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This paper describes the synthesis and self-assembly properties of bolaamphiphiles with two different head groups:
a urocanic moiety and another group such as an active function (hydroxyl, carboxylic acid or methyl ester) or a
sugar (arbutin). The morphologies of the aggregates formed by these amphiphiles in aqueous solutions were studied
by light scattering and transmission electron microscopy and found to be strongly dependent on three parameters
(pH, structure of the amphiphile and position of the connecting links on the imidazole moiety). These investigations

reveal that the form of the aggregates is mainly affected by the presence and the number of hydrogen-bonding
functions in the amphiphilic structure (from vesicles to flexible fibers then rigid fibers).

Organized molecular assemblies are very common in bio-
logical systems,! for example in proteins, DNA and cellular
membranes. The aim of reaching the unique specificity of the
functions performed by these biological structures has led
chemists to develop ways to design and prepare molecules to
obtain nanoscale molecular assemblies through molecular
recognition-directed self-assembly processes based on inter-
molecular noncovalent interactions.?”> Many approaches have
been successful, particularly those concerning amphiphiles.
These molecules are known to self-organize in water to form
molecular aggregates* such as micelles, multi-layered sheets,
vesicles, rings, and fibers (rods,> ribbons,® helices,”>* and
tubules®). On the one hand, their amphiphilicity holds the
molecules together and, on the other hand, repulsive hydra-
tion and steric effects prevent the formation of three-
dimensional crystals. Other parameters are also important:
the structural features of the amphiphiles such as the length of
the hydrophobic chain,® even-odd carbon number,!® nature
of the counter-ion,!! chiral centers, secondary amide func-
tions,'? spatial geometry of the molecule and also media con-
ditions such as pH,!3 ionic strength and temperature.!*

Molecular aggregates have been studied with the dual
objectives, of preparing “designer assemblies”'® and of
developing potential biological applications. So, it is inter-
esting to understand the relationship that connects amphi-
philes and aggregate structures with the aim of predicting the
shape of the aggregates and even their applications.

After preliminary results obtained in our laboratory with
micellar media from monopolar amphiphile derivatives of
urocanic acid,'® we wanted to obtain a greater diversity of
assemblies so we chose to study symmetrical urocanic bola-
ampbhiphiles,!” which are molecules with two identical head
groups connected by one chain. The morphologies of the
aggregates formed by these bolaamphiphiles (micelles, vesicles
or fibers) have been found to be strongly dependent on three
parameters: pH, the structure of the head group and the posi-
tion of the connecting link.!® With unsymmetrical bolaamphi-
philes, the possibilities of modulating the intermolecular
interactions would increase.

The present work concerns unsymmetrical bolaamphiphiles
with two head groups of different sizes. One polar head is
urocanic acid (UCA), a chemically intriguing molecule of bio-
physiological importance!®~2! (Scheme 1), the other polar
head is a group bearing a hydroxyl, carboxylic acid or methyl

DOI: 10.1039/b005487i

ester function or a sugar (arbutin). The latter polar head was
chosen owing to its size, shape and ability to participate in
hydrogen-bonded networks. A glucosidic head group was
selected because sugars have many interesting properties; they
are naturally occurring chiral molecules, they have multiple
and directional hydroxyl groups that are able to participate in
effective and strong hydrogen bonding to generate self-
organized structures in water; they are biocompatible.

In the present paper, we shall first describe the synthesis of
unsymmetrical bolaamphiphiles (Scheme 2) and then the
aggregates formed by these compounds in water at various
pH values.

Experimental

Materials and methods

Commercial products (Aldrich Chemical Co.) were used
without further purification. Solvents were freshly distilled and
dried before use according to standard procedures.

'H and '3C NMR spectra were recorded on Bruker AC 200
and 250 spectrometers at nominal frequencies of 200 and 250
MHz for H and 50 and 63 MHz for 13C, J are given in hertz.
Mass spectra were recorded on a Nermag R10-10DCI instru-
ment for direct chemical ionization (DCI, with NH;) and a
ZAB-HS instrument (WG-Analytical, Manchester, UK) using
the FAB (fast atom bombardment) mode with a glycerol
matrix or using the ESI (electro spray ionization) mode.
Melting points were determined on an Electrothermal appar-
atus (capillary tubes). Microanalyses were carried out on a
Carlo Erba 1106 at the ENSCT (Toulouse, France).

