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Self-Assembly and Phase Behavior 
of Short Chain Phosphonic 
Acid-Water Systems in a Wide 
Concentration Range 
Microscopic, NMR, and X-ray 
Diffract i Qn Studies 
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0. FORSTERS and W. RETTIGS 
Department of Physics, Karl Marx University. 7010 Leipzig, GDR 

(Received August 5, 1981; inflnal form February 16, 1982) 

The phase behavior of n-octane and n-hexane phosphonic acid-Dz0 systems was studied 
in the concentration range from 0.1 to 90 wt.% and in a temperature range from loo to 
13OOC by polarizing and dark field microscopy and by 'H, *D and, "P NMR. Further, 
electron microscopy, X-ray diffraction and surface tension measurements were per- 
formed. For the first time, a widely spaced lamellar phase was observed over large con- 
centration and temperature ranges in an essentially two-component system. By using the 
sonication or injection methods, unilamellar liposomes were obtained below I wt.%. At 
high temperatures, the clouding phenomenon was observed. The importance of hydro- 
gen bond formation between polar groups for building up stable larnellae even at high 
dilution is stressed. The results are discussed with respect to some existing points of view 
concerning the possibility of lamellar structure formation from single short chain am- 
phiphilic compounds including lipids. 

INTRODUCTION 

The knowledge that alkane phosphonic acids have surface active prop- 
erties is relatively new.' No studies of their lyotropic mesomorphism 
have been published up to now. Generally speaking, in water they be- 
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110 G. KLOSE rt al. 

have as typical swelling amphiphiles, spontaneously assembling in a 
broad concentration range into a large variety of lamellar structures 
which are quite atypical of single chain lipids. The first important ob- 
servation was the existence of a widely spaced lamellar phase (called 
type B in the classification of Ekwall*) down to very low surfactant 
concentrations. (According to recent investigations, the B phase is 
simply a modification of the basic lamellar type D3*4). Structures of this 
type have only been reported up to now as being formed in some ter- 
nary amphiphilic-alcohol-water systems.’ 

Similarly, the formation of liposomes is in general observed in two- 
chain lipids such as  lecithin^.''^ Some wholly synthetic two-chain ana- 
logues such as dialkylphosphates7~* or dialkylammonium halides’-’’ 
(and references cited in Ref, 11) have also been successfully employed 
for this purpose. 

There exists also an extensive theoretical treatment by Israelachvili 
et al. ‘’J~ of the self-assembly phenomenon according to which single 
chain lipids can only form micelles and rod-like structures in the low 
concentration limit. The main theoretical result is that these structures 
are entropically favored. This conclusion is even stronger for the case 
of short-chain lipids. 

However, liposomes from single chain lipids have also been success- 
fully formed, first by use of unsaturated  acid^^"'^ (the so-called “ufa- 
somes”) and then also from saturated fatty acids by titration at a 
proper pH and at temperatures higher than room temperature.I6 

In the case of n-octane phosphonic acid (OPA) and n-hexane phos- 
phonic acid (HPA)-water systems as studied by us, giant multilamellar 
liposomes are spontaneously formed at concentrations <l wt.% and at 
room temperature. This crude dispersion can easily be converted into a 
dispersion of small unilamellar vesicles by means of sonication or the 
injection method. 

All these results pose a difficult problem with respect to the general 
validity of the theory of Israelachvili et a/.” One possible answer to this 
problem is that the importance of the entropic factor is over-estimated 
so that the theory has a limited validity. As will be seen below there is 
also another possible answer concerning the special molecular proper- 
ties of the head group of our compounds and the resulting effective 
molecular shape. 

MATERIALS AND METHODS 

(a) Chemicals. 
Phosphonic acids of the general formula HjC(CH2)” P(0) (OH)’ with 
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PHOSPHONIC ACID-WATER SYSTEMS 111 

n = 5 (HPA) and n = 7 (OPA) were synthesized by Dr. Grossmann 
(Department of Chemistry, Technical University, Dresden) and used as 
received. Impurities (octane and hexane, respectively) of 3 wt.% at 
most must be taken into account. D20 (Isocommerz, Berlin, 99.5%) 
was employed in the optical, electron-microscopic, and NMR investi- 
gations to ensure identical conditions. For the other studies samples 
with HzO were prepared. 

