g a r s  

Acidic s u g a r s  

a l l  of which could be relat ively e a s i l y  synthesized and 

would have liquid c r y s t a l  phases  i n  the range f r o m  r o o m  

t e m p e r a t u r e s  to about 150°C. 
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224 G .  A. JEFFREY 

2.  IDENTIFICATION O F  MESOGENIC PROPERTIES 

The thermotropic liquid c rys t a l  phases a r e  easi ly  

identified by one o r  a l l  of three methods. 

(1) Examination of the birefringence of single 

crystals ,  if available, under a polarizing microscope with 

a heated stage. At the melting point, i , e .  , the transit ion 

f rom crystall ine phase to liquid c rys ta l  phase, the c rys ta l s  

lose their  morphology and the birefringence disappears,  

but reappears  a t  a higher temperature when the c rys ta l s  

have a melted appearance. 

liquid c rys t a l  disappears  a t  the clearing point, i. e . ,  when 

the liquid c rys ta l  t ransforms to a n  isotropic liquid. In the 

carbohydrate liquid c rys ta l s ,  the birefringence is  
4 g e ne r a 11 y a c c ompa nie d by ple 0 ch r oi sm. 

This birefringence of the 

( 2 ) Diffe re  ntia 1 scanning - c alo r ime te r the rmog r a m s  

provide the most  definite identification of liquid c rys t a l  

formation. The method does not require single c rys ta l s ,  

but is  very  sensitive to the crystall inity and purity of the 

compound and to the pre-history of the material .  

Differential thermograms differ significantly on heating 

and on cooling the specimens. 

patterns,  a notable feature of which i s  that the g rea t e s t  

energy transit ion i s  f r o m  the crystall ine to the liquid 

c rys t a l  phase. Hitherto, the majori ty  of the alkyl glyco- 

s ides  examined have shown two crystall ine phases between 

room temperature  and the liquid c rys t a l  transition. 

They show character is t ic  

5 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
21

 2
0 

Fe
br

ua
ry

 2
01

3 



CARBOHYDRATE LIQUID CRYSTALS 225 

A 
' 3iO 3iO 3kO 3kO 400 420 K 

F I G U R E  1 Differential  scanning t h e r m o g r a m s  of 

( a )  heptyl 1-S-a-D-mannopyranoside, 

p -  D-xylopyranoside, ( c )  octyl  1-S-8-D-xylopyranoside 

( d )  octyl  1-0-a-D-glucopyranoside, 

D -g luc o p y r ano s i de , (f ) de c y 1 1 - 0 - N - a c e t y lg luc o s - 
amine.  

( b )  heptyl 1-S- 

(e )  octyl  1-O-B- 

Examples  of these diffe ren t ia l  the rmog r a m s  are  shown in 

Figure 1. 

glucosamine,  which shows three t ransi t ions between r o o m  

An exception is that of decyl  1-0-N-acetyl-  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
21

 2
0 

Fe
br

ua
ry

 2
01

3 



226 G. A. JEFFREY 

temperature and the clearing point. The compound also 

showed lyotropic liquid c rys t a l  behavior in propanol and 

acetone solutions, which was character ized by a meta-  

stable ge l  formation which transformed spontaneously to 

a coagel. Characterist ically,  the H N M R  spectrum of 

the g e l  in CD3COCD3 was almost  identical with that of the 

s o lu t io n. 

1 

6 

( 3 )  The x- ray  powder diffraction pat terns  show a 

change a t  the melting point f rom the character is t ic  

crystall ine powder pattern to a pattern having a single 

intense and relatively sha rp  diffraction ring corresponding 

to the periodicity of the liquid c rys t a l  molecular c luster ,  

which is  of the o rde r  of 20  to 50 A.  
more  diffuse ring a t  about 4 1, corresponding to the 

l a t e ra l  separation of the hydrogen carbon chains can 

sometimes be observed. 

A much weaker and 

3. STRUCTURAL CRITERIA F O R  ALKYL GLYCOSIDIC 

LIQUID CRYSTAL FORMATION 

The carbohydrates shown in Table I1 have been identified 

by a t  least  one of the aforementioned methods a s  having 

thermotropic liquid c rys t a l  phases. 

the se r i e s  methyl to octyl 1-S @-D-xylopyranosides, 

was observed that liquid c rys ta l  phase transformation did 

not occur for the hexyl and shorter  alkyl chains. There is 

a corresponding discontinuity in  the melting points, which 

In an examination of 

i t  
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CARBOHYDRATE LIQUID CRYSTALS 227 

T A B L E  I1 Trans i t ion  t e m p e r a t u r e s  ( " C )  f o r  some alkyl  

glycopyranoside s. 

