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Abstract: Two-headed, single-chain ammonium amphiphiles in which the hydrophobic chain was made of the flexible deca-
methylene unit and the rigid diphenylazomethine or biphenyl unit were synthesized. These amphiphiles produced huge (106~
107 daltons) aggregates in dilute agueous solution. The basic structure of the aggregates was shown by electron microscopy
to be the monolayer membrane. A rod-like structure resulted, when the flexible moiety increased. Addition of second compo-
nents drastically changed the aggregate structure. For instance, rigid lamellae were converted to large single-walled vesicles
by incorporation of cholesterol. The present finding is the first example of the formation of stable monolayer membranes.

Stable bilayer membranes have been prepared in dilute
aqueous solution from a variety of totally synthetic amphiphiles
which contain two higher alkyl chains (C;0-Cig) as the hy-
drophobic moiety. The hydrophilic group of these amphiphiles
may be cationic,!~3 anionic,®7 nonionic,3 or zwitterionic.® In
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very recent studies, it is shown that the hydrophobic portion
of these bilayer-forming amphiphiles can be replaced by a
single-chain unit which contains a rigid segment such as di-
phenylazomethine® or biphenyl group.!® Figures 1a,b illus-
trates schematically these bilayer structures.

© 1979 American Chemical Society



Rarea
D

/

G
AR

X .
0'. “//v

Figure 1. Schematic illustrations of synthetic molecular membranes. Open
circle, hydrophilic head group; wavy line, flexible hydrocarbon chain;
rectangle, rigid segment. (a) Bilayer membrane formed from one-headed,
double-chain amphiphiles. (b) Bilayer membrane formed from one-
headed, single-chain amphiphiles. (¢) Monolayer membrane formed from
two-headed, single-chain amphiphiles. (d) Rod-like structure conceived
for the aqueous aggregate of 3. (e) Tubular structure conceived for the
aqueous aggregate of 3.

As an extention of these studies, we wish to report herein
novel monolayer membranes and related structures (see Fig-
ures lc-e) which are formed in water spontaneously from
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two-headed ammonium amphiphiles. The amphiphile struc-
tures are shown below together with abbreviations.

Results and Discussion

The aqueous solution of these dicationic amphiphiles was
prepared by the sonication method or by the injection method.
In the first method, 5-7 mg of the amphiphiles was suspended
in 1 mL of deionized water and sonicated for 2-5 min by a
Branson Sonifier 185 (sonic power 40). The resulting solutions
(10 mM) were usually clear or translucent, and freely flowing.
The appearance of these solutions was very similar to that of
aqueous solutions of lecithin liposomes. A turbid solution was
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obtained from 6 by this procedure. In the injection method, 10
mg of the amphiphiles was dissolved in dimethylformamide,
and the solution was injected by a syringe into 10 mL of hot
water and sonicated for 2-5 min. This procedure did not work
for 6, because it was not soluble in dimethylformamide, while
clear solutions were obtained from 2, 4, and 5.

Table I summarizes the aggregation behavior of the am-
phiphiles. The critical micelle concentration is (1-3) X 10~*
M as estimated by the Wilhelmy method and the molecular
weight of the aggregates is in the range of 10~107. Therefore,
it is concluded that huge aggregates are formed in dilute
aqueous solution. These aggregates are stably dispersed in
water and the appearance of the solutions did not change for
at least several weeks. The azomethine group is known to be
hydrolyzed readily at neutral pH in the molecular dispersion.
However, it seems to resist hydrolysis when imbedded in the
hydrophobic core of the tight aggregate. In fact, identical
electron micrographs were obtained after the amphiphile so-
lution (10 mM) had been kept for several weeks. A similar
conclusion has been obtained for the ordered aggregate of
single-chain amphiphiles which contained the azomethine
group.®

The fine structure of the aggregates can be elucidated most
directly by electron microscopy. Thus, 1 mL of the amphiphile
solution (10 mM) was mixed with 1 mL of 2% aqueous uranyl
acetate and sonicated for 15-30 s, The mixture was incubated
in ice~water for 30 min, applied to the carbon-coated Cu mesh,
dried in vacuo, and subjected to electron microscopic exami-
nation. Except for 6, which did not disperse in water, all of the
ampbhiphiles formed well-organized structures in dilute (1072
M) solution. The preparative method of the sample solutions
(sonication or injection) did not affect the aggregate structure.
Those amphiphiles that possess rigid segments in the middle
of the molecule (i.e., 1, 4, and 5) produce well-developed la-
mellar structures. In particular, very clear lamellar structures
were observed for 1 as shown in Figure 2A. This is apparently
an edge of a fragment of stacked sheets (membranes). The
same structure of varying sizes was viewed abundantly, and
no other structures were apparent. The layer thickness is 30-40
A therefore it is strongly implied that the layer is composed
of the dicationic amphiphiles aligned perpendicular to the layer
surface, as illustrated in Figure lc. These structures may be
related to separate lyotropic liquid crystalline phases of the
lamellar type such as obtained with concentrated soap solu-
tions.!! However, an important difference exists in that the
present aggregates are stable as monolayers, as can be typically
seen in Figure 2D. The lamellar structure is derived not from
the formation of separate lyotropic liquid crystalline phases,
but from the intrinsic stability of the monolayer.