(b) Optical rtudler. 
A small amount of the sample substance at  a given concentration was 
placed on a precleaned slide, carefully covered by the coverslip, which 
was pressed in order to ensure that the whole area below it was covered 
with the substance, and then sealed with glue. A polarizing microscope 
(ERGAVAL, Zeiss, Jena) with a heating-cooling stage was used for po- 
larizing microscopy studies. The change of the phase state with chang- 
ing temperature was continuously studied by recording the integral in- 
tensity of the transmitted light through the sample placed between 
crossed polarizers. Details of this method will be published elsewhere." 

Low concentrations were studied by the dark field method at room 
temperature using a microscope with a xenon arc lamp (NU-2, Zeiss, 
Jena). The following OPA concentrations were prepared (wt.%): 0.2, 
0.45, 1.2, 2.4,4.1, 7.6, 16.5, 31.2, 65.0, and 82.5. Anhydrous OPA was 
also studied. 

(c) Electron mlcrorcopy. 
The surface of the anhydrous substance could be examined by the re- 
plica technique (Pt + C) using a freeze-etching device without cooling 
and fracturing. Samples containing water, including dispersions of ves- 
icles (see below) were studied by the freeze-etching method, using a BA 
360 M machine (Balzers AG). The vesicle dispersions were equilibrated 
with 50% glycerol for 10 min and then frozen by means of precooled 
F22. The replicas were cleaned by rinsing with alcohol and distilled 
water. For the examination of the replicas a JEM lOOB electron micro- 
scope (JEOLCO, Tokyo) was used. 

(d) NMR-rtudler. 
For 'D and "P NMR measurements sealed tubes with a diameter of 7 
mm containing the substance were used. For 'D and "P NMR they 
were placed in 10 mm sample tubes with the lock compound. 'D and 
P spectra were taken at  6.50 and 36.44 MHz, respectively, in the FT 

regime (HX-90, Bruker). The quadrupole splittings were obtained from 
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112 G. KLOSE et 01. 

the *D spectra by a procedure already described.’* High resolution ‘H 
NMR measurements were made at 100 MHz in the CW regime (HA- 
100, Varian) using 5 mm sealed sample tubes which, besides the sub- 
stance, also contained a capillary containing the lock compound. 

The proton-interpair second moment MZ (inter) was measured at 32 
MHz (BKR-322 S, Bruker) using a 90°-r-900~ pulse sequence. The de- 
crease of the maximum-echo amplitude after the second pulse with in- 
creasing pulse-spacing time yields the proton-interpair second 
rn~rnen t . ’~ ,~~  

(0) X-ray dlffractlon. 
These studies were carried out with a HZG3 automatic (step scan) 
powder diffractometer (VEB Prazisionsmechanik, Freiberg) using a 
transmission technique.” Ni-filterkd CuK. radiation was taken from a 
TuR M62 generator (VEB Transformatoren- und Rontgenwerk, 
Dresden). The mixtures were prepared by sealing the various ratios of 
compound and water in ampoules with an inner constriction. They 
were centrifugated several times. Finally the specimens were put in 
thin-walled glass capillaries. 

(1) Clouding phonomonon. 
This was visually observed using sealed samples and an apparatus for 
the determination of melting points. 

(a) Surfaco tonalon. 
This was measured by means of the roughened Wilhelmy platinum 
plate attached to a Cahn-RC-electrobalance. This device allows the 
reading of surface tension as a function of time. 

A cylindrical trough of teflon contains the aqueous solution of the 
surfactant. The trough is enclosed in a box. 