Crystal l ine - Meso- - - Liquid Ref. 
phases  - phase 

I =+=I1 

B-D-glucO- 
Dvr ano side s 

heptyl 1 - 0  

octyl  1-0 

nonyl 

decyl  

a - D-g luc o - 
pyrano side s 

octyl  1 -0  

decyl  1 -0  

heptyl 1-S- 
a - D-manno- 
pyrano side 

p -xylo - 
pyrano s ides  

heptyl  1-S 

octyl  1-s  

decvl  1-0- 

56 69 -100 

57-60 69 110 

66 71 113 

67 75 137 

52 

? 

39 

68 

76 

60 

125 

138 

151 

72 100 110 

59 104 118 

5 

5,12 

5 

5 

12 

9 

10 

5 

5 , l l  

N-acetyl-  60-67 82  93 186 6 
g luco samine  

a r e  107'C propyl,  l lO°C butyl, 115OC pentyl, 160°C hexyl, 

100°C heptyl, 104'C octyl der ivat ive.  A s i m i l a r  examin-  

a t ion of der iva t ives  re la ted  to the mesogenic  heptyl 1-S- 

mannopyranoside,  showed that the mesogenic  property 
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228 G. A. JEFFREY 

did not occur  if the alkyl chain had a terminal  polar group, 

such a s  -CGN, -OH, -C&. Neither was there any meso-  

phase with fully acetylated carbohydrate derivatives. F r o m  

these observations,  i t  is provisionally concluded that: 

(1) An alkyl chain of a t  least  seven carbon atoms 

is necessary  for  liquid c rys t a l  formation, 

( 2 )  Blocking the hydrogen-bonding functional groups 

of the carbohydrate moiety inhibits liquid c rys ta l  

formation, 

( 3 )  The presence of a polar o r  functional group a t  the 

terminus of the alkyl chain inhibits liquid c rys ta l  

f o rma  t io n. 

4. THE MESOGENIC CRYSTAL STRUCTURES 

Three room temperature  alkyl glycosidic c rys ta l  

s t ruc tures  have been determined by x- ray  single c rys t a l  

analysis;  decyl 1-0-a-D-glucopyranoside, 9 heptyl 1-S-a- 

D-mannopyranoside, and oc tyl 1-S-p -D-xylopyranoside. 

The molecular  packing in  these c rys t a l  s t ruc tures  is 

s imi la r ,  a s  shown in Figure 2. In all three s t ructures ,  

the carbohydrate molecules a r e  hydrogen-bonded to form 

polar bi- layers  of tightly associated residues.  

s t ruc tures  were proposed for  the octyl 1-0-a- and 8-D- 

glucopyranosides, which showed the same type of differ- 

ential  thermog rams,  f rom electron diffraction of small  

crystals .  l2 The hydrogen-bonding scheme between the 

10 11 

Similar  
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CARBOHYDRATE LIQUID CRYSTALS 229 

carbohydrate  moie t ies  in  the c r y s t a l  s t r u c t u r e  of heptyl 

1-S-a-D-mannopyranoside is shown in Figure 3 .  In this 

s t r u c t u r e ,  all the carbohydrate  hydroxyl groups  and the 

ring oxygen O(5)  a r e  hydrogen-bonded in a bonding pa t te rn  

which is c h a r a c t e r i s t i c  of carbohydrate  c r y s t a l  

s t r u c t u r e s .  l 3  The alkyl  chains  a r e  intercalated to f o r m  

the amphiphilic sandwich-type molecular  packing shown 

in  F igure  4. 

F I G U R E  2a Molecular  packing i n  heptyl 1-S-a-D- 

mannopyrano s ide,  10 
- 
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230 G. A. JEFFREY 

FIGURE 2b - Molecular  packing in  octyl  1-S-8-D-xylo- 

pyranoside.  The xylopyranoside moie t ies  a r e  dis-  

o r de r e d  ove r two o r ie nta tions. 11 

FIGURE 2c - Molecular packing in  decyl  1-0-a-D-gluco- 
pyranoside.  9 
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CARBOHYDRATE LIQUID CRYSTALS 23 1 

F I G U R E  2d - Molecular  packing in glycosylphytosphingo- 

s ine hydro c hlo ride . 15 

The intercalat ion of the hydrocarbon chains  is a l s o  

observed  in the molecular  packing in  the c r y s t a l  

s t r u c t u r e s  of choles te ry l  e s t e r s  l4 and in t r iacetyl-  

sphingosines,  l 5  a s  shown in F i g u r e s  4a and 4b.  

a l t e r n a t e  non-intercalated packing for  amphiphilic 

molecules  genera l ly  postulated for  m e m b r a n e  s t r u c t u r e s  
16 is  found in  the c r y s t a l  s t r u c t u r e s  of the c e r e b r o s i d e s ,  

shown in Figure 4c. 

