
Colloid Polym Sci 274:654-661 (1996) 
�9 SteinkopffVerlag 1996 

H. Hirata 
K. Maegawa 
T. Kawamatsu 
S. Kaneko 
H. Okabayashi 

Phase diagrams and phase structures of 
identical and mixed chain lithium di-n- 
alkyl phosphate-water binary systems. 
Asymmetric molecular shape effect 

Received: 30 October 1995 
Accepted: 5 December 1995 

H. Hirata. K. Maegawa. T. Kawamatsu 
S. Kaneko ' Prof. H. Okabayashi (v:~) 
Department of Applied Chemistry 
Nagoya Institute of Technology 
Gokiso-cho, Showa-ku 
Nagoya 466, Japan 

Abstract Lithium salts of di-n-pentyl 
(DPP), n-butyl(n-hexyl) (BHP), n- 
propyl(n-hexyl) (PHP) and ethyl(n- 
octyl) (EOP) phosphates were 
synthesized and the phase diagrams of 
the lithium phosphate-water binary 
systems were determined. The phase 
diagrams of the DPP-, BHP- and 
PHP-water systems contain three 
regions (I, II and III) in common, 
which correspond to a homogeneous 
transparent one-phase solution, and 
lyotropic liquid crystalline and coagel 
phases, respectively. However, the 
EOP-HzO system contains an 
additional hard gel phase (region IV). 

31p NMR spectra suggest that 
region I is a monomer ~ micelle 
equilibrium phase and region II is 
a lamellar phase. X-ray diffraction 
results show that for the DPP-, BHP- 
and PHP-water systems the two 
n-alkyl chains are closely packed in 
the lamellar phase in a manner which 
alternatively combines short and long 
chains, while in EOP-water system 

the two long chains are loosely 
packed. Furthermore, it may be 
assumed from 31p NMR spectra and 
x-ray diffraction results that region IV 
in the EOP-water system is a cubic 
phase. 

Thermotropic properties for these 
DAP-water systems were also 
investigated by DSC temperature 
profile curves. From the AH variation 
upon the H ~ I thermal transition, we 
assumed that stability of the aggre- 
gate structure in the liquid crystalline 
state increases in the order EOP < 
PHP < BHP < DPP. Thus, we have 
found that thermotropic properties 
for a series of DAP-water binary 
systems are closely correlated with the 
extent of asymmetric molecular shape 
in DAP. 

Key words Phase diagram - identical 
and mixed chain di-n-alkyl phos- 
phates asymmetric molecular 
shape 

Introduction 

It is well-known that amphiphilic molecules such as sur- 
factants, lipids, proteins and synthetic copolymers can 
form a variety of self-assembly structures in water. In 
particular, the physico-chemical properties of biological 

cell membranes could be successfully mimicked by using 
bilayer vesicles formed from naturally occurring or syn- 
thetic phospholipids. Subsequent works [1-5] have shown 
that simple, synthetic double-chain surfactant molecules 
also form vesicular assemblies with properties very similar 
to those of phospholipid vesicles. This made it possible 
to investigate the effects of structural variations in the 
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surfactant on the structural and functional properties of 
vesicle-bilayers. Thus, vesicles formed by synthetic am- 
phiphiles offer model systems for understanding in detail 
the characteristic properties of biological membranes 
[6-16]. 

Israelachivili et al. [17] have shown that the type and 
structure of an aggregate formed by different surfactant 
molecules depend on their geometrical packing properties, 
which can be represented by the characteristic packing 
parameters (v/aolc) of a given amphiphilic molecule with 
optimal area ao, hydrocarbon volume v and critical chain 
length lo. In general, in a self-assembly system, the polar 
heads of surfactants are located at the interface between 
the hydrocarbon and water regions, and the relative posi- 
tions and distances between the polar heads which are 
intimately associated with the packing state are deter- 
mined mainly by their electrostatic iw:eraction and by the 
packing property of the alkyl chains [17-19]. For cesium 
or rubidium soaps in water, it has been found that the head 
groups form well developed hexagonal or rectangular cry- 
stalline arrays [20]. However, they are arranged random- 
ly, and little is known of their packing geometry. In fact, 
a packing property is strongly dependent on many factors, 
such as the ionic environment, temperature, polar-group 
size, and length and unsaturation of a hydrocarbon chain 
[21-26]. Therefore, it is very difficult to discuss quantita- 
tively the relationship between the geometrical packing 
property of surfactant molecules and these many other 
factors. Under these circumstances it is highly desirable to 
undertake further systematic studies on the molecular de- 
sign and synthesis of a surfactant molecule and its aggre- 
gate structure. 