(h) Vorlclo proparatlon. 
Two methods for preparing vesicles were employed: sonication of a 
crude dispersion of the amphiphilic compound for 30 min by a home- 
made bath-type sonicator working at a frequency of 800 kHz” and the 
injection method of Kremer et al.” using a solution of the amphiphilic 
compound (25 mg) in C~HSOH (2 ml) which was injected into H20 
(20 ml) at a rate of 10 ml/h (LINEOMAT, VEB Mechanische Gerate, 
Karl-Marx-Stadt). Both methods are known to produce unilamellar 
vesicles in the case of lecithin. 
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PHOSPHONIC ACID-WATER SYSTEMS 113 

RESULTS 

(a) Optlcal Investlgatlons. 
The melting point of anhydrous OPA was found to be 100°C, with no 
thermotropic mesomorphism. 

Typical textural patterns obtained from some OPA/DzO samples 
between crossed polarizers are shown in Figure 1. Comparing the tex- 
tural appearances of the samples of 82.5 (Figure 1, a) and 65 wt.% 
(Figures 1, b and c) with the photographs of Ekwall? we see that at 
those concentrations the lamellar D phase is unambiguously present. 
The opaque phase observed in the sample of 32 wt.% might be identi- 
fied as a phase of type C if one judges the situation from the optical 
pattern (Figure 1, d) and compares it with Figure 27, c of Ekwall.’ The 
sample of 16.5 wt.%, visually semi-liquid and transparent, displayed a 
low contrast texture (Figure 1, f)  and might be identified as a phase’ of 
type B. Below 16.5 wt.%, the birefringence of this phase is so low that 
polarizing microscopy is no longer effective. Here we made use of the 
dark field method. Some results are demonstrated in Figure 2. The B 
phase in dark field images is displayed as a cloud in which some multi- 
layered giant vesicles are often observed. Most investigators now ac- 
cept that regions initially labelled C and B are either alternative mor- 
phologies of the D phase, or, for many C phase compositions, a 
mixture of D phase and isotropic micellar solution Below 1 
wt.%, only multi-layer liposomes with diameters of some pm were ob- 
served freely floating in water and exhibiting Brownian motion (cf. 
Figure 2, c). 

(b) Electron mlcrorcopy. 
In the frozen state the hydrophobic interior of a bilayer is the region of 
least resistance for fracture and therefore preferred. By freeze-fractur- 
ing, different structures could be observed, as demonstrated in Figure 
3, but altogether they are characteristic of a bilayer arrangement. Water- 
free OPA (Figure 3, a) crystallizes in the form of trigonal pyramids. 
The preparations with 50 wt.% and 25 wt.% OPA reveal a multilamel- 
lar structure (Figures 3, b and c). 

In the preparation with 6 wt.% OPA, there is a change from a multi- 
lamellar to a single lamellar arrangement with large interlamellar dis- 
tances (Figure 3, d). 

At OPA concentrations lower than 1 wt.%, multilamellar vesicles 
are revealed quite well. The lamellae are widely separated by water. By 
the injection method, small vesicles with diameters of about 75 nm 
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I14 G. KLOSE et at. 

FIGURE 1 Textural patterns of OPA-water systems at 22OC between crossed polar- 
izers. Magnification 250X. (a) 82.5 wt.%, solid and D phases; (b) 65 wt.%, D phase, focal- 
conic texture, (cf: Ref 2); (c) 65 wt.%, D phase, planar texture, (cf: Ref. 2); (d) 31.2 wt.%, 
phase C, streaks, (cf: Ref. 2); (e) 31 wt.%, phase C and D; (0 16.5 wt.%, lamellar phase 
type B (low contrast). 
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PHOSPHONIC ACID-WATER SYSTEMS 115 

FIGURE 2 Dark field appearance of OPA-water systems at 25°C. Magnification 
1500X. (a) 2.4 wt.%, lamellar B phase; (b) 1.2 wt.%, spherulites in B phase; (c) 0.45 wt.%, 
vesicles. Black areas inside the giant vesicles and liposomes in (a) and (b) correspond to 
the absence of a continuous B-phase, which is observed outside only. 