The 
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232 G .  A. JEFFREY 

F I G U R E  3 Hydrogen-bonding in the c rys t a l  s t ructure  of 

heptyl 1-S-a- D-mannopyrano side. 10 

The s t ruc tures  of the intermediate crystall ine phases 

and of the liquid c rys t a l  phases a r e  not known in detail. 

It is  presumed,  but remains to be proved, that the inter-  

mediate phases correspond to the onset of rotational 

disorder  in the alkyl chains, leading to a disengagement 

of the intercalation a t  the transition to the liquid crystal .  
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CARBOHYDRATE LIQUID CRYSTALS 233 

F I G U R E  4 The in te rca la ted  alkyl  chain packing in  

( a )  tr iacetylsphingosine,  l 6  (b)  choles te ry l  

m y r i s t a t e .  l4 ( c )  The non-intercalated alkyl chain 
packing in the ce reb  r o  s ide,  fl - D-galac to s yl-N- (2 - D- 

hydroxyoc tadecanoy1)- D-dihydro sphingo sine.  

The liquid c r y s t a l  molecular  c l u s t e r s  would then 

cons is t  of double l a y e r s  of hydrogen-bonded carbohydrate  

m o i e t i e s  of var iab le  extension in two dimensions,  with a 

well-defined thickness corresponding to the width of the 

hydrogen-bonded carbohydrate  l a y e r  plus  the width of two 

thermal ly  d i s o r d e r e d  alkyl chains.  The cor respondence  

between the m a j o r  liquid c r y s t a l  diffraction per iodici t ies  

and  the double layer  dis tances  in the mesogenic  c r y s t a l  

s t r u c t u r e  supports  this hypothesis.  

1 6  
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234 G .  A. JEFFREY 

5 .  SYNTHESIS O F  ALKYL GLYCOSIDES 

The prepara t ion  of a lkyl  glycosides  involves re la t ively 

s imple p r o c e d u r e s  which have been descr ibed  by a number  

of invest igators :  n-alkyl-8-D-xylopyranosides, n-alkyl- 

1 -thio- B - D-xylopyranoside s, 18'19 n-alkyl-a- D-gluco- and  

mannopyranosides ,  and n-alkyl-B-D-glycosides. 

1 7  

2 0  21 

6. RELATIONSHIP TO THE GLYCOLIPIDS 

Apart  f r o m  the i r  intr insic  i n t e r e s t  a s  potentially useful  

and relat ively benign mesogens,  some of which m a y  have 

t ransi t ions n e a r  body t e m p e r a t u r e s ,  the alkyl and a c y l  

glycosides  can  be used  a s  "membrane m i m i c s "  1. e . ,  

s t ruc tura l ly  access ib le  models  f o r  simulating the phase 

behavior of the m o r e  complex biological glycolipids,  of 

which there  i s  a wide v a r i e t y  (Table III), v e r y  few of 

which have been obtained pure and crystal l ized.  

3 .  

The author  is gra te fu l  to Dr. M. Claeyssens  of the 

Rijksunivers i te i t  Ghent, to Dr. P. Durette of M e r c k  S h a r p  

and Dohme, Rahway, New J e r s e y ,  and to P r o f e s s o r  H. 

P a u l s e n  of the Universi ta t  Hamburg f o r  providing 

compounds. 

National Inst i tutes  of Health through g r a n t  No. GM-24526, 

and in p a r t  by a Senior  U.S. Scient is t  Humboldt Award. 
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CARBOHYDRATE LIQUID CRYSTALS 235 

TABLE 111 N a t u r a l l y  occurring carbohydrate-lipids. 

Carbohydrate 
moiety Lipid moiety Linkage Distribution 

g lucose, dig lyce rides glycosides bacteria,  
galactose , plants , 
manno se, animals 
uronic acids 

g luc 0 se , hydroxy acids glycosides fungi, 
s opho ro se , 
cellobiose , bacteria 
rhamnose 

plants, 

glucose, ceramide s g lycoside s animals 
galactose, 
sailic acids , 
amino sugars 

a ,a- t rehalose lauric, palmitic, e ther  cord factors,  
myristic , mycobacte ria 
mycollic acids 

myo-inositol phytoce ramide s plants, fungi 

N-ace tyl hydroxy acids amide lipid A in  
glucosamine g r a m  

negative 
bacteria 
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