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Monolayers of rod-shaped and disc-shaped liquid crystalline compounds 
at the air-water interface 

O. Albrecht1), W. Cumming2', W. Kreuder1), A. Laschewsky1) and H. Ringsdorf) 

' ) Institut for Organische Chemie, Universitat Mainz, F.R.G., and 
2 ) Polaroid Corp., Cambridge, Mass, U.S.A. 

Abstract: Calamitic (rod-shaped) and discotic (disc-shaped) thermotropic liquid crystal­
line (LC) compounds were spread at the air-water interface, and their ability to form 
monolayers was studied. The calamitic LCs investigated were found to form monolayers 
which behave analogously to conventional amphiphiles such as fatty acids. The spread­
ing of the discotic L C s produced monolayers as well, but with a behaviour different from 
classical amphiphiles. The areas occupied per molecule are too small to allow the contact 
of all hydrophilic groups with the water surface and the packing of all hydrophobic 
chains. Various molecular arrangements of the discotics at the water surface to fit the 
spreading data are discussed. 

Key words: Monolayers, liquid crystals, discotics. 

Self-organisation of amphiphiles and mesogens 

The self-organization of amphiphiles in aqueous 
media [1], and the self-organization of mesogenic 
compounds in liquid crystalline (LC) phases [2] has 
been investigated intensely in the past. Recently, the 
combination of amphiphilic and mesogenic properties 
of thermotropic LCs has been realized, and spreading 
experiments at the air-water interface were performed 
[3-7]. In addition, the functionalization of amphiphilic 
compounds led to the incorporation of rod-shaped 
mesogenic units in amphiphiles, such as biphenyl 
[6,8], stilbene [9,10], azobenzene [11-14], benzyl-
idenaniline [15] or bipyridine [16,17]. In these com­
pounds the rod-shaped units function as chromo-
phores, fluorescence markers or highly polarizable 
units. However, the mesogenic character of these 
functional units was rarely considered. 

A different type of liquid crystalline amphiphiles 
derives from substituted benzoic or cinnamic acids 
such as 4-octadecyloxy-cinnamic acid [18-21]. But, 
their thermotropic LC properties are based on the for­
mation of rod-shaped mesogenic units by dimeriza-
tion of the carboxylic acid groups, a highly improbable 
interaction in aqueous systems. 

Rod-shaped and disc-shaped amphiphiles at the 
air-water interface 

To study the influence of the form-anisotropic units 
in amphiphiles on the monolayer [22] self-assembly, 
different thermotropic LCs were investigated. Rod-
shaped mesogens, which form calamitic mesophases, 
as well as disc-shaped mesogens, which form discotic 
mesophases, were spread. It has to be kept in mind that 
thermotropic LC behaviour is normally described in 
bulk. This phase behaviour cannot be related directly 
to the aggregation at the air-water interface. Thus, 
spreading does not necessarily result in 'monomolecu-
lar' LC phases with a structure analogous to freely 
suspended LC films [23]. For instance, the com­
pounds investigated are studies in monolayers well 
below the transition temperature from bulk crystalline 
to bulk liquid crystalline phases. 

Tables 1 and 2 list the compounds investigated, their 
structures and their thermotropic LC characteristics. 
The compounds 1-6 have rod-shaped mesogenic units. 
1-4 consist of a hydrocarbon chain attached to a meso-
gen, carrying polar substituents such as cyano or nitro 
groups. The polar groups can be considered as hydro­
philic heads. Hence, these LCs resemble the classical 
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Table 1 a 