In order to discuss the perturbation effect of the local 
arrangement of polar heads on the micellar and mesomor- 
phic properties of surfactant molecules in water, Zana 
et al. [271 investigated the effect of the spontaneous ar- 
rangement of the polar groups on the microstructure of the 
aggregates of a series of bis(quaternary ammonium bro- 
mide) surfactants, using cryogenic transmission electron 
microscopy. The results showed that the morphology of 
the aggregates depends on the molecular structures of the 
surfactants. 

In this study, we sought to investigate the local ar- 
rangement effect of hydrocarbon moieties on the micro- 
structures of bi-tailed surfactants. The lithium salts of 
di-n-pentyl (DPP), n-butyl(n-hexyl) (BHP), n-propyl(n- 
heptyl) (PHP) and ethyl(n-octyl) (EOP) phosphates, with 
characteristic packing parameters equal to 0.50, 0.43, 0.37 
and 0.33, respectively, were synthesized, and the phase 
diagrams and phase structures of these double chain sur- 
factant-water systems were determined. In particular, by 
using the thermotropic data of these phosphate-water bi- 
nary systems, we discuss the stability of the liquid crystal- 

line structure formed by these phosphate anions in terms 
of their asymmetric molecular shape. 

Experimental 

Materials 

Lithium salts of di-n-pentyl (DPP), n-butyl(n-hexyl) (BHP), 
n-propyl(n-heptyl) (PHP) and ethyl(n-octyl) (EOP) phos- 
phates were prepared as follows, n-Alkyl phosphorodich- 
loridates (R-OP(O)C12) prepared using phosphoryl chlor- 
ide and the corresponding alcohol (ROH, R: shorter chain) 
and vacuum-distilled several times. The R-OP(O)C12 sam- 
ples were converted to identical- and mixed-chain di-n- 
alkyl phosphorochloridates, (R-O)(R'-O)P(O)C1, by 
treated with corresponding alcohol (R'OH, R': longer 
chain) [28], and vacuum-distilled several times. The 
boiling points of R-OP(O)C12 and (R O)(R' O)P(O)C1 
are listed in Table 1. (R-O)(R'-O)P(O)C1 were treated 
with benzaldoxim (Furuka Chemic AG) by the method of 
Mukaiyama et al. [29], to yield phosphoric acid di-n- 
alkylesters, (RO)(R'O)P(O)OH. Phosphoric acid di-n-alkyl 
esters were finally neutralized with lithium hydroxide 
aqueous solution, and the lithium salts were recrystallized 
in aqueous acetone. The series of di-n-alkyl phosphate 
lithium salts thus obtained are termed DAP. The sample 
identity was confirmed by 1H and 13CNMR and by el- 
emental analyses. The agreement between the calculated 
and observed values of elemental analyses were within 
0.2% (Scheme 1). 

Phase diagram determinations and calorimetry 

Sample solutions were prepared by weighing the DAP and 
water components into glass ampoutes, which were then 
sealed and the contents homogenized by heating and shak- 
ing. The temperature dependence of the phase feature 
of the samples was determined by visual inspection as 
the ampoules were held in a temperature-controlled 
water-bath (rate of temperature elevation and cooling 

Table 1 The boiling points of R OP(O)C12 and (R O)(R' O)P(O)C1 

R-OP(O)C12 (R-O)(R'-O)P(O)C1 

DPP 75 ~ 77 ~ at 4 mmHG 108 ~ 110 ~ at 4 mmHg 
BHP 73 ~ 75 ~ at 4 mmHg 110 ~ 113 ~ at 4 mmHg 
PHP 59~61 ~ at 4mmHg 111~113~ at 4mmHg 
EOP 65~68~ at 25 mmHg 117~119~ at 4mmHg 
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0.1 ~ The temperature was measured with a digital 
thermometer (Sato Keiryoki). 

