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Alternating Molecular Arrangements in Paired Bilayers of Oppositely Charged Amphiphiles 1
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Equimolar mixtures of cyclam amphiphiles and malonate amphiphiles produced

uniformly paired bilayers. Absorption spectra and X-ray diffraction measurements

showed that molecular alignments were determined by combinations of the alkyl chain

length of paired bilayer components as in the respective single-component bilayers.
Formation of specific molecular patterns is one of the most important targets in supramolecular chemistry 2)
and in artificial self-assembling systems. 3) Asan approach toward this target, we have investigated molecular
arrangements in mixed bilayer systems. For example, mixed bilayer membranes composed of hydrocarbon and
fluorocarbon components showed phase separation, which could be suppressed by addition of a hybrid bilayer
component. 45) In the case of azobenzene-containing amphiphiles, phase separation was readily detected by UV
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absorption shifts,ﬁ) and was applied to reactivity control in aqueous bilayers.7) These conventional phase
separations produce only statistical distributions of domains. Spontaneous formation of well-defined molecular
patterns should become possible solely via specific interactions of neighboring bilayer components. In this paper,
we report alternatingly arranged bilayer structures composed of oppositely charged azobenzene amphiphiles 1
and 2.

Bilayer properties and complexation behavior of cyclam amphiphiles 1 are reported elsewhere.

Azobenzene amphiphiles with the malonate head group 2 were synthesized from the reaction of the bromide

8)

precursors with sodium salt of diethylmalonate accompanied by hydrolysis in aqueous NaOH.%) Formation of
aqueous micelles from other malonate amphiphiles has been reported. 10,11) Brackman and Engberts 12) recently
studied the interaction of malonate micelles with water-soluble polymers. However, no report has been published
on bilayer formation by malonate amphiphiles.

Clear aqueous dispersions (10 mM) of malonate amphiphiles, 2(12,5), 2(12,10), and 2(8,10) are obtainable
upon sonication. These dispersions are, however, not stable, and tend to precipitate after a few hours at room
temperature. Thus, morphologies of these dispersions were studied immediately after the sonication using a
transmission electron microscope(Hitachi H-600).13) Rod-like aggregates(for 2(12,5)) and fibers (for 2(8,10)

and 2(12,10)) were observed. The diameters of these aggregates were approximately 60 A, and corresponded to
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two molecular lengths. DSC measurements

were difficult because of limited 15/
stabilities of the aqueous dispersions.

UV-vis absorption spectra of these 8 _— 2(12,5)
three dispersions are shown in Fig. 1. §1.0
Absorption maxima are located at 315, 325, 'g i 21210
and 300 nm (with a shoulder at 330 nm) for § ) / 2(8,10)

o
[2)]
1

2(12,5), 2(12,10), and 2(8,10), respectively,
and display blue shifts relative to that of the

monomeric dispersion (355 nm). These

spectral data suggest parallel stacking of the 200 2'50 3'00 3'50 460 450 500 550
azobenzene chromophores(so-called H- Wavelength / nm

aggregates) within the bilayer Fig. 1. Absorption spectra of malonate amphiphiles 2
aggregates.14) 5x10™ M, 20 °C, pH 8.3(borate buffer), 1 =0.01(KCl).

The aqueous dispersions are readily converted to regular multilayer films by casting on Teflon sheets at
room temperature, as reported for other aqueous bilayers. 15) Reflection X-ray diffraction(Rigaku RAD-R-32 )of
these cast films gave unit layer thicknesses of 44.1 A and 48.8 A for 2(12,5) and 2(12,10), respectively.
Molecular lengths of these two amphiphiles are estimated from CPK models as 36 A and 43 A, respectively.
Therefore, the observed layer thicknesses are in between one and two molecular lengths, and suggest the
formation of tilted bilayer structures. In the case of 2(8,10), the layer thickness was 39.4 A and was close to one
molecular length. This indicates the presence of the interdigitated structure. 16,17)

Protonation constants (pr) of the four amino groups
(a) d=46.6 A | f cyclam were reported as 11.5, 10.2, 1.6, and 0.6.18)

Amphiphiles 1 would exist as di-cationic species in the

neutral pH region and form equimolar ion pairs with di-
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Fig. 2. Reflection X-ray diffraction of cast films Wavelength / nm
of equimolar mixtures. (a) 1(12,3)+2(8,10), Fig. 3. Absorption spectra of equimolar dispersions of
(b) 1(12,10)+ 2(12,10), (c) 1(8,10)+2(8,10). 1and 2 in water. 20 °C, 2.5x107> M each. (a) 1(12,3)+