CALAMI TIC L IQUID CRYSTALS 

1 C 1 7 H 3 5 - C O O - Q - N = N - ^ - C O O H 

2 C 1 8 H 3 7 - 0 - Q - N = N H Q - N 0 2 

3 C 1 8 H 3 7 - 0 - Q - N = N - Q - C N 

i C 7 H l 5 - 0 - O ( > C N 

MONOMERS OF CALAMITIC POLYMERIC 
LIQUID CRYSTALS 

5 C H 2 = C H - C O O - ( C H 2 ) 6 - 0 - ^ - Q - C N 

6 CH 2 =CH-COO- tCH 2 )6 -0 -Q-COO-^-CN 

amphophilic structure of fatty acids. But, according to 
their unusually long hydrocarbon tails, 1-3 show ther-
motropic LC behaviour in a narrow temperature 
range only. The polymerizable mesogenic compounds 
5 and 6 are precursors of polymeric LCs [27,28]. As 
the additional acrylate group at the end of the hydro­
phobic tail is sufficiently hydrophilic to act as a head 
group [49], 5 and 6 are amphiphiles with two polar 
heads. 

The compounds 7-11 are typical discotic LCs [24, 
25], with hydrocarbon chains attached to the discoid 
aromatic cores by ester or ether linkages. Although 
they do not resemble the classical amphiphilic struc­
ture of lipoids, 7-11 can be considered as amphiphiles 
because they combine both hydrophilic and hydro­
phobic elements [44]. 

The amphiphilic character of 1-11, and their insolu­
bility in water do not necessarily imply the ability to 
form monomolecular layers. Instead, microcrystallites 

Table 1 b 

D I S C O T I C L I Q U I D C R Y S T A L S 

7 R R = - C O - C 7 H 1 5 

6 
R-Of 'SrO -R 
R - 0 - ^ > 0 - R 

0 
8 R R s - C O - C g H ^ 

R,X = - C O - C 7 H 1 5 

R . X = - C 5 H n 

R = - 0 5 ^ , , X = - C 0 - C H 3 

or oily phases could be formed at the air-water inter­
face, phenomena often observed. Such aggregates 
apparendy compete with monolayer formation. Their 
spreading mimics monolayer assembling, showing a 
dependence of the surface pressure on the surface con­
centration. But, a defined collapse point is missing, and 
high surface pressures are found only for very high sur-

Table 2. Phase behaviour of compounds 1 to 11 

Compound Phase transitions Reference Comment 

1 k 178 s 221 n 237 d 
2 k 92 s 94 i 
3 M i l (s 105) i MonotropicLC 
4 k 53 n 75 i 42 
5 k 70 i 27 Polymers are L C 
6 k 72 i 28 Polymers are L C 

7 k 81 Drd 87 i 24 
8 k 80 (DrJ77) i 24 MonotropicLC 
9 k 62 Dri 125 i 43 

10 k 68 Dho 123 t 29 
11 k 54 Dho 161 i 29 

k = crystalline, s = smectic, n = nematic, d= decomposition, i= 
isotropic, Drd = columnar rectangular disordered, Dho = columnar 
hexagonal ordered 
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face concentrations, i. e. at apparent areas per molecule 
occupied which are too small for even the most dense 
packing of the molecules in a monolayer. This behav­
iour of spread amphiphiles is often misinterpreted, and 
a defined monomolecular structure is assumed by mis­
take, giving rise to much confusion in the literature 
[36]. 

Materials and methods 

Materials 

The4-(4-octadecanoyloxyphenylazo)benzoicacid-/ 
was synthesized by reaction of octadecanoylchloride 
with 4-(4-hydroxyphenylazo)benzoic acid in the pres­
ence of triethylamine. 4-octadecyloxy-4-nitroazoben-
zene 2and4-(4-octadecyloxyphenylazo)benzonitrile 3 
were prepared from octadecylbromide and the corre­
sponding 4-(4-hydroxyphenylazo)benzene deriva­
tives by the method of Claisen [26]. 4-(4-heptyloxy-
phenyl)benzonitrile 4 was purchased from Hoffmann-
La Roche. The synthesis of 6-(4-cyano-4-biphenyl-
yloxy)hexyl acrylate 5 , 6-(4-(4-cyanophenyloxycar-
bonyl)phenyloxy)hexyl acrylate 6,2,3,6,7,10,11-hexa-
kis(pentyloxy)triphenylene 10 and 3,6,7,10,11-penta-
kis(pentyloxy)-2-triphenylenyl acetate 11 have been 
described previously [27-29]. The benzenehexayl 
hexakis(octanoate) 7 and the benzenehexayl hexakis-
(decanoate) 8 were prepared by esterification of hexa-
hydroxybenzene [48] with octanoyl chloride and 
decanoylchloride respectively [47]. 2,3,6,7,10,11-tri-
phenylenehexayl hexakis(octanoate) 9 was prepared 
by the esterification of hexahydroxytriphenylene [46] 
with octanoylchloride in the presence of pyridine. 