The thermotropic transition temperatures of the DAP- 
water systems were determined with a differential scanning 
calorimeter (Rigaku DSC 8230), which was scanned at 
a rate of 2 ~ by using a volatile pan with ~-A1203 in 
the reference pan. 

3~p and 2H NMR and x-ray diffraction measurements 

31p NMR spectra were measured using high-power pro- 
ton decoupling at 80.995 MHz on a Varian XL-200 spec- 
trometer. The 31p chemical shifts (o-) of the DAP anions in 
D20 solution were measured relative to the 31p signal of 
aqueous 85%-H3PO4 solution as an external reference. 

2H NMR spectra were measured on a Varian XL-200 
NMR spectrometer (30.71 MHz) with a spectral width of 
15000 Hz, 16384 points in the time domain and an acquisi- 
tion time of 0.5 ~ 2 s. All the 2H NMR measurements were 
made after thermal equilibrium of the samples had been 
confirmed. 

The x-ray diffraction low-angle patterns were obtained 
using a RU-200 camera (Rigaku Denki Co.) with a three 
slit-system in the diffraction range of 1.2~ 20 < 10 ~ 
Nickel-filtered CuKc~ radiation (2 = 1.54 A) was used. The 
temperature of the sample was controlled by air within 
_+ I~ and was measured with a digital thermometer 

(Sato Keiryoki). 

Results and discussion 

Phase diagrams of the DAP-H20 systems 
and phase structure 

Figure 1 shows the phase diagrams of the DAP-H20 
systems. For the DPP-, BHP- and PHP-H20 binary sys- 
tems, the phase diagrams consist of three regions (I, II and 
Ill). For region I, a homogeneous and transparent iso- 
tropic solution was obtained in common for the three 
systems. In region II, a lyotropic liquid crystalline state 
was obtained. The optically-isotropic property of region 
I and the lyotropic liquid crystalline state of region II were 
confirmed under a polarizing microscope. Region III was 
a coagel phase. 

For the EOP-H20 system, the phase diagram consists 
of four regions (I, II, III and IV) 1-30]. The regions I, II and 
III are an isotropic solution, and lyotropic liquid crystal- 
line and coagel phases, respectively. In region IV, a homo- 
geneous and transparent hard gel phase was obtained. 

For the DAP sample solutions in region I, only narrow 
and symmetrical 31p NMR signals were observed in com- 
mon. The 31p chemical shifts (a), which are sensitive to the 
formation of aggregates 1-31-341, were measured at vari- 
ous concentrations. The result shows that there exists 
a critical micelle concentration (CMC) in region I, indicat- 
ing the presence of a monomer ~*~ micelle equilibrium. The 
CMCs are 5.0 wt% for DPP, 4.3 wt% for BHP, 3.7 wt% 
for PHP and 2.3 wt% for EOP. 
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Fig. 1 Phase diagrams of the 
DAP-water binary systems 
([A], DPP-H20; [B], BHP- 
H20; [C], PHP-H20; [D], 
EOP-H20). The solid lines 
show the phase boundary 
assumed by visuaI inspection 
and the filled circles denote the 
phase transition temperatures 
obtained from the DSC 
temperature elevation curves. 
Region I: homogeneous 
aqueous solution; region lI: 
lyotropic liquid crystalline 
phase; region III: coagel phase 
for the DPP-, BHP-, PHP-H20 
systems, (below the line abdef) 
and for the EOP-H20 system 
(below the line abe'fgh), region 
IV: hard gel phase 
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As shown in Fig. 2, low-field shoulders were found in 
the 31p NMR spectra of the DAP samples in region II and 
the spectral features are similar to that of the bilayer-type 
sodium dibutyl phosphate [35]. Such characteristic asym- 
metry is due to the chemical shift anisotropy (A~r) of 
a 31p nucleus in the polar group, arising from the re- 
stricted anisotropic motion of the DAP anions [36]. It can 
be seen that the Aa value becomes small in the order EOP 
< P H P  < BHP < DPP,  showing that the asymmetric 

molecular shape of these dialkyl phosphates affects the 
3 1 p  chemical shifts anisotropy ofa  31p nucleus. In order to 
discuss the differences in Aa of these compounds in detail, 
the molecular conformational study of these dialkyl phos- 
phates by x-ray crystallographic methods, and theoretical 
calculations of the chemical shift shielding tensors of dia- 
lkyl phosphate are highly desirable. Anyway, we may 
assume that region II is more structurally organized com- 
pared with region I and that a lamellar-like structure exists 
in this region. 