Syntheses

Compound 1. To a stirred suspension of E-urocanic acid (2
g, 14.8 mmol) in 80 mL of anhydrous toluene was added a
mixture of monohydrated p-toluene sulfonic acid (3.3 g, 17.3
mmol) and dodecan-1,12-diol (8.8 g, 43.4 mmol). The mixture
was refluxed for 7 h, then the precipitate was recovered by
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Scheme 1 E and Z isomers of urocanic acid.
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Scheme 2 Unsymmetrical bolaamphiphiles studied.

warmed filtration. Washing with warm diethyl oxide elimi-
nated the excess of dodecan-1,12-diol. The precipitate was
recovered and washed three times with warm ethyl acetate—
methanol 5 : 1 v/v. The filtrate was concentrated to obtain the
p-toluene sulfonate salt of 1 (3.65 g, 50%) as a solid, mp 90 °C.
'H NMR (200 MHz, DMSO-dy): § 1.24 [m, 16H, (CH,)],
1.62 (t, 4H, J = 6.4, CH,CH,00C and CH,CH,OH), 2.28
(s, 3H, CH,), 3.36 (t, 2H, J = 6.4, CH,OH), 4.14 (t, 2H, J =
6.6, CH,00C), 6.68 (AB system, 1H, J,;=162 Hz
CH=CHCOOR), 7.11 (AB system, 2H, J s = 6.5, 2 H,,3,), 7.50
(AB system, 2H, J,5 = 6.5, 2H,,.,.), 7.55 (AB system, 1H,
Jag =162 Hz, ImCH=), 8.08 (s, 1H, HsIm), 9.19 (s, 1H,
H,Im); 3C NMR (50 MHz, DMSO-d): § 20.7, 25.3-32.4,
60.6, 64.3, 120.1, 121.6, 125.4, 128.0, 128.5, 129.2, 137.7, 145.3,
165.3; ESI MS (>0): m/z = 323 [M — PTS]*.

The pH of the suspension of the p-toluene sulfonate salt of 1
(2 g, 4.05 mmol) in 100 mL of water was adjusted to ~8 with
0.1 mol L~! NaOH. The reaction mixture was stirred at room
temperature for 3 h. The precipitate was filtered off and thor-
oughly washed with water. The resulting product was rec-
rystallized from acetone and a few-drops of pentane to give
731 mg of 1 (56%) as a white solid, mp 95°C. 'H NMR (200
MHz, DMSO-dg): 6 1.25 (m, 16H, 8 CH,), 1.61 (m, 4H,
CH,CH,0OH and CH,CH,00C), 337 (t, J=63, 2H,
CH,OH), 4.10 (t, J = 6.6, 2H, CH,00C), 6.34 (AB system,
Jap = 15.7 Hz, 1H, CH=CH,COOR), 7.54 (AB system, J ,p =
15.7 Hz, 1H, CHz=CHCOOR), 7.55 (s, 1H, Hsim), 7.83 (s, 1H,
H,im); '*C NMR (50 MHz, DMSO-dg): § 25.3-32.4 (CH,),
60.7 (CH,OH), 63.6 (CH,00C), 114.0 (<=CHCOOR), 123.5,
1279, 1339, 1354, 166.5; Anal. calc. for C,gH;,N,O5-
12H,0: C, 65.17; H, 9.35; N, 8.44%. Found: C, 65.20; H,
8.95; N, 8.14%; DCI MS (NH;): m/z = 323 [MH]* (100%).

