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A novel, single-chained ammonium amphiphile that carries metal ions in a 2:1 stoichiometry. Binding of these metal ions
results in a lowering of the critical aggregationan o-hydroxyazobenzene unit at the terminus of its

hydrophobic chain has been synthesized. This compound concentration. From the changes in the UV absorption
spectrum it is concluded that the Cu2+ complex forms moreforms ordered thread-like aggregates upon dispersion in

water. These aggregates exhibit a phase transition at 56 °C. tightly packed aggregates in water than the Zn2+ and Ni2+

complexes.The o-hydroxyazobenzene unit binds several transition-

Surfactants form micro-heterogeneous dispersions in Results and Discussion
water as a result to their self-assembling behavior. These

The novel, single-chained ammonium amphiphile 1 con-self-organized structures like micelles and bilayer vesicles
taining a terminal o-hydroxyazobenzene unit which is ablefind applications in many fields ranging from detergency
to bind transition-metal ions has been synthesized. The syn-to oil-recovery technology. Bilayer vesicles have also been
thetic pathway and the molecular structure are given inproposed as drug delivery systems.[123] Micelles and bilayer
Scheme 1. The coupling of 2,4-dihydroxy-49-nitroazoben-structures from surfactants that bind metal ions in their
zene with 1,12-dibromododecane results in the formationheadgroup region have been shown to exhibit catalytic ac-
of many products. However, one of the first products to betivity toward hydrolytic reactions.[427] These systems can
formed is the monoalkylated compound 1b. Therefore, thealso be used to purify water from metal-ion contaminants
reaction time should be no longer than two hours. Reactionby removing the micelle-bound metal ions by ultra-fil-
of this compound with NMe3 leads to the amphiphilic com-tration techniques.[8210] Furthermore, the binding of differ-
pound 1. At neutral pH, the Krafft point of compound 1ent metal ions to aqueous surfactant dispersions has been
is found at 27°C.shown to affect the aggregate morphology in a number of

cases.[11214]

Kunitake et al. [15] and Singh et al. [16] incorporated azo-
benzene units into the hydrophobic tails of single-chained
surfactants which can bind metal ions in their headgroup
region. Binding of metal ions induces aggregation of these
surfactants resulting in a blue shift of the azobenzene π-π*
absorption maximum. Suh et al. [12] have synthesized surfac-
tants with an o,o9-dihydroxyazobenzene headgroup. In
these surfactants two metal ions are bound by the azoben-
zene unit itself resulting in coordinatively polymerized
structures.

In this paper we report the synthesis of a novel, single-
chained ammonium surfactant carrying an o-hydroxyazo-
benzene group at the terminus of the hydrophobic chain.
The aggregation behavior of this compound in water has
been studied by conductometry, electron microscopy,
differential scanning calorimetry, UV absorption spec-

Scheme 1. Synthetic pathway and molecular structure of com-troscopy, and 1H-NMR spectroscopy. Furthermore, the ef-
pound 1 and its metal-ion complexfect of metal-ion binding on the aggregate stability in water

has been investigated. Also the formation of ion-pair am- In water this compound forms thread-like structures with
phiphiles with sodium dodecyl sulfate has been studied. diameters of approximately 70 Å, some of which have a

strange bud at one of their ends as was observed by cryo-
electron microscopy (see Figure 1). A phase transition is

[a] Laboratory of Organic Chemistry, Department of Biomolecular observed at 56°C with DSC and with 1H-NMR spec-Sciences, Wageningen Agricultural University,
Dreijenplein 8, NL-6703 HB Wageningen, The Netherlands troscopy (see Figure 2). From the increase in the sharpness
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of the peaks in the NMR spectrum between 50 and 60°C When copper(II) acetate is added to an aqueous solution

of 1 under its cac, aggregation is immediately induced asit is concluded that the molecules undergo a transition to a
more mobile state. is observed by the appearance of a blue-shifted absorption

maximum at 350 nm (see Figure 3a). Apparently, the bind-
ing of Cu21 results in a concomitant supramolecular aggre-
gation. This was also confirmed by conductivity measure-
ments. Electron microscopy shows that the aggregate mor-
phology is not affected by the binding of Cu21. When cop-
per(II) acetate is added to an ethanolic solution of 1 two
maxima at 366 and at 462 nm are observed (see Figure 3b)
which is attributed to binding of Cu21 ions without supra-
molecular aggregation.