The x-ray low-angle diffraction patterns of the DAP 
samples in region II were measured at various concentra- 
tions. Wide and diffuse reflections were observed. It was 
found that the interplaner spacing (d) strongly depends on 

both the DAP content and the species of DAP and a in- 
crease in DAP content results in a decrease in the d value 
(Fig. 3). Moreover, the d value was found to increase in the 
order of D P P  < BHP < P H P  < EOP. In particular, the 
increase in d were most clearly seen between P H P  and 
EOP. Since the radial electron density distributions cal- 
culated by Fourier transformation of the x-ray diffraction 
intensities become a measure of the distance between two 
polar layers sandwiched by hydrocarbon layers, the ob- 
served d values provide information on the structure of the 
bilayer-type aggregates [37]. Therefore, this observation 
indicates that the thickness of the bilayer in a lamellar- 
type structure and d increase in the same order. The 
differences in d during DPP,  BHP and P H P  are not so 
marked. However, there exists a marked difference in d be- 
tween P H P  and EOP. The results may be explained as 
follows. 

In the case of D P P  the structural model similar to the 
bilayer formed by lipid molecules can be presented (Fig. 4). 
When mixed chain di-n-alkyl phosphates make up the 
bilayer-type structure, we may assume that the two di-n- 
alkyl chains are closely packed in a manner which alterna- 
tively combines short and long n-alkyl chains (Fig. 4 [A]). 
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Fig. 2 3~p NMR spectra of the samples in region II at 25 ~ (a: DPP 
70 wt%, b: BHP 70 wt%, c: PHP 70 wt% and d: EOP 50 wt%) and 
the chemical shift anisotropies (A~r) 
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Fig. 3 Concentration dependence of the d values for the DAP-water 
systems (DPP (o); BHP (I); PHP (A); EOP (.)) at 25 ~ 

In such a closely packed bilayer, the thickness of the 
bilayer formed by mixed chain dialkyl phosphates should 
be equal to that for DPP. The observed data are not in 
accord with the results assumed by the model. Probably, 

i . . . . . . . . . .  

DPP BHP PHP EOP 

24A h ~ ~'~ ~ 

i ....... . . . . . . . . . . .  

Fig. 4 Schematic model of DPP bilayers. [A] : closely packed struc- 
ture, [B] : loosely packed structure 

this disagreement comes from the differences in segmental 
mobility for shorter n-alkyl chains. In general, it has been 
found for surfactant molecules in aqueous solutions that as 
the length of n-alkyl chain decreases the segmental mobil- 
ity progressively increases. This is also the case for DAP in 
aqueous solutions. Therefore, we may assume that the 
segmental mobility of shorter n-alkyl chains increases in 
the order BHP < P H P  < EOP, preventing the formation 
of a closely packed structure. Thus, the contribution of 
a loosely packed structure to the thickness of a bilayer 
increases, resulting in the progressive increase in thickness. 
For EOP, in particular, a loosely packed model (Fig. 4 [B]) 
rather than a closely packed model may be applied, since 
the orientation of ethyl group at the interface of a bilayer 
may be disturbed owing to the small hydrophobicity and 
high segmented mobility. 

For  the E O P - H 2 0  binary system, region IV is a hard 
gel phase. The samples in region IV provide a very sharp 
31p NMR signal which corresponds well to that of cubic 
phase [38]. The x-ray low-angle diffraction patterns of 
EOP samples in region IV were also measured at various 
concentrations. The SAXS data from the cubic phase re- 
vealed two strong peaks. The corresponding lattice para- 
meters for the two samples were found to be 28.30 and 
24.66 A for 60 wt% and 27.08 and 23.48 A for 65 wt%. 
Although the number of reflections is not sufficient for an 
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unambiguous indexing, we have found that the data fit 
reasonably well to a face-centered-cubic structure [39]. 

