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Abstract: The aggregation behaviour of
a series of chiral amide-containing sur-
factants 1 ± 5 is studied in order to assess
the structural requirements for the gen-
eration of supramolecular chirality. It is
found that the presence of hydrogen-
bonding moieties (i.e. , amide groups) in
the molecules alone is not sufficient for
the formation of chiral aggregates and

that the expression of chirality at a
higher level, for example in the form of
helical structures, strongly depends on
the head-group organisation of the sur-

factant molecules. By changing the in-
termolecular interactions between the
molecules, for example by pH variation
or metal-ion complexation, this head-
group organisation can be tuned in such
a way that supramolecular expression of
chirality is induced or altered in the
aggregates.
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Introduction

The construction of chiral supramolecular structures by the self-
assembly of chiral surfactant molecules has received much
attention in the last decade. Synthetic surfactants derived from
sugars,[1] amino acids,[2] nucleic acids[3] and phospholipids[4] have
been demonstrated to form a variety of chiral assemblies, such
as helical fibres, twisted ribbons, etc. Other superstructures,
such as rods and tubules, have also been generated from
nonchiral surfactants.[5] Although the physical properties of
these self-assembling systems have been extensively studied,
little progress has been made in relating structures of the
supramolecule to those of the constituent surfactants.[6]

Theoretical studies on tubule formation indicate that the
creation of chiral superstructures is based on chiral interaction
of individual molecules in the bilayer, and that the magnitude
of this chirality, that is, the amount of twist in the molecular
packing, determines the dimensions of the supramolecular
structure.[7] Although the importance of hydrogen bonding in
aggregation behaviour is well recognised,[8] little is known

about the relationship between the structure of the molecules
and the way they organise to form chiral aggregates. Frankel
and O�Brien have compared electron microscopic informa-
tion with predictions of hydrogen bond formation obtained
from molecular modelling calculations for a large number of
aldolamides.[9]

Here we report on the aggregation behaviour of a novel
series of structurally related amide-containing surfactants 1 ±
5, which were synthesised with the objective of studying the
factors determining the generation of chiral supramolecular
aggregates.[10,11] These surfactants contain phosphate and
imidazole moieties as head-groups whose size and orientation
can be adjusted by means of protonation and metal-ion
complexation. The effect of these modifications on the
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interactions between the molecules and on the supramolec-
ular expression of chirality is presented. It will be shown that
the supramolecular expression of chirality is directly linked to
the head-group organisation in the surfactant molecules.

Results and Discussion

Aggregation behaviour of butyrates 1 and 2 : Both 1 and 2 are
obtained after reaction of the appropriate N-acylated azir-
idine with dibenzyl phosphate and subsequent debenzyla-
tion.[11] Compounds 1 and 2 have a strong structural resem-
blance but differ in the position of the phosphate and amide
groups in the molecules. Both positional isomers have an (R)
configuration. As shown below, their structural differences
lead to a dramatic effect on the expression of chirality at the
supramolecular level.

Transmission electron microscopy on samples prepared from
aqueous 2% (w/w) dispersions demonstrated that 1 formed
planar structures, whereas 2 produced left-handed helical
strands which coagulated to form left-handed, ropelike struc-
tures (Figure 1 a).[10] These helical strands have a diameter of
22 nm and a large, regular pitch of 92 nm. Since the coiled
strands appear to be round, they probably have a tubular
structure with a single or multibilayer wall. Powder diffraction
experiments revealed a repetitive distance of 40 and 46 �
(Table 1) for cast films of the aggregates of 1 and 2, respectively.
These values indicate that the aggregates of both compounds
are constructed from intercalated bilayers, since the max-
imum molecular length of both compounds, as estimated from

Figure 1. Electron micrographs taken from 2% (w/w) dispersions of 2 (pH
6.5, bars 500 nm): a) left-handed helices from 2 (Pt shadowing), b) right-
handed superhelix from 2 (unstained; inset: freeze fracture); c) schematic
representation of the model proposed for the chiral packing of DNA
molecules by Reich et al. Each of the individual strands represents a double
helix. (Taken from ref. [16].)

CPK models, amounts to approximately 30 �. The aggregates
prepared from 1 displayed a weak phase transition at 16 8C,
whereas those of 2 showed a remarkably strong transition at
29 8C (Table 1), indicating that 1 and 2 form aggregates with
different types of hydrocarbon chain organisation (vide infra).

Aggregation experiments performed with the (S) enan-
tiomers of 1 and 2 proved that the inversion of the stereocentre
led to a reversal of the sense of supramolecular chirality, but
did not affect the aggregation behaviour otherwise.

Monolayer experiments revealed another striking differ-
ence between 1 and 2. A very large lift-off area of approx-
imately 350 �2 was determined for 1 (Figure 2, Table 1) and
no clear liquid condensed phase was observed upon compres-
sion. This feature may be explained by assuming that
compound 1 has a molecular conformation as depicted in
Figure 2, where both the amide hydrocarbon chain and the

Figure 2. Proposed conformations of 1 and 2, and monolayer isotherms of
a) 1 and b) 2, recorded on an aqueous subphase of pH 6. 5.at 20 8C. Inset:
enlargement of the isotherm of 2.
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Abstract in Dutch: Het aggregatiegedrag van een reeks
surfactantmoleculen (1 ± 5) die amidegroepen bevatten, is
onderzocht met als doel het verkrijgen van inzicht in de
voorwaarden die aan de structuur van een molecuul gesteld
moeten worden om supramoleculaire chiraliteit te genereren.
De aanwezigheid van groepen die waterstofbruggen kunnen
vormen (amidegroepen) blijkt niet voldoende te zijn om chirale
aggregaten te geven. Het tot uitdrukking brengen van chiraliteit
op een hoger niveau, bijvoorbeeld in de vorm van helices, hangt
sterk af van de organisatie van de kopgroepen van de
surfactantmoleculen. Door de intermoleculaire interacties te
veranderen, bijvoorbeeld door de pH te varieren of door het
complexeren van metaalionen, kan de organisatie van de
kopgroepen zodanig worden afgeregeld dat in de aggregaten de
supramoleculaire chiraliteit tot uitdrukking komt of verandert.