The blue shift of the absorption maximum in water is
almost complete when 0.6 equivalent of Cu21 ions has been
added. This means that Cu21 binds almost quantitatively in
a 1:2 stoichiometry. The proposed structure of the formed
complex is given in Scheme 1. The Zn21 and Ni21 ions bind
less strongly to 1 and a tenfold excess of nickel(II) acetate
or zinc(II) acetate is needed to obtain the spectrum of the

Figure 1. Cryo-electron micrograph of an aqueous dispersion of 1; aggregated species. It is a fairly general phenomenon that
the bar represents 85 nm the equilibrium constant for the formation of analogous

complexes of divalent cations with ligands containing a ni-
trogen donor decreases when going from Cu21 to Ni21 or
Zn21. [18] It cannot be excluded that the acetate ions will
also induce aggregation by screening the headgroup repul-
sions. However, the difference in aggregation behavior ob-
served between addition of copper(II) acetate and nickel(II)
acetate indicates that binding of the metal ion is the domi-
nant process in promoting the aggregation.

Furthermore, it is observed that the extent of the blue
shift is different for the three complexes. For Cu21, Ni21,
and Zn21 the blue-shifted absorption maxima lie at 350 nm,
364 nm, and 378 nm, respectively (see Figure 3c). Accord-
ing to the exciton theory proposed by Kasha[17] the extent
of the blue shift of the UV absorption maximum is strongly
dependent on the distance between the azobenzene units
and on their relative orientation. The observed differences
in absorption maximum for the investigated metal ions
might therefore reflect the average stacking distances be-
tween the azobenzenes in the formed aggregates. This
would mean that the 1-Cu21 complex forms the most or-

Figure 2. 200-MHz 1H-NMR spectra of dispersions of 1 in D2O dered supramolecular aggregates. [19] In case of Cu21 orat different temperatures; the residual HDO signal at δ ø 4.5 has
Ni21, square-planar coordination is most likely; for Zn21been cut off
complexation, tetrahedral coordination is also possible.
This might be responsible for the smaller blue shift foundAt neutral pH the critical aggregation concentration (cac)

is found to be about 0.1 m at 20°C as was determined by in case of the Zn21 complexation (see Figure 3c). Two ef-
fects are therefore important: the binding strength, whichconductivity measurements. The concentrations used for

UV absorption spectroscopy are far below the cac and an determines how effective a metal ion is in bringing together
the chromophores at a stacking distance, and the aggre-absorption maximum at 395 nm is observed. The same

spectrum is observed in ethanol indicating that the mol- gation strength between the complexes, which depends also
on the coordination geometry, i.e. whether the complex isecules are present in a non-aggregated state in aqueous

solution. When the concentration in water is increased to square-planar or tetrahedal.
The aggregates of the 1-Cu21 complex have the samefar above the cac, the absorption maximum is seen to shift

to 350 nm. This blue-shifted absorption maximum is indica- blue-shifted absorption maximum as the aggregates of pure
1. This means that incorporation of Cu21 ions does nottive for the presence of azobenzene aggregates in which the

transition dipoles lie (anti)parallel with respect to each alter the average azobenzene2azobenzene distances in the
aggregate. The binding of Zn21 and Ni21, however, resultsother, so-called H aggregates. [17,18] This means that the

formed aggregates are highly ordered. in a reduction of the blue shift with respect to that of the
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aggregates of pure 1. This indicates that the binding of these
ions hampers the optimal packing of the azobenzenes in
the aggregates.

When a large excess of vesicles of didodecyldimethylam-
monium bromide (DDAB) is added to a solution of 1-Cu21

aggregates, no spectral changes occur indicating that the 1-
Cu21 aggregates are very stable and no mixing of mono-
mers occurs. When vesicles of DDAB are added to 1-Zn21

or 1-Ni21 aggregates, the blue shift is immediately lost due
to the formation of mixed aggregates in which there is no
longer any stacking of the azobenzenes. This demonstrates
that the 1-Zn21 or 1-Ni21 aggregates are indeed less stableFigure 3a. UV absorption spectra of an aqueous dispersion of 1

(0.075 m) before and after the addition of Cu(OAc)2 than the 1-Cu21 aggregates.
The spectral shift caused by the aggregation induced by

the binding of Cu21 forms an effective means to detect very
low concentrations of Cu21 in water. When a concentration
of 50 m of compound 1 is present in the cuvette, a concen-
tration of 10 µ of Cu21 can easily be detected.

