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ABSTRACT: The membrane structure of hydrated monoalkyl-monocation type artificial 
amphiphiles was investigated by an X-ray diffraction method. The amphiphiles showed a 
thermotropic and lyotropic crystal-liquid crystal transition similar to that of phospholipids in the 
biological membranes. The artificial amphiphilelwater system with various amphiphile concen­
trations in the region from C=0.8 to C=O.l (weight fraction) gave basically the same X-ray 
diffraction patterns. A one-dimensional structural analysis of the membrane was carried out for 
the specimen of C=0.5. According to this analysis, the repeating period of 4.20nm consists of the 
water layer (0.52 nm) and the bimolecular layer (3.68 nm) in which hydrocarbon chains from both 
surfaces of the bimolecular layer .are mutually inserted and almost perpendicular to the surface. 
Considering the thickness of the water layer, water molecules seem to be packed neatly and fixed 
strongly by the hydrogen bonds with bromide anions which are located at the surfaces of the 
bimolecular layer. As the number of carbon atoms in the alkyl group changed to I 0, 12, and 14, the 
crystal-liquid crystal phase transition temperature was raised to 303, 310, and 332K, respectively. 
The thickness of the bimolecular layer increased linearly with 0.26 nm per two alkyl groups, while 
the thickness of the water layer remained constant (ca. 0.52 nm). The wide angle diffractions of0.47, 
0.40, and 0.38 nm were independent of the length of the alkyl chain. This indicates that the above 
three amphiphiles were very similar in molecular conformation and packing arrangement. 
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Phospholipids are one of the main con­

stituents of biomembranes and have both ther­

motropic and lyotropic crystal-liquid crystal 

transitions in the lipid/water system. They 

construct a bimolecular layer which was con­

firmed by transmission electron micrographs1 

and X-ray diffraction studies.2 •3 

Kunitake et al. synthesized artificial am­

phiphiles composed of monoalkyl- or dialkyl 

hydrophobic groups, and various types of 

polar head groups as biological membrane 

models.4 The phase transition behavior and 

the permeation properties of water and ions 

have been studied extensively for some of the 
above artificial amphiphiles. 5 -? The mono­

alkyl-monocation type artificial amphiphile 

has both thermotropic and lyotropic crystal­

liquid crystal phase transitions in the arti­

ficial amphiphile/water system that occur in 

a similar manner to those of a biomembrane. 8 

The long spacing, L at 300 K increased mono­

tonously with decrease of the amphiphile con-
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centration until C = 0.95, at which free water 
appears in the system, while L kept constant 
( 4.20 nm) in the lower concentration. It was 
confirmed from small angle X-ray scattering 
that the bimolecular lamellar structure was 
formed even in a very dilute aqueous solu­
tion ( C < 0.1 ), compared with other surface­
active agents which could form the bimolec­
ular layer only at rather high concentration 
above C=0.6.9 Further, electron micrographs 
showed that the monoalkyl-monocation type 
artificial amphiphile formed the bimolecular 
lamellar structure even at C=0.001.10 This 
outstanding of the bilayer formation 
might be due to the existence of the rigid di­
phenylimino group in the mesogenic part. 
In this study, we investigated in greater de­
tail the structure of the bimolecular mem­
brane formed by monoalkyl-monocation type 
artificial amphiphiles. 

MATERIALS AND METHODS 

The monoalkyl-monocation type artificial 
amphiphiles of Figure 1 were synthesized by 
the method ofKunitake et a/.4 The synthesized 
artificial amphiphiles were all p-trimethyl­
ammoniumbenzylidene-p' -alkylaniline bro­
mide (CnBBN+3C1 ; n= 10, 12, 14) and each 
consisted of three parts: the hydrophilic am­
monium head group, the mesogenic diphenyl­
imino group and the hydrophobic monoalkyl 
group. 

For tlie purpose of X-ray diffraction 
measurement, multilamellar dispersions of hy­
drated CnBBN + 3C1 were prepared by evap­
orating water from a dilute aqueous solution 
of an artificial amphiphile after sonication 
treatment. X-ray diffraction patterns were 
photographed by a plate camera collimated 
with toroid mirror optics, 11 using nickel­
filtered Cu-K, radiation (A.= 0.1542 nm) from 
X-ray generater (Rota Flex R-200). Helium 
gas was passed through the camera to avoid 
air scattering. Microdensitometry of the dif­
fraction photographs was carried out using a 
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P-TRIMETHYLAMMONIUMBENZYLIDENE­
P'-ALKYLANILINE BROMIDE 

+ (CnBBN 3.C1 , n=lO,l2,14) 

Figure 1. Chemical structure of artificial lipids. 
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Figure 2. Molecular model of Ci 2BBN + 3C1• 

Joyce-Loeb! film scanner. Baseline profiles 
were determined from traces on either side of 
each diffraction. The area (An), in which the 
subscript "n" indicated the n-th order diffrac­
tion, was converted to the relative structure 
amplitude, Fn, using the following relation­
ship, 

(1) 

which provided approximate Lorentz and po­
larization corrections. 12 

Figure 2 shows. the molecular model of 
C12BBN + 3C1 . The alkyl group was assumed 
to be all trans-conformation. The z-axis was 
set along the direction of the alkyl chain and 
its origin was located on one of the hydrogen 
atoms in the ammonium head group. Plausible 
molecular conformations were generated sys­
tematically by changing dihedral angles in a 
mesogenic group. All atoms for each structural 
model were projected on the z-axis, and the 
coordinate ofj-th atom (z) was measured. The 
z-coordinate of the bromide anion (b) was 
changed from the origin to the location of the 
nitrogen atom in the polar head group. 