The lamellar structure appears to become flexible when the
hydrocarbon chain occupies the center of the molecule as in
2. A further increase in the flexible hydrocarbon segment
drastically changes the aggregate structure, and 3 produces
a rod-like structure as shown in Figure 2B, The diameter of the
rod is 70-100 A, a value larger than the length of the extended
molecular chain of 3 (67 A). A dark streak runs through the
middle of the rod. These features are consistent with the mo-
lecular arrangements shown in Figures 1d,e. The amphiphilic
molecule is folded into two and packed radially in Figure 1d.
In Figure le, the large area difference between the outer and
inner surfaces may be accommodated by assuming bent mo-
lecular packing in the outer half of the membrane. This is
possible because the flexible chain is present in the middle of
the molecule. The dark streak is explained by deposition of
uranyl acetate in the inner core in both cases. The formation
of the rod-like structure was reported for a mixture of lecithin
and cholesterol,!? but the tubular structure of Figure le has
not been mentioned in the past literature. We cannot dis-
criminate between these two possibilities at the moment.
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Figure 2. Electron micrograph. (A) 1, magnification X360 000. (B) 3, magnification X360 000. (C) 1 + 2C;2N*+2C; (equimolar mixture), magnification
X180 000. (D) 1 + cholesterol (3:1 molar mixture), magnification X180 000.

Table I. Aggregation of Dicationic Amphiphiles

aggregate
: weight,¢
aqueous solution? 104 cmc? dalton electron
compd (10 mM) M (X107%) micrograph9
1 N*Co-BB-Co-N* clear 1.4 1.2 lamella
2 N*BB-C;o-BB-N* translucent 25 11 lamella
(clear)
3 N+C¢-BB-Ci¢-BB-Ci¢-N* clear 3.0 13 rod-like
structure
4 N*-Co-BB-BB-C o-N* translucent 1.0 3.1 lamella
(clear)
5 N%-C,;o-BPh-C,o-N* (ester) translucent 2.5 ; 7.9 lamella
(clear)
6 N*-C,o-BPh-C;o-N* (amide) turbid

@ The solution obtained by the sonication method. The description given in parentheses is for those solutions that were obtained by the injection
method. ® The critical micelle concentration (cmc) was determined by the surface tension measurement (Wilhelmy method). Portions of DMF
solutions (~2 mL) of the amphiphiles were successively added to 25 mL of water at ambient temperature. The minimal surface tension was
50 + 2 dyn/cm in all cases. ¢ Determined by the light scattering method: Union Giken Co. (Japan) Model LS-600. Light source: He-Ne laser.
The aqueous solutions were prepared by sonication; the scattering intensity at 0.5, 0.25, and 0.125 wt % was extrapolated to that at the zero
concentration. ¢ 10 mM solution prepared by sonication. Hitachi H-500 instrument.

The rigid-looking lamellar structure of 1 can be transformed
into totally different structures by adding second components.
When 50 mol % of didodecyldimethylammonium bromide was
cosonicated (total amphiphile concentration, 15 mM), mul-
tiwalled vesicles are formed (Figure 2C). An example of the
most remarkable transformation was the predominant for-
mation of seemingly single-walled vesicles by cosonication of
1/3 M cholesterol (Figure 2D). The vesicles are 1000-3000
A in diameter and their membrane thickness is at least 60-70
A. It is suspected that cholesterol molecules are mostly located
in the outer half of the membrane, thus creating curvature
suitable for the vesicle formation.

In conclusion, two-headed (cationic) amphiphiles can form
stable monomolecular membranes in dilute aqueous solution,
if they possess the hydrophobic moiety composed appropriately

of the rigid segment and the flexible hydrocarbon chain. The
rigid segment is required for facilitated packing of amphiphilic
molecules in dilute solution. It is important that the aggregate
structure can be varied drastically by modifying the chemical
structure of amphiphiles or by adding second components. A
variety of functionalized membranes will be prepared in the
future on the basis of the present study.