Methods 

Spreading experiments of lto 11 were performed on 
a computer controlled film balance [30]. In case of 2 
and 3, the Wilhelmi pressure pick up system was 
exchanged by a Langmuir pressure pick up system. All 
films were spread on pure water subphase. The water 
was distilled and purified by a Milli Q water purifica­
tion system (Millipore Corp.). 1 and 2 were spread 
from chloroform solutions, 3 from dichloromethane 
solutions, 4 to 6 from hexane-ethanol mixtures (9v/ 
lv), 7to 11 from hexane solutions. The concentrations 
of the spreading solutions were about 0.2 mg/ml. In 
case of 2, the concentration of the spreading solution 
was kept at 0.05 mg/ml to avoid crystallisation on 
spreading. The compression rates were about 0.05 
nm2/molecule min for the calamitic LCs 1 to 6, and 

C 1 7 H 3 5 - C O O - Q - N = N - Q - C O O H 

~ T . . . . 
0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 

AREA IN NM 2 PER MOLECULE 

r 
0 . 4 

0 . 6 

Fig. 1. Surface pressure-area diagrams of 1: a = a t 2 0 ° C ; b = a t 4 0 ° C 

about 0.2 nmVmolecule min for the discotic LCs 7to 
11. 

Spreading behaviour of the calamitic liquid crystals 1-6 

Figures 1-6 present the surface pressure (n) — area 
(A) diagrams of the calamitic LCs 1-6. The LCs 1-3 
with long hydrocarbon tails form monolayers in the 
condensed phase at room temperature. The collapse 
area is about 0.2 nmVmolecule, the collaps pressures 
are above 40 mN/m (Figs. 1 -3) . This corresponds to a 
tight packing of the hydrocarbon chains as found for 
fatty acids and alcohols [22]. Compared to the cyano-
azobenzene 3 [13], the nitrile 4 is characterized by a 
short aliphatic chain. 4 shows the formation of an 
expanded phase at room temperature: The reduction 
of the length of the hydrophobic chain causes the 
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3 C , e H 3 7 - 0 - Q - N = N - Q - C N 

I D - | 

r 
0. 3 0. 4 0. 5 0. 6 

AREA IN NM2 PER HOLECULE 

Fig. 3. Surface pressure-area diagrams of 3: a = at 20 °C; b = at 
30 °C: c = a t 4 0 ° C 
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Fig. 5. Surface pressure-area diagram of 5 at 20 °C 

decrease of the phase transition temperature [22], in 
agreement with the spreading behaviour of classical 
amphiphiles. Thus, the classical amphiphilic structure 
of the LCs 1-4 results in classical monolayer behav­
iour. 

An unususal feature of 1-3 is the extreme rigidity of 
their condensed monolayers. Possibly, the rigidity is 
due to interactions of the aromatic units. Whereas the 
LCs 1 and 2 show stable, condensed monolayers up to 
45 °C, the nitrile 3 does not form a monolayer above 
35 °C at all. The melting of the chains leads to an oily 
phase without collapse point (Fig. 3). 