Compound 2a. Methyl 12-aminododecan-1-oate hydro-
chloride was synthesized according to an esterification method
described elsewhere.?? It was purified by recrystallization in
n-hexane with a few drops of diethyl oxide and methanol
(yvield 90%), mp 156°C. 'H NMR (80 MHz, CDCl;): § 1.26
(m, 18H, 9 CH,), 2.29 (t, J = 7.2 Hz, 2H, CH,COOCH,;), 2.95
(m, 2H, CH,NH,;"), 3.65 (s, 3H, CH;00C), 8.25 (m, 3H,
NH,*); 13C NMR (50 MHz, CDCl;): § 24.9-29.4, 34.1, 40.0,
51.5, 174.3; Anal. calc. for C,3H,3NO,CI: C, 58.68; H, 10.53;
N, 5.26%. Found: C, 58.33; H, 10.59; N, 5.26%; ESI MS:
m/z = 230 [M — CI]*.

To methyl 12-aminododecan-1-oate hydrochloride (962 mg,
3.62 mmol) in 20 mL of anhydrous chloroform was added
dropwise freshly distilled triethylamine (0.52 mL) at room
temperature. To this solution cooled to 0°C, E-urocanic acid
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(0.5 g, 3.62 mmol) and dicyclohexylcarbodiimide (747 mg, 3.62
mmol) in 40 mL of anhydrous dimethylacetamide was added.
The mixture was stirred for an additional 3 days at room tem-
perature. After removal of the precipitate by filtration, the fil-
trate was concentrated and the residue purified by flash
chromatography on silica gel (eluent: CH,Cl,-EtOH 95: 5
v/v) to yield 2a (190 mg, 15%) as a white solid, mp 118 °C. 'H
NMR (200 MHz, CDCl,): 6 1.24 (m, 14H, 7 CH,), 1.55 (tt,
J,=J,=16, 4H, CH,CH,NHCOR + CH,CH,COOCH,),
2.29 (t, J, = 7.6, 2H, CH,COOCHj3;), 3.33 (td, J, = 7.6, J, =
6.7, 2H, CH,NHCOR), 3.65 (s, 3H, CH,00C), 6.06 (t, J, =
6.7, 1H, NHCOR), 6.52 (AB system, J,; =152 Hz, 1H,
=CH,CONH), 7.15 (s, 1H, Hsim), 7.50 (AB system, J,5 = 15.2
Hz, 1H, CHz=CH,CONH), 7.62 (s, 1H, H,im); Anal. calc. for
C,oH;3;N;05-14H,0: C, 64.49; H, 8.91; N, 11.88%. Found:
C, 64.23; H, 8.55; N, 11.35; DCI MS (NH;): m/z = 350
[MH]* (100%).

Compound 2b. Bolaamphiphile 2a was hydrolyzed accord-
ing the previously described method?? to give 2b in 70% yield,
mp 180°C. 'H NMR (200 MHz, DMSO-d¢): 6 1.25 (m, 14H,
7 CH,), 146 (m, 4H, CH,CH,NHCOR + CH,CH,COOH),
218 (t, J =72, 2H, CH,COOH), 3.13 (td, J, = J, = 5.9, 2H,
CH,NHCOR), 648 (AB system, J,p=152, 1H,
=CH,CONH), 729 (AB system, J,z=157 1H,
CHz=CH,CONH), 7.35 (s, 1H, Hsim), 7.70 (s, 1H, H,im), 7.95
(t, J, =59 Hz, 1H, NHCOR), 12.13 (s, 1H, COOH); '3C
NMR (50 MHz, DMSO-d¢): 6 24.4-33.6, 40.3, 42.2, 118.5,
136.8, 1654, 1744; DCI MS (NH;): m/z =336 [MH]*
(100%).

Compounds 3a, 3b. The synthesis of compounds 3a and 3b
has already been published.?*