To simplify the bilayer structure of hydrated 
C12BBN+3C1 , we divided it into the two parts, 
a bimolecular layer and a water layer as shown 
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in Figure 3. The Z-axis was taken perpendic­
ular to the bilayer surface and its origin was 
located at the center of the water layer. The 
angle between the z-axis and the membrane 
surface defined by e and the distance between 
two origins of z- and Z-axis was designated as 
translation (t), which corresponded to a half 
thickness of the water layer. Then, the coor­
dinate zi was converted to Zi by the equation 

(2) 

The structure amplitude of n-th order, F., 
was calculated using the relationships 

Fn= L: jjcos(2nsZ) 
j=l 

(3) 

(4) 

where ¢n is the Bragg angle for n-th order 

Cl 

" l 

z 

W<ner layer 

Figure 3. Schematic diagram of a lipid bilayer. 

diffraction, A. is the wavelength ofCu-K, andjj 
is a water-weighted atomic scattering fac­
tor13·14 for the j-th atom. More than 12,000 
structural models were generated by changing 
e, t, b, and the molecular conformation. 
Structure amplitudes, Fn, were calculated for 
each model and compared with the observed 
ones, in order to find the most plausible 
structure model. 

RESULTS AND DISCUSSION 

X-Ray diffraction patterns were recorded 
from the C12BBN+3Ctfwater system. Figure 4 
shows the pattern for the hydrated 
C12BBN+3C1 at C=0.51 and 300K. Here, C 
denotes the weight fraction of the artificial 
amphiphiles in aqueous solution. The diffrac­
tion patterns were almost identical at con­
centrations of C=0.60, 0.51, 0.30, and 0.15. 
Six diffraction rings corresponding to a pe­
riodicity of 4.20 nm were observed, which 
meant that C12BBN+ 3C1 molecules aggre­
gated into a lamellar form in the 
C12BBN+ 3C1/water system. Diffraction with 
spacing shorter than 0.65 nm was not taken 
into account since it might be attributable to 
the lateral periodicity of the alkyl group or 
diphenylimino group. After Lorentz and po-

C:0.51 ( 298K) 

4.20nm(n=1) 
2.09nm(n=2) 

1.41nm(n=3) 
O.B1nm(n=5) 
0.70nm(n=6) 
0 . 61 nm 
0.51nm 

0.47nm 
0.41nm 

Figure 4. X-Ray diffraction pattern of C12BBN+3C1 (C=0.51) and its schematic diagram. 
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Table I. Observed (Ee) and calculated (Fn) structure amplitudes for C12BBN+ 3C1 a 

b f) 

Fl F2 
nm nm 

70 100 23 
75 100 24 

0.26 0.00 80 100 25 
85 100 25 
90 100 25 

80 100 27 
0.16 0.10 85 100 28 

90 100 28 

a F?: = 100: 10: 21 : 0: 42: 50. 
b R=LniiFei-IFnii/L.IFel. 

larization corrections, the relative structure 
amplitudes, F1 , F2 , F3 , F4 ,. F5 , and F6 were 
100, 10, 21, 0, 42, and 50, respectively. 

The models with good agreement between 
the observed structure amplitude, and that 
calculated, F, were examined by changing the 
parameters of 8, t, b, and dihedral angles, 
systematically. Changes in the dihedral angles 
in the mesogenic group gave only a little effect 
on their z-coordinates. Therefore, the variation 
of the molecular conformation was not so sen­
sitive to the magnitudes of structure ampli­
tudes. Table I shows several examples with 
fairly good agreement between observed and 
calculated structure amplitudes. Among them, 
the model with t=0.26nm, b=O.OOnm, and 
() = 85° or 90° gave the best agreement. This 
model is shown in Figure 5, in which the 
repeating period of 4.20 nm consists of the 
bimolecular layer (3.68 nm) and water layer 
(0.52 nm). The hydrocarbon chains attached to 
the polar heads on different surfaces were 
mutually inserted from opposite directions-and 
were almost perpendicular to the membrane 
surface as shown in Figure 5. 
Bromide anions were located at the surface of 
the bimolecular layer. Considering the thick­
ness of the water layer (ca. 0.5 nm) and also, 
the hydrogen bond length between water and 
Br- (ca. 0.33 nm), 15 the water molecules seem 
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F3 F4 Fs F6 Rb 

16 5 49 65 0.18 
19 3 51 63 0.18 
20 1 53 61 0.17 
22 0 54 60 0.17 
22 0 54 59 0.17 

14 5 46 80 0.28 
15 4 48 82 0.30 
15 4 49 82 0.30 

Figure 5. Representative structure of the most plau­
sible model. 

to be packed neatly and fixed strongly by the 
hydrogen bonds as schematically illustrated in 
Figure 6. 