The number indicates the order of diffraction. 2(8,10), (b) 1(12,10)+2(12,10), (c) 1(8,10)+2(8,10).
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anionic malonate amphiphiles 2. Aqueous dispersions of equimolar 1 and 2 are stable. Figure 2 displays X-ray
diffraction patterns of cast films of three equimolar mixtures. These XRD patterns are derived from single
spacings. Single-spacing patterns were invariably found for other equimolar mixtures. Thus, we conclude that
the mixed bilayers are made of uniform ion-paired units that are stabilized by electrostatic and hydrogen bonding
interactions. The observed long spacings are close to those of individual bilayer components when alkyl chain
lengths are identical; e. g., d=39.4 A for 1(8,10). Absorption spectra of these mixtures are shown in Fig. 3. The
equimolar mixtures show absorption patterns that are different from the molecularly dispersed species. They
must contain bilayer aggregates, like individual dispersions. In the case of 1(12,3) plus 2(8,10), the individual
absorption maxima (335 nm and 303 nm, respectively) disappear and new peaks appear at 370 nm and 390 nm.
The new peaks are typical of the tilted chromophore stacking (so-called J-aggregate) 14) 0On the other hand, an
equimolar mixture of 1(12,10) and 2(12,10) shows A ..., at 320 nm, in close agreement with those of the
individual bilayers. These A ;. values are characteristic of the parallelly stacked chromophores (H-aggregate).
The mixed bilayer of 1(8,10) and 2(8,10) gives A . at 303 nm, which is unchanged from those of the individual
dispersions and is typical of the interdigitated structure.

Absorption
maxima of single- Table 1. Absorption maxima of single-component bilayers and paired bilayers

component and mixed  in water, 5x105M, 20 °C

bilayers are 2(8,10) 2(12’10) 2(12’5)
summarized in Table 303nm 315 om 325 nm
1. It is notable that 1(8,10) 1(8,10) +2(8,10) 1(8,10) +2(12,10) 1(8,10) +2(8,10)
A max values of the 303 nm 303 nm 315 nm 367nm, 385 nm
mixed bilayers of | 4., 1(12,10) + 28,10) | 1(12,10) +2(12,10) | 1(12,10) +2(12,5)
identical alkyl chain 325 nm 350 nm, 360 nm 320 nm 365 nm, 385 nm
lengths are essentially

1(12,5) 1(12,5) +2(8,10) 1(12,5) +2(12,10) 1(12,5) +2(12,5)
unaltered from those 335 nm 363 nm, 382 nm 350 nm, 380 nm 350 nm
of the individual 1az3) (123) + 26.10) (123) + X12.10) (123) +2012.5)

) ' 12, 1(12,3) +2(8,10 1(12,3) +2(12,1 1(12,3) +2(12,

bilayers, although 4 335 nm 370 nm, 390 nm 363 nm, 382 nm 363 nm

max ©f the 1(12,5)/
2(12,5) mixture is not red-shifted as much as those of the individual bilayers. Therefore, considering the long
spacing data, molecular packing in the individual bilayers must be basically maintained in the paired bilayers of
identical alkyl chains. On the other hand, pairing of oppositely charged amphiphiles with different alkyl chain
lengths gives rise to red shifts relative to A ;,,'s of the unpaired component bilayers.

The preceding results are explained by the formation of bilayer assemblies that are schematically illustrated
in Fig. 4. The type 1 bilayer assembly is derived by pairing of component amphiphiles with different alkyl chain
lengths. XRD data given in Fig. 2a indicate that the paired bilayer of 1(12,3) and 2(8,10) possesses a single long
spacing. Single long spacings were similarly found for pairing of 1(12,5) and 2(8,10), 1(12,5) and 2(12,10),
1(12,3) and 2(12,10). Then, the neighboring azobenzene chromophore will be located in a tilted arrangement
even without molecular tilting(red shift). Similar situations are conceivable for other mismatched (with different
chain lengths) pairs because of their common red shifts, although molecular orientation and alignment need to be
adjusted according to individual molecular structures. In the case of amphiphile pairs with the identical alkyl

chain length, the molecular organizations characteristic of the respective component are maintained as inferred
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large blue shift.
In conclusion, the present results
establish the formation of uniform bilayer @ @

membranes of alternating surface structures.

from spectroscopic and XRD data. Thus, the
double layer structures(type 2) are most

pair will assume an interdigitated
arrangement(type 3) similar to those of the

single-component bilayer, on the basis of the

appropriate for the 1(12,10)/2(12,10) pair and
the 1(12,5)/2(12,5) pair. The 1(8,10)/2(8,10)
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The alternating arrangement will be useful type 1 type 2 type 3

for construction of novel supramolecular . )

. . . . Fig. 4. Patterns of molecular arrangements in paired bilayers.
architectures, since the paired structural unit ] ]
. L . The charges are divalent in the actual bilayer.
is known to be essential in many functional

materials(charge transfer complexes 19) and molecular ferromagnet 20"215.
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