Compound 4a. N-Alkylation of E-methyl urocanate was
carried out according to a previously published method?®
from a mixture of E-methyl urocanate (1 g, 6.57 mmol), 1,12-
dibromododecane (6.46 g, 19.7 mmol), K,CO; (9.08 g, 65.7
mmol) and 18-crown-6 (173 mg, 0.657 mmol) in 50 ml of anhy-
drous THF. The N _-12-bromododecyl urocanic methyl ester
was purified by flash chromatography (silica gel,
dichloromethane—ethanol 99 : 1) to yield a solid (1.33 g, 51%),
mp 82°C. 'H NMR (200 MHz, CDCl,): § 1.24 (m, 18H, 9
CH,), 1.83 (m, 4H, CH,CH,N and CH,CH,Br), 3.39 (t,
J = 6.8, 2H, CH,Br), 3.75 (s, 3H, CH;00C), 3.90 (t, J = 7.1,
2H, CH,N), 6.53 (AB system, 1H, J,5 = 15.6, CH=CH,-
COOCH,;), 7.07 (s, 1H, Hsim), 7.45 (s, 1H, H,im), 7.54 (AB
system, 1H, J,p = 15.6 Hz, CH;=CHCOOCH,); 3C NMR
(50 MHz, CDCl,): 6 26.5-32.8, 34.1, 474, 51.5, 115.4, 121.5,
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136.4, 138.3, 138.5, 168.2; Anal. calcd for C,,H;;BrN,O,: C,
57.14; H, 7.82; N, 7.01%. Found: C, 57.27; H, 7.82; N, 6.71%;
DCI MS (NH;): m/z = 399 [M + H]* (100%).

The etherification was carried out according to a method
already published?® from a mixture of arbutin (0.64 g, 2.37
mmol), N -12-bromododecyl urocanic methyl ester (0.87 g,
2.37 mmol), K,CO; (8.2 g, 59.2 mmol) and 18-crown-6 (187
mg, 0.71 mmol) in 50 ml of anhydrous THF. 4a was purified
by chromatography (silica gel, dichloromethane—ethanol
90 : 10) to give a white solid (210 mg, 15%), mp: 96°C. 'H
NMR (200 MHz, CDCl,): ¢ 1.24 (m, 18H, 9 CH,), 1.67 (m,
4H, CH,CH,N and CH,CH,0OC¢H,), 3.38-3.74 (m, 12H,
CH,00C, CH,0C¢H,, CH,N, H2, H3, H4, 2 H6), 472 (m,
1H, H1), 651 (AB system, 1H, J,z;=15.6,
CH=CH,COOCH,;), 6.68 (AB system, J,; = 8.8, 2H, H2/,
H¢'), 6.89 (AB system, J,; = 8.8, 2H, H3, HY), 7.02 (s, 1H,
Hsim), 7.45 (s, 1H, H,im), 7.51 (AB system, 1H, J,5 = 15.6 Hz,
CHz=CHCOOCH;); *C NMR (50 MHz, CDCly): § 25.6-
30.9, 47.3, 51.5, 61.9, 68.3, 69.4, 73.3, 75.8, 102.0, 115.2, 115.5,
118.4, 121.5, 136.3, 138.0, 138.7, 151.1, 154.0, 168.2; Anal. calc.
for C5;;H,(N,04-12H,0: C, 62.03; H, 7.84; N, 4.67%.
Found: C, 62.19; H, 7.86; N, 4.12%; FAB MS: m/z = 591
[M + H]*.

Compound 4b. Compound 4a was hydrolyzed according to
the previously described method?® and gave 4b in 80% yield,
mp 80°C. 'H NMR (200 MHz, DMSO-dy): 6 1.24 (m, 18H, 9
CH,), 1.67 (m, 4H, CH,CH,N and CH,CH,0OC¢H,), 3.19-
3.37 (m, 9H, H2, H3, H4, 2 H6, 4 OH), 3.80 (m, 4H, CH,N
and CH,0C¢H,), 470 (d, J = 7.2, 1H, H1), 6.27 (AB system,
1H, J .5 = 15.5, CH=CH ,COOH), 6.83 (AB system, J, 5 = 9.1,
2H, H2', 6'), 6.96 (AB system, J,5 = 9.1, 2H, H3, 5), 7.41 (AB
system, 1H, J,5 = 15.5 Hz, CHz;=CHCOOH), 7.59 (s, 1H,
Hiim), 7.73 (s, 1H, H,im), 12.07 (s, 1H, COOH); 3C NMR
(50 MHz, DMSO-dg): 6 25.4-30.2, 46.2, 60.7, 67.7, 69.7, 73.2,
76.5, 76.9, 101.4, 113.1, 114.9, 117.5, 122.8, 138.7, 138.8, 139.1,
151.3, 153.6 (Cl), 1679 (COOH); Anal. caled for
C;0H,4N,0,-H,0: C, 60.58; H, 7.79; N, 4.71%; Found: C,
60.52; H, 7.45; N, 4.32%; FAB MS: m/z = 575[M — H] .