The n-A diagrams of 1-3 (Figs. 1-3) show a tight 
packing of the hydrocarbon chains at the collaps point. 
One is thus tempted to relate the collaps area per mole­
cule of 0.2 nm2 to a vertical orientation of the aromatic 
chromophores at the water surface. However, in con­

trast to this interpretation of the arrangement, recent 
UV/Vis spectroscopic studies [31,35] on monolayers 
of 3 point to a horizontal arrangement of the chromo­
phores at the water surface. This discrepancy cannot 
be explained yet. 

The n-A diagrams of the two-headed amphiphilic 
mesogens 5 and 6 are shown in Figures 5 and 6. The 
diagrams indicate that no defined monolayer is 
formed. There is a slight increase of the surface pres­
sure with increasing surface concentration of 5 and 6, 
but no collapse point could be observed. 

Spreading behaviour of the discotic liquid crystals 
7-11 

So far there have only been a few reports about the 
spreading behaviour of discotic LCs [5,7], but much 
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work has been done on disc-shaped molecules such as 
porphyrins or phthalocyanines [32-41] which do not 
form thermotropic mesophases. However, the forma­
tion of defined monomolecular films at the gas-water 
interface is uncertain in some cases, considering the 
published n-A diagrams. Defined collapse points are 
missing and the surface pressure rises at very small 
areas per molecule only. In case of the investigated dis­
cotic LCs 7-11, all five compounds form monolayers 
with defined collapse points. Typically, the collapse 
pressures of the benzenehexaylhexakis(alkanoate)s 
(BHA) are well below 10 mN/m, and the ones of the 
triphenylene derivatives are well below 20 mN/m. 
The spreading of the two types of discotic LCs will be 
discussed separately. 

Spreading behaviour of the benzene derivates 7 
and 8 

Figure 7 shows the n-A diagrams of the BHA 7 with 
octanoyl chains. At temperatures above 5°C, the 
curves show the formation of a highly compressible 
film, which collapses at about 2.5 nmVmolecule at 5 
mN/m. This spreading behaviour agrees well with n-
A diagrams reported previously [5]. As already dis­
cussed by Rondelez [5], the collapse area would fit 
well with a flat orientation of the benzene ring at the 
water interface. This arrangement of the discotic LC 7 
would formally agree with the arrangement of a con­
ventional amphiphile: The benzene ring with all the six 
hydrophilic ester groups seems to act as the polar head 
group and is placed on the water surface, analogously 
as shown for 10 in Figure 12. 

At temperatures below 5 °C, a phase transition is 
observed at 4mN/m for the monolayer of 7. The 
monolayer collapses at 4 °C at 1.1 nmVmolecule and at 
8 mN/m (Fig. 7). Analogous phase transitions were 
reported for BHAs with pentanoyl, hexanoyl and hep-
tanoyl chains at higher temperatures [5]. Considering 
the collapse area, the minimal area necessary for the 
packing of the six hydrocarbon chains would be 1.1 
nmVmolecule. This is just the collapse area observed. 
It would be difficult to fit in the aromatic core with the 
ester bonds additionally. Thus, in addition to the flat 
arrangement of the benzene cores, an "edge on" arran­
gement (upright position [5]) can be considered, as 
suggested for triphenylenes 9-11 below. 

The n-A diagrams of the BHA 8 with decanoyl 
chains are presented in Figure 8. At temperatures 
above 5 °C, a monolayer seems to be formed. Above 
30 °C, the monolayer is highly compressible, showing 
a collapse area of 2.6 nmVmolecule and a collapse 
pressure of 2 mN/m. The compressibility and the area 
occupied per molecule are very similar to those of the 
highly compressible phase of 7 above 5 °C, but the col­
lapse pressure of the monolayer of 8 is lower. Decreas­
ing the temperature, no phase transition is found for 8 
as was for 7. Instead, the collapse area of 8 decreases 
continuously to 2 nmVmolecule with decreasing col­
lapse pressures (approx. 1 «iN/m). Below 5 °C, no 
monolayer is formed. A defined collapse point is mis­
sing and the rise of the surface pressure occurs at areas 
per molecule well below any packing possibility of a 
monolayer. 