(with a narrow diameter distribution) can be obtained. The sonication 
method, however, gives a broad spectrum of spherical vesicles with di- 
ameters from 50 to 1000 nm as demonstrated in Figures 3, e and f. 

The fine textures observed on the fracture faces (Figure 3) indicate 
that the cooling rate in the freezing procedure is not sufficiently fast to 
prevent partial transformation into the crystalline state. By fast 
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116 G. KLOSE er al. 

FIGURE 3 Freeze-fracture appearance of OPA-DzO systems. Magnification: a, b: 
X50,OOO; c, d. e: X1OO,OOO, f: X60,OOO. Direction of shadowing from bottom to top. (a) 
Surface replica of water free OPA; (b) 50 wt.% OPA, multilamellar structure; (c) 25 wt.% 
OPA, multilamellar structure; (d) 6 wt.% OPA, single lamellar structures; fracture face 
of the lamellae with multistep areas forming a circular line pattern; (e) 0.5 wt.%. small 
vesicles of different sizes (prepared by sonication); (f) 0.5 wt.% OPA, large vesicle, with 
enclosed vesicles (prepared by sonication). 
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PHOSPHONIC ACID-WATER SYSTEMS I17 

quenching of the samples from room temperature by means of a sand- 
wich technique, a smooth textureless surface for the vesicles was 
found." 

(c) NMR Invertlgatlonr. 
The 'D spectra of D20 (Figure 4, a) in samples with concentrations 
equal to or higher than 30 wt.% OPA exhibit line shapes which are 
characteristic of anisotropic mesophases.26-28 The spectra of samples 
with concentrations equal to or lower than 25 wt.% OPA do not show 
any indication of a quadrupole splitting. 

The quadrupole splittings obtained from the spectra are represented 
as a function of temperature in Figure 5. The vanishing of the quadru- 
pole splittings with rising temperature gives the temperatures of the 
transition into the isotropic phase. In all samples, complicated spectra 
were observed, with two quadrupole splittings or one quadrupole split- 
ting and one isotropic line, in the small temperature range of a few de- 
grees represented in Figure 5 by broken lines. Apparently two phases 
co-exist in these transition ranges to the isotropic state. Visually one 
observes a phase separation into two transparent phases. 

The drastic decrease of the quadrupole splitting as the temperature 
decreases from 40 to 35°C in a 90 wt.% OPA sample (cf. Figure 5 )  
probably indicates a partial crystallization of OPA. 

An interpretation of the observed quadrupole splittings is difficult 
because they are the weighted averages of the effective quadrupole 
splittings of the water molecules in the different interaction sites pres- 
ent in the system and additionally of those of the acidic deuterons. A 

f I H r  ZSwm I -- 
a) SJ 

FIGURE 4 NMR spectra of OPA-DzO systems (80 wt.%) at 20OC. (a) 'D spectrum of 
D2Q; (b) "P spectrum of OPA with strong proton noise decoupling. 
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118 G. KLOSE er a/. 

3000 

2000 

1000 

f ’  

FIGURE 5 Quadrupole splittings measured for OPA/D20 systems at different con- 
centrations as a function of temperature. 

change of splitting can be the result of change in the populations of the 
various sites or change in the effective quadrupole splitting in the sites. 

In a model which considers, besides the “bound” and “free” water, 
the acidic deuterons, the observed splitting A is given in the case of 
XA 4 XD,O by 

X A  

x D 1 0  
A = -  \ ( n A ~ , o  + ~ A A D ) ~  

provided that the “free” water molecules as well as the dissociated 
acidic deuterons exhibit zero splittings and that the exchange processes 
are fast. n is the average number of water molecules bound to the am- 
phiphile and AD~O and AAD are the effective quadrupole splittings of 
bound water molecules and the non-dissociated acidic deuterons, re- 
spectively. k describes the dissociation states of the amphiphile. It is 1 
in the case of no dissociation and 0.5 if one acidic deuteron is disso- 
ciated on average. XA/XD,O is the molar ratio of the amphiphile and 
water. 