Molecular aggregation of the balaamphiphiles in aqueous
solution

As bolaamphiphiles are only slightly soluble, aqueous suspen-
sions containing 5 x 10~ 3 mol L~ ! were prepared. The supra-
molecular aggregates were obtained by sonication of these
suspensions (sample concentrations were <5 x 1073 mol
L) with a titanium probe (High Intensity Ultrasonic Pro-
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cessor 600 watt model), at 110 watt and 0 °C, for 15 min using
an 80% duty cycle. The aqueous suspensions were filtered
through a 0.8 pm Millipore membrane only for the dynamic
light scattering method that used a Malvern Instruments
Zetasize 3000 apparatus. The unfiltered aqueous suspensions
were observed by transmission electronic microscopy (TEM)
using a JEOL JEM 200 CX electron microscope operating at
200 kV. Aliquots were applied to carbon-coated Formvar
grids, negatively stained with 2% uranyl acetate to reveal the
aggregates, including particles larger than 0.8 pm.

Results and discussion

Synthesis

A hydrocarbon chain can be fixed on the urocanic moiety
either by N-alkylation or by O-alkylation. With O-alkylation,
the spacer can be fixed via ester (compound 1) or amide
(compounds 2) functions. Compound 1 was synthesized
according to the esterification conditions described
elsewhere!®® and compounds 2 were obtained from the reac-
tion of urocanic acid with methyl 12-aminododecanoate in the
presence of N,N’-dicyclohexylcarbodiimide (DCC). Synthesis
of compounds 3 was published elsewhere.?* Compounds 3
and 4 were formed by N-alkylation of urocanic methyl ester
using solid-liquid phase transfer catalysis.?> Two N-alkylation
sites (N, and N,) exist because of the presence of two tauto-
meric forms of the imidazole ring but results described in a
preceding work indicate that the N-alkylation occurs essen-
tially on the N_ nitrogen. So, in compounds 3 and 4, the alkyl
chain was attached on the N_ nitrogen.

Amphiphile aggregation behavior

The organization of the unsymmetrical bolaamphiphiles in
aqueous solution was studied at different pH values. The for-
mation of aggregates was checked by dynamic light scattering.
Before sonication, no objects were detected, showing that
these bolaamphiphiles did not organize spontaneously. After
sonication, aggregates were observed. This behavior is usual
for synthetic amphiphiles. The sizes and distributions
(scattering-intensity weighted fractions) of aggregates are indi-
cated in Table 1, but the dynamic light scattering method
gives only an average of the dimensions of the particles
probed by the laser beam. These values only give an indica-
tion of size for spherical aggregates. So, the morphology of the
aggregates was determined by TEM using 2% uranyl acetate
as contrast agent (Table 2). The experiments were reproduced

Table 1 Sizes (nm) and distributions (%, scattering-intensity weighted fractions) of aggregates of bolaamphiphiles 1, 2a, 2b, 3a, 3b, 4a and 4b at

various pH values,” observed by dynamic light scattering

pH 2 pH 6.3 pH 9.9
Diameter % Diameter % Diameter %
1 84 28.3 186 100 166 100
347 62.2
686 9.5
2a 147 93.4 304 100 23 44
699 6.6 280 53
2b 495 100 547 100 223 100
3a 495 100 547 100 ND? ND
3b 249 100 136 38 282 100
369 62
4a 70 96.8
ND ND ND ND
437.5 32
4b 15 23 240 100 90 52
121 77 216 48

¢ Acidic pH = 1 mM HCI; neutral pH-distilled water; basic pH = 0.1 mM NaOH. Samples were filtered through a 0.8 pm Millipore membrane.