Thermotropic  properties of the D A P - H 2 0  systems 

Figure 5 shows DSC curves for the D A P - H 2 0  solutions 
and describes the variation of the phase transition with 
water content. The phase transition temperatures for rep- 
resentative samples are listed in Table 2 together with the 
AH values calculated from the peak area. For  these DSC 
curves, endothermic peaks were found in the temperature 
range - 2 0 ~  10 ~ In order to investigate the nature of 
the thermal transitions, DSC measurements were also 
made for the D A P - D 2 0  systems. The corresponding en- 

dothermic peaks shifted to a higher temperature by 4 ~ 
with respect to those of the D A P - H 2 0  systems. If one 
considers that the melting point of pure D 2 0  is about  4 ~ 
higher than that of pure H 2 0  [40], the result suggests that 
the thermal transitions are ascribed to melting of bulk-like 
water in the aggregates formed by DAP anions. Thus, 
for the DAP sample solutions (10wt%), the thermal 
transitions starting at - 2 . 1 ~  (DPP), - 1 . 3 ~  (BHP), 
- 1 . 9 ~  (PHP) and - 1 . 6 ~  (EOP) are ascribed to 

melting of bulk-like water. 
The endothermic peak 1 which corresponds to the 

melting of bulk-like water in DAP samples disappeared 
at the concentration of 45 wt%, indicating that above 
45 wt% all the water molecules may be allowed to exist as 
a kind of bound water which is incorporated between 

Fig. 5 Representative DSC 
curves of the DAP-water 
systems. 
[A] : DPP-H20 (a: 10 wt%, 
b: 30 wt%, c: 50 wt% and d: 
70 wt%); [B] : BHP-H20 (a: 
10 wt%, b: 30 wt%, c: 50 wt% 
and d: 70 wt%); [C] : PHP- 
H20 (a: 10 wt%, b: 30 wt%, 
c: 50 wt% and d: 70 wt%); 
[D] : EOP-HaO (a: 30 wt%, 
b: 50 wt%, c: 60 wt% and 
d: 70 wt%) g 
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T a b l e  2 P h a s e  t r a n s i t i o n  t e m p e r a t u r e  ( T t ,  ~  a n d  AH (d  g - 1  o f  s a m p l e )  f o r  t h e  D A P - w a t e r  s y s t e m s  

S a m p l e  C [ - w t % ~  P e a k  3 P e a k  2 P e a k  1 P e a k  6 P e a k  5 P e a k  4 

Tt AH Tt AH Tt AH Tt AH T t AH Tt AH 

D P P  10  - 10 .1  1 5 . 4  - 3 .6  2 4 . 6  - 2 .1  2 4 0 . 8  * * * * * * 

3 0  - 10 .3  5 2 . 4  - 3 .5  * 2 . 0  * * * * * * * 

5 0  - 1 0 . 4  9 6 . 7  - 4 . 7  * * * * * * * * * 

6 0  1 0 . 2  1 2 3 . 4  * * * * * * * * 6 2 . 7  9 . 5  

7 0  - 10 .8  * * * * * * * - 5 .5  * 5 9 . 5  10 .8  

B H P  10  - 16 .8  9 .1  - 5 .5  3 8 . 5  - 1 .3 2 4 3 . 5  * * * * * * 

3 0  - 16 .1  4 2 . 2  - 6 .1 * - -  2 . 7  * * * * * * * 

5 0  - 16 .3  6 0 . 2  - 7 . 6  * * * * * * * * * 

6 0  1 7 . 2  * * * * * * * - 9 .3  * 4 5 . 2  7 . 2  

7 0  1 8 . 5  * * * * * * * - 9 . 3  * 4 5 . 8  9 ,3  

P H P  10  - 8 .8  4 0 . 0  - 4 . 6  4 0 . 4  - 1 .9 2 4 2 . 5  * * * * * * 

3 0  - 9 . 2  1 2 5 . 6  - 5.1 * - 3 .4  * * * * * * * 

5 0  - 8 .3  * * * * * * * * * * * 

6 0  - 8 .5  * * * * * * * 1.7 * 13.1  2 .7  

7 0  - -  9 .7  * * * * * * * - 1.3 * 2 7 . 9  6 .3  

E O P  10 - 9 . 5  3 8 . 2  - -  3 .6  6 5 . 7  - 1 .6 2 4 1 . 2  * * * * * * 

3 0  - 9 . 7  1 1 6 . 5  - 4 . 2  * - 2 .3  * * * * * * * 

5 0  9 .3  1 0 1 . 6  * * * * * * * * 5 7 . 2  1.5 

6 0  - 8 .8  * * * * * * * * * 4 9 . 6  2 . 5  

7 0  - 9 .6  * * * * * - 1.1 * 3 .9  * 4 7 . 6  2 .0  

bilayers of lamellar structures and does not crystallize on 
cooling down to -30  ~ [40]. 