C10BBN+ 3C1 and C14BBN+ 3C1 showed 
similar X-ray diffraction patterns to that of 
C12BBN+3C1 . Also, they exhibited similar 
thermotropic and lyotropic liquid crystal phase 
transition behavior to that of C 12BBN + 3C1 . 

Table II shows the crystal-liquid crystal phase 
transition temperatures, Tc and the long spac­
ings for both powders ( C = 1.0) and the fully 
hydrated state (C=0.1) ofC"BBN+3C1 . Tc of 
the hydrated C"BBN + 3C1 were 303, 310, and 
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/ 
Bimolecular 

layer 

Figure 6. Hydrogen bond between Br- ion and water 
in the lipid bilayer. 

Table II. The crystal-liquid crystal phase transition 
temperature of the fully hydrated state and long 

spacings for both powders (C= 1.0) and one 
of the fully hydrated C.BBN + 3C1 

Bimolecular Long spacing 
n length C=O.I C= 1.0 

Lipids ------

C10BBN+3C1 

C12BBN+3C1 

C,4BBN+3C, 

K 

303 
310 
332 

nm 

5.1 
5.6 
6.1 

nm 

3.94 
4.20 
4.46 

nm 

2.70 
2.72 
2.94 

332K for n=10, n=12, and n=l4, respec­
tively. Since an increase of the number of 
carbon atoms in alkyl chain group leads to an 
increases of lateral hydrophobic interaction 
among alkyl chains, it is reasonable that Tc 
increase with the number of carbon atoms. 

Figure 7 shows the long spacings, L for 
C"BBN+3C1 (n= 10, 12, and 14) together with 
their X-ray diffraction patterns. As in the case 
of C12BBN+3C1 , the X-ray patterns from the 
fully hydrated C"BBN+3C1 (n=IO, 14) were 
independent of the free water concentration. 
The long spacings obtained from the hydrated 
C"BBN+3C1 with n= 10 and n= 14 were 
3.94 nm and 4.46 nm, respectively. As seen in 
Figure 7, the long spacing monotonously in­
creases with the number of CH2 groups in the 
hydrocarbon chain. The magnitude of increas­
ing in a long period was 0.52 nm for four 
methylene groups. If methylene chains are in a 
planar zigzag conformation and also aligned 
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Nt..1mber of carbOn atom 

Figure 7. Long periods and X-ray diffraction patterns 
ofC.BBN+3C1 (n=lO, 12, and 14). 

perpendicular to the membrane surface, the 
difference of a long period between 
C"BBN+3C1 with n= 10 and n= 14 corre­
sponds to the magnitude mentioned above. 
This indicates that the aggregation state of 
methylene chains shown in Figure 5 is fairly 
certain. Further, the patterns from these ana­
logues had the same diffractions at 0.47, 0.40, 
and 0.38 nm which were expected from the 
lateral ordering of the alkyl chains. Therefore, 
these analogues are assumed to have very 
similar molecular conformations and packing 
states within the bimolecular layer. The ob­
served structure amplitudes of C"BBN + 3C1 

were 

=100: 12:27:0:68:59 forn=lO 

and also, 

F? : Fg : : : : 

=100: 18:25:10:38:58 forn=l4 

The structural analyses of C"BBN + 3C1 

(n = 10, 14) were carried out by the same 
method as in the case of C12BBN+3C1 . The 
most plausible structures of fully hydrated 
C"BBN+3C1 (n= 10, 14) were fundamentally 
similar to that of C12BBN + 3C1 except for the 
thickness of the bimolecular layer. On the 
other hand, thickness of the water layer was 
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kept constant (ca. 0.5 nm). Similar linear re­
lationships between the thickness of the bimo­
lecular layer and number of carbon atoms 
have been observed for I ,2-diacyl-L-phos­
phatidylcholine, I ,2-diacyi-DL-phosphatidyi­
ethanoiamine, I ,2-diacyl-L-phosphtidyl-L-se­
rines, I,2- and I,3-diacyl-DL-glycero-phospha­
tidic acid, fatty acids, diglycerides, and tri­
glycerides, for which the number of alkyl 
group ranges from 10 < n < 20.16 

In conclusion, the X-ray diffraction patterns 
of hydrated monoalkyl-monocation type arti­
ficial amphiphiles were independent of their 
concentrations in the region from C = 0.1 to 
C=0.8. The structural analyses for 
CnBBN + 3C1 in the fully hydrated state in­
dicated that the hydrophobic alkyl chains were 
aligned almost perpendicular to the membrane 
surface ( e::::: 90°) and stacked in the fashion 
of the mutual insertion of hydrocarbon chains 
extending from opposite directions. The thick­
ness of the bimolecular layer increased with 
the length of the alkyl chain, while the thick­
ness of the water layer kept constant at about 
0.5 nm. The lateral ordering or packing of 
alkyl chains in the bimolecular layer was inde­
pendent of the length of the alkyl chain. 
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