Comparing the n-A diagrams of 7 and 8 (Figs. 7,8) 
and the published n-A diagrams of BHAs [5], an unu-
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R , X = - C O - C 7 H , 5 
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9. Surface pressure-area diagrams of 9: a = at 1 °C; b = at 10 °C; 
= a t 2 0 ° C ; d = 4 0 ° C 
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sual feature is obvious. There is a stability maximum of 
the monolayers, dependent on the hydrophobic chain 
length. The stability and the collapse pressures of the 
monolayers decrease with increasing chain length for 
the BHAs investigated. The BHA with six pentanoyl 
chains is the most stable [5]. Also, the monolayer 
phase transition temperatures decrease with increasing 
chain lengths. Both observations are in contrast to the 
usual behaviour of amphiphiles such as fatty acids or 
phospholipids [22]. As a flat arrangement of the aro­
matic cores on the water surface should favour increas­
ing stability and transition temperatures with increas­
ing chain length, the unusual spreading behaviour 
points to the "edge on" arrangement of the benzene 
cores in the tightly packed low compressible phase. A 
special interaction of the aromatic groups might over­
lay the hydrophobic effect. 

Spreading behaviour of the triphenylene deriva­
tives 9-11 

The spreading behaviour of the triphenylenes 9 to 11 
is shown in Figures 9-11. The n-A diagrams of all 
three discotic LCs show the formation of monolayers 
with a defined collapse point. Within the temperature 
ranges investigated (1 °C to 40 °C for 9 and 10 °C to 
40 °C for 10 and 11), the collapse areas of the com­
pounds do not change. The compressibility of the 
monolayers is low, thus pointing to a condensed 
phase. The collapse pressures decrease slightly with 
increasing temperature, a well known effect in con­
densed monolayers of conventional amphiphiles. The 

collapse area of the hexaester 9 is 1.2 nmVmolecule, 
the collapse pressure decreases from 8 mN/m to 5 
mN/m with increasing temperature (Fig. 9). The col­
lapse area of the hexaether iOis 0.73 nmVmolecule, the 
collapse pressure decreases from 12 mN/m to 5 mN/m 
with increasing temperature (Fig. 10). Similarly, the 
collapse area of the pentaether-acetate 11 is 0.71 nm2/ 
molecule and the collapse pressure decreases from 13 
mN/m to 9 mN/m with increasing temperature (Fig. 
11). 

Considering the n-A diagrams, the collapse areas of 
all the triphenylenes are too small for a flat arrange­
ment of the disc-shaped aromatic cores at the water 
surface. The low collapse areas cannot be understood 
assuming the conventional arrangement of amphi-
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Fig. 11. Surface pressure-area diagrams of 11: a = at 10 °C; b = at 
2 0 ° C ; c = a t 3 0 ° C ; d = 4 0 ° C 
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Fig. 12. Model of 10 at the air-water interface, assuming flat arrange­
ment of the triphenylene core on the water surface 

philes at the air-water interface, with all hydrophilic 
groups in contact with the water surface and the hy­
drophobic chains packed, as modelled for 10 in Figure 
12. The six hydrocarbon chains alone require an area of 
approximately 1.1 nmVmolecule, not taking into 
account any additional space for the triphenylene 
core. An unconventional model to explain the low col­
lapse areas of 9-11 would be an "edge on" arrangement 
of the aromatic cores, with two hydrocarbon chains 
submerged in the water and two hydrophilic groups 
lifted off from the water surface (Fig. 13). The lift off of 
hydrophilic groups from the water surface is possible, 
as studies of the spreading behaviour of octadecane-
dioic acid monomethylester demonstrated [45]. An 
analogous model is discussed for the spreading behav­
iour of (tetra-t-butyl)copper-phthalocyanine [38]. 
Furthermore, the low compressibility of the monolay­
ers of the triphenylenes 9-11 points to an interaction of 
the aromatic cores as well, best realizable by the "edge 
on" arrangement. 