In order to investigate the cause of peaks 2 and 3, the 
temperature dependence of the 2H-NMR spectrum for the 
DAP-D20 systems was measured. The results are briefly 
described below [41]. 

It was found that the spectral features of the 2H-NMR 
and 31p-NMR strongly depend on temperature. Below the 
transition temperature of peak 3, only symmetrical and 
broad 2H and 31p resonance signals were observed, while, 
above that of peak 3, 2H-NMR powder patterns [35, 42] 
and 31p-NMR spectral patterns characteristic of a lamel- 
lar structure [-35-37] were observed. This observation 
indicates that the peak 3 derives from the disorder to 
lamellar transitions. Above the transition temperature of 
peak 2, only symmetrical and sharp 2H and 31p resonance 
were observed, showing that the peak 2 comes from the 
lamellar to disorder transition. 

For the concentrated samples, it was found that the 
areas of two endothermic peaks deriving from peak 1 and 
peak 2 tend to become very small or disappear as the peak 
3 becomes predominant. Furthermore, we found that the 
thermal transition peaks 5 and 6 for the DSC curve of the 
concentrated PHP sample (70 wt%) and for that of the 
EOP samples (70 wt%) appear. The endothermic peaks 
5 for PHP and EOP should be due to the coagel to 
liquid crystal transition. For concentrated samples of the 
DPP- and BHP-water systems, similar observations were 
made. 

Recently, we have reported that the conformational 
preference about the P-O bonds depends upon the extent 
of hydration and occurs for both identical and mixed chain 
di-n-alkyl phosphate sodium salt-water systems in the 
coagel state [43, 44]. This fact implies that the aggregate 
structure of these systems in the coagels depends upon the 
hydrated environment of the phosphate group. Thus, for 
the coagel samples of PHP and EOP, we may also assume 
that the conformational preference about the P-O bond 
occurs at the transition temperatures. The endothermic 
peaks 6 may be related to the conformational preference 
about the P-O bonds. Further investigation is highly desir- 
able, in order to elucidate the cause of this transition. For 
the DAP samples in the lyotropic liquid crystalline state, 
endothermic peaks (peak 4) are observed in common in the 
temperature range 40~ 80 ~ (Fig. 5), and may be caused 
by variation of the molecular ordering of the aggregates 
upon the lyotropic to the isotropic transition (II--+ I 
transition), since none of these peaks shifted to a higher 
temperature when D20 was used as solvent. Figure 6 
shows the concentration dependence of the AH value for 
the endothermic peaks derived from the II ~ I thermal 
transition. The A H values tend to increase with an increase 
in concentration, showing that the aggregate structure of 
DAP anions in the liquid crystalline state is stabilized with 
increasing concentration. Furthermore, it should be em- 
phasized that the extent of variation in the AH value 
depends upon the species of DAP. That is, the extent of 
AH variation increases in the order EOP < PHP < 
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Fig. 6 Concentration dependence of the AH value due to the II ~ I 
transition in the DAP-water systems (DPP (e); BHP (m); PHP (A); 
EOP (.)) 

B H P  < D P P ,  suggest ing that  the s tabi l i ty  of the aggregate  
s t ructure  in the l iquid crysta l l ine  state also increases in this 

order.  
F o r  the D S C  curves of the E O P - H 2 0  samples  in 

region IV, in which the samples  are  in a ha rd  gel state, the 
endo the rmic  peaks  (peak 4) are also observed  in the tem- 
pe ra tu re  range 4 5 ~  50 ~ and  m a y  be ascr ibed to vari-  
a t ion  in the s t ruc tura l  o rder ing  of the aggregates  upon  the 
ha rd  gel to the i so t ropic  t ransi t ion,  since none  of these 
peaks  shifted to a higher  t empera tu re  when D 2 0  was used 
as solvent. 
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