The addition of one equivalent of sodium dodecylsulfate
(SDS) to a solution of 1 at a sub-micellar concentration
also results in a blue shift of the absorption maximum from
395 nm to 350 nm as a result of the formation of ion-pair
amphiphiles (Figure 3d). These ion-pair amhiphiles have a
lower critical aggregation concentration than the parent
amphiphiles. This is caused by the electrostatic attraction
between the headgroups. [20,21]

Figure 3b. UV absorption spectra of ethanolic solutions of 1 (0.075
Interestingly, the UV absorption spectrum, which is ob-m) without metal ions (- · - · ) and after the addition of Cu(OAc)2

(- - ) and after the addition of Ni(OAc)2 (——) tained for 1 in the presence of Cu21, is rather similar to the
spectrum obtained in the presence of sodium dodecylsulfate
(SDS) or for the pure compound 1 at concentrations far
exceeding the cac (see Figure 3d). In the presence of Cu21

ions the azobenzenes are forced in an antiparallelly inter-
digitated configuration (Figure 4). This suggests that in the
absence of metal ions the azobenzenes are also interdigi-
tated in the formed aggregates. This interdigitation of azo-
benzene units in self-aggregated structures has been re-
ported before. [17,22] The interdigitation of the azobenzenes
results in an increased distance between the alkyl chains
(which might induce tilting of the alkyl chains). SDS prob-
ably fills these empty spaces very well and therefore these

Figure 3c. UV absorption spectra of aqueous dispersions of 1 ion-pair aggregates give the same spectral blue shift as the
(0.075 m) before (- - ) and after the addition of excess Cu(OAc)2 aggregates of pure 1 and the 1-Cu21 complex.(1), Ni(OAc)2 (2), and Zn(OAc)2 (3) in excess

Figure 4. Schematic representation of possible aggregate structures
of 1 in the presence of Cu21 (left) and SDS (right)

Figure 3d. UV absorption spectrum of an aqueous dispersion of 1 If the azobenzenes are actually interdigitated, it is diffi-
at 0.3 m, a concentration far exceeding the cac (· · ); UV absorp- cult to imagine how these molecules form the thread-liketion spectra at low concentrations (0.075 m) in the presence of
Cu(OAc)2 (——) and in the presence of SDS (- - ) structures, since the molecules cannot pack as conventional
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heated at 100°C for 1 h in a closed reaction vessel. The mixturesurfactants in a rod-like micelle. Possibly, these thread-like
was allowed to cool to room temperature and was then thoroughlystructures consist of narrow bilayer ribbons with the lateral
cooled on ice. The precipitate was collected by filtration andedges exposed to the aqueous phase. This would expose
washed with diethyl ether. The product was purified by columnpart of the polar azobenzene units in the aggregate to the
chromatography on aluminum oxide (activity grade III) withwater. This might compensate for the unfavorable interac-
CH2Cl2/MeOH (100:3, v/v) as eluent. Yield 362 mg (80%). Mp.

tion of the exposed alkyl chains. 198°C. 2 1H NMR (CDCl3, TMS): δ 5 1.40 (m, 16 H, 2[CH2]82),
1.80 (m, 4 H, N2CH22CH22, RO2CH22CH22), 3.40 [m, 11 H,
N(CH3)3, 2CH22N], 4.00 (t, 2 H, RO2CH22), 6.3028.50 (m, 7

Conclusions H, Ar2H), 12.43 (s, 1 H, HO2Ar). 2 C27H41BrN4O4 (565.55):
calcd. C 57.34, H 7.31, N 9.91; found C 57.91, H 7.61, N 9.91.

The novel o-hydroxyazobenzene-containing ammonium
amphiphile 1 forms thread-like aggregates in water which
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