The "edge on" model is supported by the similarity 
of the n-A diagrams of the triphenylene ethers 10 and 
11. The replacement of one hydrophobic pentyl group 
by one hydrophilic acetyl group does not change the 
spreading behaviour markedly. Strikingly, the 
reduced number of hydrophobic chains is not 
expressed in the n-A diagrams, since the collapse 
pressures and especially the collapse areas of 10 and 11 
are comparable. Apparently, the spreading character­
istics are mainly controlled by the triphenylene core. 
This result can be understood assuming "edge on" 
arrangement as shown in Figure 13, but not assuming 
flat arrangement of the aromatic cores as shown in 

Fig. 13. Model of 10 at the air-water interface, assuming "edge on" 
arrangement of the triphenylene core on the water surface 

Figure 12. The "edge on" model predicts that the pen-
taether 11 with less hydrophobic chains — and thus 
only one chain submerged in the water — forms more 
stable monolayers than the hexaether 10. Indeed, high­
er collapse pressures are experimentally found for the 
pentaether 11. 

In analogy to the triphenylenes, the "edge on" 
arrangement of the benzene core with two hydro­
phobic chains submerged, would explain the observed 
abnormal phase transition behaviour of the BHAs. 
The densely packed "edge on" phase is favoured by 
relatively short chains. As with increasing chain length 
the hydrophobic effect becomes stronger, the sub­
merging of two hydrophobic chains is prevented. 
Thus no densely packed phase can be formed for ex­
tended hydrophobic chains, as found. 

It has to be emphasized, that by the n-A data only, 
no final statement concerning arrangement and pack­
ing of the discotic LCs can be made. Additional infor­
mation about the orientation of the aromatic cores as 
provided by spectroscopic or X-ray scattering experi­
ments is necessary. 

In good agreement with the proposed "edge on" 
arrangement at the air-water interface are the results of 
preliminary Langmuir-Blodgett multilayer experi­
ments. Multilayers can be built with 10 and 11. Their 
layer spacings were determined by small angle X-ray 
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scattering as 1.77 nm for 10, and as 1.70 nm for 11 re­
spectively. The spacings found can be easily correlated 
to the intercolumnar layer spacing of 1.64 nm, found 
in the DAo-mesophase of 10 [50]. These results strongly 
support the "edge on" arrangement of the original 
monolayers at the water surface, possibly implying lat­
eral columnar packing [38] of the triphenylene cores. 
However, LB multilayers of the triphenylene ester 9 
gave a layer spacing of 2.79 nm, which differs substan­
tially from the molecular spacings in its mesophase 
[43]. This deviation seems to be related to the differ­
ences in the spreading behaviour between triphenyl­
ene esters and ethers. 

Conclusions 

Calamitic and discotic liquid crystals were shown to 
form monolayers at the air-water interface. The use of 
polar calamitic mesogens as hydrophilic head groups 
results in classical monolayer properties. Tight pack­
ing of the hydrophobic chains can be achieved and the 
monolayer phase transition temperature is controlled 
by the length of the hydrophobic chains. The discotic 
LCs form monolayers as well. Whereas benzenehe-
xayl hexakis(alkanoate)s behave at room temperature 
as would be expected from their amphiphilic structure, 
at low temperatures condensed-like phases with extre­
mely small collapse areas are found. Triphenylenes 
show such tighdy packed phases exclusively. The 
spreading data suggest an "edge on" arrangement of 
the aromatic cores at the water surface, allowing inter­
actions of the cores, but forcing two hydrophobic 
chains into the subphase. This arrangement results in 
less stable monolayers with increasing chain length. 
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