A plot of A vs. XA/XDIO should give a straight line through the origin 
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I I 1 
0.1 a5 1 

-*DPA bozo 
FIGURE 6 Quadrupole splittings measured for OPA/DIO systems at different 
temperatures as a function of the molar ratio X O P A / X D ~ O .  

with a slope equal to nAD,o -k k A m .  Figure 6 shows such plots for 
OPA/D20 systems. Obviously there are two regions in which the plots 
give straight lines, but with different slopes. Above X O P A / X ~ , ~  - 0.35 
the slopes are smaller than below 4 . 2 .  

In the framework of our model, these results can be interpreted as 
being due to an increase in the number of water molecules bound to 
OPA or/and to a change of the dissociation state of the amphiphile 
when the molar ratio X O P A / X D ~ O  is decreased from 0.35 to 0.2. Clarifi- 
cation of this needs further experiments (e.g. I7O NMR of H2 I7O). 

At low concentrations, where no quadrupole splitting of D2O is ob- 
servable, high-resolution PMR was applied to the determination of the 
temperature of the transition from the isotropic to the anisotropic 
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120 G. KLOSE et 01. 

phase with decreasing temperature. The integral intensity of the CHZ 
chain protons was used as a parameter indicating this transition. The 
temperatures at which the intensity dropped to one half of its value for 
the isotropic phase due to the formation of liquid crystal states with 
restricted mobility are marked with full points in Figure 7. The water 
signals also indicate certain transition ranges as shown by the occur- 
rence of two HDO lines. This is indicated by the hatched region in 
Figure 7. 

At room temperature, only at concentrations smaller than about 
1 wt.% OPA high-resolution PMR spectra could be observed. Evi- 
dently at these low concentrations vesicles are present that are small 
enough for the static dipole-dipole interactions to be averaged to zero 
by their fast reorientations. Indeed, this was confirmed by dark field 
and by electron microscopy. 

The "P spectra obtained with strong proton noise decoupling at 
concentrations equal to or higher than 15 wt.% OPA exhibit a line 
shape (Figure 4, b) which resembles those observed for phospholipids 

isotropic phase 

lamellar phase I 
1 

I I I 

dispersion 
1 I I 

100 80 60 10 20 0 - wl% OPA 
FIGURE 7 Crude phase diagram of OPA/DzO mixtures. Hatched region indicates 
liquid crystal to isotropic transition range according to *D-NMR and PMR (two phase 
region). Changes in optical appearances indicate alternative morphologies of the D 
phase for regions labelled (C) and (B). 
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PHOSPHONIC ACID-WATER SYSTEMS 121 

in the fluid lamellar phase.29 The asymmetry of the lines disappears at 
the transitions to the isotropic phase. Also, no asymmetry of the lines 
is present in samples with concentrations lower than 1 wt.%. 

The line asymmetry is caused by the anisotropies of the chemical 31P 
screening which is not averaged to zero in the anisotropic phases ex- 
cept at low concentrations, but is only reduced to a great extent (ob- 
served anisotropy, only about 4 ppm) by motional processes and by 
exchange of the acidic  deuteron^.^' By analogy with phospholipids and 
according to theoretical  calculation^,^^ it is probable that the largest 
and the smallest principal screening value are perpendicular and paral- 
lel respectively to the molecular symmetry axis (hydrocarbon chain). 
The asymmetric line shapes observed for the anisotropic phases are in 
agreement with lamellar structures. 

On storing the samples for several hours at 100°C, a second "P line 
(under proton noise decoupling conditions) appears; this results from a 
decomposition product. 