® ND: not determined.
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Table 2 Size (nm) and morphology® of aggregates formed by the bolaamphiphiles 1, 2a, 2b, 3a, 3b, 4a and 4b at various pH values,® observed by

TEM®
pH2 pH 6.3 pH 99
1 F, : Tubules (w ~ 13.3) F,: Rods (1 ~ 900, w ~ 65) Vesicles
Vesicles: sm (d ~ 20-100); (d ~ 30-50 and ~200-800)
lg (d ~ 500)
2a F, : Slightly twisted ribbons Multi-layered sheets Multi-layered sheets
(w ~ 300) (1 ~ 300-1000, w ~ 300— (1 ~ 250-1400, w ~ 1000—
1000) 1250)
Vesicles (d ~ 100-325) Vesicles (d ~ 150)
2b Multi-layered sheets F,4 : Multi-layered sheets Multi-layered sheets
(1 ~ 2450-5000, (1 ~ 2400-4000, w ~ 1500) (1 ~ 3000, w ~ 1500)
w ~ 300-800) Cotton-like aggregates Vesicles (d ~ 30-60)
(1 ~ 500-1500)
F,5 : Twisted fibers (d ~ 10)
Vesicles (d ~ 100-230)
3a Vesicles: sm (d ~ 120); Pluri-lamellar vesicles
Ig (d ~ 1200) (d ~ 150-400; lamellar
thickness ~ 3) ND?
Lamellar structure
(lamellar thickness ~ 8)
3b Vesicles (d ~ 40-80) Vesicles F; : Vesicles (d ~ 35-200)
Groups of vesicles (d ~ 100-250) Few rods (1 ~ 1900, w ~ 300)
4a Fg, : Hair-like fibers (d ~ 5)
F¢p : Tubules (d ~ 80) ND ND
Few vesicles (d ~ 100-300)
4b Fg, @ Flexible tubules Fgj : Fibers rolled up in F,, and F,5 : Geometric

(d ~ 50)
Geometric structures with
right angles

rings (d ~ 20)
Thin fibers
Vesicles (d ~ 30-60)

structures with right
angles and spherical
objects showing 2
opposite excrescencies

¢ d-diameter, I-length, w-width, lg-large. ® Acidic pH-1 mM HCI; neutral pH-distilled water; basic pH-0.| mM NaOH. © F: figures. ¢ ND: not

determined.

5000 nm

Fig. 1 Transmission electron micrograph (negative stain, 2% uranyl
acetate) of tubular aggregates formed from bolaamphiphiles 1 in
aqueous medium at pH 2.

Fig. 2 Transmission electron micrograph (negative stain, 2% uranyl
acetate) of branched rods formed from bolaamphiphiles 1 in aqueous
medium at pH 6.3.
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Fig. 3 Transmission electron micrograph (negative stain, 2% uranyl
acetate) of lightly twisted ribbons formed from bolaamphiphiles 2a in
aqueous medium at pH 2. Micrograph B is a part of the sample
(indicated in A by a dotted triangle) taken with a higher magnifi-
cation.

twice and the reproducibility was checked and found to be
excellent.

In acidic media, compound 1 gave long tubules of 13 nm
cross section (Fig. 1). The white color appearing in the middle
of the tubule and also the dimension of the cross section indi-
cate that the aggregates seem to be vesicular water-filled
tubules. The dissymmetric structure of the bolaamphiphile
suggests that the hydroxyl head group, which is the smaller
head group, points mainly inwards in vesicular tubules, in
which hydrogen-bonded networks could exist between
hydroxyl and inner water molecules. In neutral media, two
aggregation forms were discerned: small and large vesicles,
and also rods, which look like branches of a tree (Fig. 2). In
basic media, many small and a few larger vesicles were
formed.
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Fig. 4 Transmission electron micrograph (negative stain, 2% uranyl acetate) of aggregates formed from bolaamphiphiles 2b in aqueous medium
at pH 6.3. (A) multilayer sheets and aggregates looking like cotton; (B) twisted fibers made up of double strands.

For bolaamphiphile 2a, the aggregates that formed at basic
and neutral pH were similar: multi-layered sheets (larger in
basic medium) and vesicles. In acidic media, TEM pictures
revealed the presence of twisted ribbon-like structures (Fig. 3).