Experimental Section

The two-headed amphiphiles N*-C;o-BB-C,o-N* (1), N+-BB-
C|0-BB-N+ (2), N+-C10-BB-C|()-BB-C]0-N+ (3}, and N+—C10-BB-
BB-C,o-N* (4) were prepared by condensation of appropriate benz-
aldehydes and aromatic amines.

10-(p-Aminophenoxy)decyltrimethylammonium Bromide. According
to a general procedure,!? 10-(p-acetamidophenoxy)decyl bromide
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(white granules from ethanol, mp 90-95 °C) was obtained from p-
acetamidophenol and excess 1,10-dibromodecane. The product was
quaternized by trimethylamine in ethanol in a sealed ampule at 80
°C for 36 h. Solvent was then removed in vacuo and the precipitates
were hydrolyzed for 3 h in a refluxing mixture of ethanol and con-
centrated hydrochloric acid. The reaction mixture was neutralized
to pH 8-9, solvent was removed in vacuo, and precipitates were ex-
tracted with hot ethanol. White granules obtained upon cooling were
recrystallized from ethanol, yield 71%, mp 175-180 °C.

1,10-Bis(p-aminophenoxy)decane. 1,10-Bis(p-acetamidophenox-
y)decane (mp 160-170 °C) as obtained similarly from 1,10-dibro-
modecane and excess p-acetamidophenol was hydrolyzed in a mixture
of ethanol and concentrated hydrochloric acid as pale brown granules
from ethanol, mp 70-71 °C.

Amphiphiles 1-4. N*-C-BB-Co-N* (1) was prepared by con-
densation of 10-(p-formylphenoxy)decyltrimethylammaonium bro-
mide® (mp 117-118 °C) and 10-(p-aminophenoxy)decyltrimeth-
ylammonium bromide in refluxing ethanol for | h in the presence of
a small amount of acetic acid: yield 56%; mp 225 — 260 °C (the liquid
crystalline behavior was observed during the melting point mea-
surement as indicated by arrow); NMR (CDCl3;~Me,SO-dg) 6 3.1
(s, 18 H, N*-CH3), 7.0 (m, 8 H, phenyl), 8.3 ppm (1 H, -CH=N-).
Anal, (C39H67N302Br2-H20) C, H, N.

N+-.BB-Cjo-BB-N* (2) was prepared similarly from 1,10-bis(p-
aminophenoxy)decane and p-formylphenyltrimethylammonium
bromide (mp 208~210 °C):? yield 96%; mp 195-200 °C (from etha-
nol); NMR (Me;SO-dg) 6 3.8 (s, 18 H, N*+-CH3), 7.3 (m, 16 H,
phenyl), 8.2 ppm (2 H, ~CH=N-). Anal. (C4;H3s¢N4O;Br,-H,0)
C,H,N.

N+-Cy0-BB-C0-BB-C;o-N* (3) was similarly prepared from
1,10-bis(p-aminophenoxy)decane and 10-(p-formylphenyl)decyl-
trimethylammonium bromide:® yield 60%; mp 245-250 °C (from
ethanol). Anal. (C62H96N4O4Br2-2H20) C, H, N.

N+*-C19-BB-BB-C;o-N* (4) was similarly prepared from benzidine
and 10-(p-formylphenoxy)decyltrimethylammonium bromide:? yield
80%; mp 150 — 270 °C. Anal. (C52H76N402Brz-l.5H20) C, H,
N

.N+-C10-BPh-Cm-N+ (ester) (5). Excess 1l-bromoundecanoyl
chloride (2.2 equiv, bp 180 °C (10 mm))!4 was allowed to react with
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p.p’-dihydroxybiphenyl in dimethylformamide at 0-40 °C for 90 min
in the presence of triethylamine. p,p’-Bis(11-bromoundecanoylox-
y)biphenyl (mp 75-80 °C, recrystallized from acetone) thus obtained
was quaternized with trimethylamine in ethanol-benzene at 90 °C
for 72 h: colorless granules from ethanol; mp 130-132 °C; NMR
(CDCl3-Me3S0-de) 6 1.2 (m, 32 H, ~-CH,~), 3.1 (s, 18 H, N*-CH3),
6.8 and 7.3 pPpm (m, 8 H, phenyl) Anal. (C40H66N204BI‘2) H; C:
caled, 60.15; found 63.61. N: caled, 3.51; found 2.69.

N*+.Cyo-BPh-C¢-N* (amide) (6). Excess 11-bromoundecanoyl
chloride and benzidine were similarly allowed to react in chloroform
in the presence of triethylamine, and resulting p,p’-bis(11-bro-
moundecanoyl)benzidine (mp 220 °C, recrystallized from chloro-
form-ethanol) quaternized by trimethylamine in a sealed ampule:
colorless granules; mp 245 °C. Anal. (C40HesN4O;Br2-H,0) C, H,
N.
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