Water free OPA yields a proton-interpair second moment, Mz(inter), 
of 3.3 10-'T2. It is interesting that the same value was obtained for the 
water free mono-sodium salt of dipalmitoylphosphatic acid." Mz(inter) 
is reduced compared with the value for the rigid all-trans octane chain 
of about 8 - 10-*T2 for a powder or 13 10-*T2 for a perfectly ordered 
octane chain oriented parallel to the external magnetic field.32 

For the 50 wt.% OPA/D2O system, we found a smaller Mz(in- 
ter) = 0.16' 10-'T2 at 290 K which continuously decreases to 0.12- 10-'T2 
at 335 K. This means that dipolar interactions between neighboring 
methylene groups are averaged out to a large extent by fast trans- 
gauche transitions.20 For phospholipids in the fluid liquid crystal state, 
CIS chains were found33 to have an average Mz(inter) = 0.33 10-'T2. A 
further reduction of this value is only possible either by increasing the 
average distance between the chains or by additional motions, e.g., in 
the case of a transformation into the hexagonal pha~e.~ '  In the case of 
the hexagonal phase, M2(inter) should be smaller than 0.1 - 10-'T2. 
Therefore, the Mz(inter) studies also lead to the conclusion that the 50 
wt.% OPA dispersion exists in a D state. 

(d) X-ray diffraction studies. 
In the water free state, X-ray diffraction patterns characterize OPA as 
a three-dimensional crystal. Up to high angles (OSO < 28 d 48O), there 
exist many sharp reflections, and accurate values for unit cell parame- 
ters are available only after indexing all experimental spacings. But the 
long spacings (4 = 1.841 nm, 4 = 0.904 nm, d3 = 0.598 nm) can be 
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interpreted as integers of the repeat distance do01 of a lamellar structure 
which yields an approximate value of 1.8 nm for the lamellar thickness. 
As seen from space-filling models, the extended OPA molecule is about 
1.5 nm long, with a length of the hydrocarbon chain of 1.2 nm. Assum- 
ing an interdigitated arrangement of the molecules in the bilayer, the 
calculated thickness of (1.2 + 2-0.3) nm = 1.8 nm fits the experimen- 
tally obtained value. 

The assumption of tilted chains yields a tilt angle of 53" between the 
director of the lamellae and the chain axis. Such a figure is very 
unlikely. 

The diffraction pattern for a 50 wt.% OPA sample characterizes the 
physical state of the hydrocarbon chains (short spacings), as well as the 
superlattice structure (long spacings). A broad reflection correspond- 
ing to a spacing of about 0.046 nm indicates that the hydrocarbon 
chains are in a liquid-like state in accordance with the N M R  results. The 
low angle X-ray diffraction data show that a one-dimensional lamellar 
lattice exists. Long spacings in the ratios of 1 : 1, 1 : 2, 1 : 3 are observed 
(h = 4.73 nm, dz = 2.34 nm, d3 = 1.66 nm), from which an average 
repeat distance dL m 4.8 nm is calculated. This value includes the 
thickness of the bilayer as well as the water layer. The lamellar struc- 
ture of the 50 wt.% OPA sample apparently has similarities to the well- 
known lamellar phase described in detail by Gulik-Krzywicky et al. " 
These phases are characterized by lipid bilayers with molten chains and 
wide water layers between them. 

(e) Surface tenslon measurements. 
The critical micelle concentration (CMC) obtained from the plot of 
surface tension against log concentration amounts to 10-' mol/l at 
22°C. This value is in the order of magnitude which is characteristic of 
non-ionic surfactants. For instance, for dimethyloctylphosphinoxide, 
the CMC was found to be 4. lo-' mol/l at 30°C.36 The surface tension 
decreases from 72.8 N/m (pure water) to the very small value of 19 
mN/m at the CMC. This fact indicates a strong interaction between 
the phosphonic acid groups and water. 