Multi-layered sheets were formed from 2b whatever the pH.
Nothing else was detected in acidic media. In basic media,
many small vesicles were also present. In neutral media,
various aggregates were observed: multi-layered sheets, aggre-

Fig. 5 Transmission electron micrograph (negative stain, 2% uranyl
acetate) of vesicles formed from bolaamphiphiles 3b in aqueous
medium at pH 9.9.

ey

gates looking like cotton (Fig. 4A), vesicles and twisted fibers
made up of double-strands (Fig. 4B).

At pH 6.3, the difference observed in the aggregation modes
of compounds 2a and 2b could be related to the protonation
states of the carboxylic function. In compound 2b, the
coexistence of carboxylic/carboxylate forms would favor the
formation of twisted fibers.

An elegant organized structure reminiscent of a biological
cell was observed by TEM with bolaamphiphile 3a (at neutral
and basic pH).2* In this structure, pluri-lamellar vesicles
occurred in which the thickness of the lamellae (~3 nm) cor-
responds to the length of the amphiphilic molecule, and also
thicker (~8 nm) lamellar structures. In acidic media, only
vesicles were observed.

For bolaamphiphile 3b, vesicles were formed at the three
pH values (Fig. 5), but they were smaller in acidic medium. A
very few rods were also present in basic medium.

In acidic media compound 4a gave rare vesicles and many
varied fibers: long and thin hair-like fibers (Fig. 6A) and some
fibers with a larger cross-section, which seem to pair up to
form tubules (Fig. 6B).

Surprising geometric structures were observed for com-
pound 4b in basic medium (Fig. 7) and also in acidic medium
but in smaller quantities. In these structures, vesicles showing
two opposite excrescencies are present. In acidic medium, flex-
ible tubules like neuron networks (Fig. 8A) are also present. In
neutral media, different aggregates were discerned: small vesi-

Fig. 6 Transmission electron micrograph (negative stain, 2% uranyl acetate) of fibers formed from bolaamphiphiles 4a in aqueous medium at
pH 2: (A) long thin hair-like fibers; (B) larger fibers that seem to pair up to form tubules.

Fig. 7 Transmission electron micrograph (negative stain, 2% uranyl acetate) of geometric structures formed from bolaamphiphiles 4b in aqueous
medium at pH 9.9. Micrograph B is an enlargement of part of the bottom right hand side of A.
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Fig. 8 Transmission electron micrograph (negative stain, 2% uranyl acetate) of aggregates formed from bolaamphiphiles 4b: (A) flexible tubules
in neuron-like networks in aqueous medium at pH 2; (B) fibers rolled up into rings in aqueous medium at pH 6.3.

cles (d ~ 30-60 nm), fibers rolled into rings (Fig. 8B) and thin
twisted fibers. So, if the presence of a glucosidic head group
seems to favor the formation of fibers, it does not induce
aggregation to give regular helices. This could be explained by
the predominance of aromatic ring stacking over the chiral
effect of the carbohydrate head. This hypothesis is supported
by the work of Nolte et al. concerning amphiphilic glucona-
mides bearing a pyridinium ring on Cg of the sugar.t3?

Conclusion

The results presented here support the conclusions of our pre-
vious work concerning symmetrical amphiphiles: the impor-
tance of pH, the structure of the amphiphile, the positions of
the connecting links and the ability to form hydrogen-bonded
networks. Concerning this last point, the shape of the aggre-
gates given by O-alkylated compounds at low pH are related
to the existence in the amphiphile of several groups (amide,
carboxyl, hydroxyl and protonated imidazole) allowing hydro-
gen bonding between these molecules. Indeed, for amphiphiles
with only an imidazolium group, polar head hydration pre-
dominates, leading to vesicle formation. When another group
responsible for hydrogen bonds also exists in the molecules,
they become organized into flexible fibers (ribbons or tubules).
The addition of a third group (imidazolium + amide
+ hydroxyl or imidazolium + amide + carboxyl) induces the
formation of rigid fibers (rods).

The importance of hydrogen bonding is also demonstrated
by the fact that the bolaamphiphile with an arbutin head
group gives fibers. This emphasizes the importance of the
hydrogen bonding. Indeed, all other N-alkylated urocanic
compounds give vesicles.

These results will allow the design of urocanic amphiphiles
in view of further applications of their aggregates.
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