(1) Clouding phenomenon. 
The existence of a clouding point at high temperatures demonstrates 
once again the striking similarity between our compounds and non- 
ionic detergents (Figure 7). 
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DISCUSSION 

Comparing the phase behavior of short chain phosphonic acids with 
that of soaps (see e.g. Ref. 2), the former seems rather strange. The 
tendency to form lamellar structures found experimentally by different 
methods can hardly be understood by considering only the high cone- 
like asymmetry of the shape of the single molecules which conse- 
quently should preferably pack into micelles at low concentrations.12 
The transition temperature to the isotropic state increases with de- 
creasing concentration as in non-ionic surfactants having low melting 
points, e.g. mon~-glycerides.~*‘ 

We think that all these facts can be explained by assuming that strong 
hydrogen bonds exist between the bulky head groups, in addition to 
the hydrophobic interactions. As a simple model, it can be imagined 
that in the fluid states, two molecules form a short-lived dynamical ag- 
gregate (head to head and with parallel hydrocarbon chains) which is 
effectively cylindrical. This effective shape needs, of course, a high flexi- 
bility of the chains, which is fulfilled because of their shortness and 
proved by the second proton-interpair moment and X-ray diffraction 
results (see above). The hydrocarbon chains of the two layers facing 
each other might in addition be interdigitated to some extent, as found 
for the water free compound in the crystalline state. Such interdigita- 
tion is known in other systems in the gel ~ t a t e ~ ” ~ ’  and is d i s c u s ~ e d ~ ~ ~ ~ ~ ~  
and also experimentally verified’*’‘’ for the liquid crystal phase. The 
tendency of these aggregates to form lamellar structures is then clear, 
and all considerations for double-chained lipids” can be applied to 
them. La~rence ‘~  (as long ago as 1969) indicated that two OH residues 
on a head group are sufficient for the D phase to occur and OPA and 
HPA are further examples of his statement. But other factors such as 
for.example low chain melting points are also important (see below). 

With dilution, the amphiphilic molecules increasingly dissociate 
( ~ K I  = 2.77, pK2 = 7.65). t If we assume that the electrostatic repul- 
sion between the molecules in one layer is overcompensated by 
stronger hydrogen bonds in respect to undissociated molecules, then the 
increase in the transition temperature to the isotropic phase with de- 
creasing concentration of the amphiphile can be understood. 

The strong electrostatic repulsion between the layers stabilizes the 
lamellar structures down to extremely low concentrations of the am- 

? Measured at 25OC and a concentration lower than lo-* molar. 
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124 G. KLOSE et al. 

TABLE I 

Regions of transition from liquid crystal to isotropic phase for n-hexane phosphonic 
acid-water systems 

Concentration 
HPA/wt.% 70 50 40 30 20 10 4 2 

Transition 
region/OC 25-29 24-28 22-29 38-47 48-51 49-53 56 50-52 

phiphile (1 wt.%). This, together with the presence of two OD groups 
in the polar head, could be the reason that a widely spaced lamellar 
phase is possible in our two-component systems. 

At concentrations lower than 1 wt.%, the electrostatic repulsion be- 
tween the bilayers is too weak to be able to stabilize a widely spaced 
lamellar phase. The result is that curved multilayer aggregates become 
entropically more favorable than the continuous widely spaced lamel- 
lar phase. They can be transformed into stable bilayer liposomes by 
sonication or other methods. 

Entirely the same phase behavior was found for n-hexane phos- 
phonic acid-water systems, the only difference being that the region of 
transition from the liquid crystal phase to the isotropic phase is shifted 
to lower temperatures-about 6OoC (Table I). This can be understood 
as being due to weaker dispersion interactions between the hydrocar- 
bon chains of HPA in comparison with OPA. 

We also studied ndodecyl phosphonic acid over the same tempera- 
ture and concentration ranges as for the short chain phosphonic acids. 
In this case liquid crystal phases could not be detected. Apparently the 
chains are too rigid because of their strong dispersion interactions 
(high melting points). On the other hand, the disodium salts of HPA 
and OPA dissolved in water give only isotropic solutions, but those of 
n-decyl, n-dodecyl- and of n-hexadecyl phosphonic acids again exhibit 
liquid crystal  phase^.'^ These facts again emphasize the importance of 
hydrogen bonding in our phosphonic acid-water systems. 
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