Table 1. Physical data for aggregates of compounds 1 ± 5 a prepared at pH 6.5.

Compound DSC d (�) [a] Molecular Lift-off
Tc (8C) DH (Jgÿ1) DS (Jgÿ1 Kÿ1) area (�2) area (�2)

1 16 5.2 0.02 40 125 (105 [b]) 370 (250 [b])
2 29 960 3.14 46 38 (35 [b]) 80 (74 [b])
3 21 (26 [b]) 23 (40 [b]) 0.08 (0.13 [b]) 34 (45 [b]) 56 81
4 ± [c] ± [c] ± 40 ± [c] ± [c]
5a 49 86 0.29 39 56 94
5a/CuSO4 31 14 0.05 38 60 94
5a/Cu(Trf)2 20 22 0.08 40 63 102

[a] Powder diffraction d spacing. [b] pH adjusted to 2.5. [c] Not observed.[33]
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butyrate group point away from the subphase. In this
arrangement the head-group area will be too large to allow
efficient hydrocarbon chain packing, hence no condensed
phase will be formed. Its positional isomer 2 could be
compressed, however, to a much smaller area per molecule
(80 �2) before an increase of surface pressure was observed
(Figure 2). The observed low area per molecule suggests that
2 adopts a structure in which the butyrate group is immersed
in the subphase as indicated in Figure 2.[10,12]

During compression, the monolayers were studied by
Brewster angle microscopy.[13] Compound 1 did not show
any distinct morphologies, whereas for monolayers of com-
pound 2 the growth of chiral branched domains was observed
(Figure 3 a), which exhibited an overall counterclockwise

Figure 3. Brewster angle micrographs of surface monolayers of 2 (spot
diameter 600 nm). a) pH 6.5, 30 8C, 16 mN mÿ1; b) pH 6.5, 10 8C,
15 mN mÿ1; c) pH 2.5, 20 8C, 15 mN mÿ1.

pattern.[10,14] Upon compression into the liquid condensed
(LC) phase the chirality of these domains was lost, due to the
intercalation of the branches. The size and shape of the
observed domains changed when the temperature of the
subphase was decreased. At lower temperatures smaller
domains were observed that showed a higher degree of
curvature in the branches (Figure 3 b).[15]

In addition to the left-handed helices described above, a
small number of very large, right-handed helices were also
observed in dispersions of 2 (Figure 1 b). These superhelices
had a thickness of 350 nm and a pitch of 250 nm. It is quite
possible that these right-handed superhelices are composed of
intertwined left-handed helices. A similar intertwined struc-
ture has been reported for supercoiled linear DNA (Fig-
ure 1 c).[16] Minor changes in salt concentration, which are
believed to induce modifications in the hydration state and in
the surface charge density (or distribution) of the DNA
molecules can affect the twist and lead to a reversal of the
handedness of the supercoil. Thus supercoiling may lead to
the formation of either left-handed or right-handed helical
structures, regardless of the handedness of the individual
strands. By analogy, it is proposed that in the present case
small changes in local ion concentrations (e.g. pH, vide infra)
may induce the formation of right-handed superhelices from
the left-handed helices shown in Figure 1 a.

In order to investigate the effect of pH on the formation of
chiral domains, monolayer experiments were carried out at
pH values at which the phosphate groups of 1 and 2 are fully
protonated.[17] Isotherms recorded at pH� 2.5 revealed a
decrease in molecular area for both surfactants, but for 1 the
changes were more pronounced than for 2 (Table 1). No
change in the morphology of the monolayer of 1 could be

observed by Brewster angle microscopy, however. In contrast,
the size of the domains in the monolayer of 2 decreased and
their direction of growth was reversed (Figure 3 c). This
phenomenon is unprecedented and must be due to a change in
molecular organisation of the surfactant molecules, leading to
a different long-range tilt order in the domains.[18] This
observed reversal of growth may arise from a reduction of
the dipole ± dipole repulsive interactions between the surfac-
tant molecules, as well as from a reorganisation of the
hydrogen bonding pattern.

Aggregation behaviour of phenyl ethers 3 and 4: With the aim
of obtaining more information about its role in the generation
of chiral superstructures[10] (vide infra), we replaced the ester
group by an ether function. A phenoxy group was chosen due
to the availability of enantiopure synthetic precursors.[11]

Electron microscopy demonstrated that vesicles with diam-
eters of 500 ± 1000 nm were generated when 3 was dispersed in
water of pH 6.5 (2 %, w/w). These vesicles slowly rearranged
to form ribbons (Figure 4 a) which displayed a phase tran-

Figure 4. Electron micrographs of negatively stained samples from aque-
ous 2% (w/w) dispersions of 3 and 4. a) Ribbons of 3 (pH 6.5, bar
1000 nm); b) helices of 3 (pH 2.5, bar 1000 nm); c) fibres of 4 (pH 6.5, bar
500 nm).

sition at 21 8C (Table 1). Powder diffraction revealed a bilayer
thickness of 34 � (Table 1), suggesting that the ribbons have a
structure in which the alkyl chains are intercalating. The
observed broadening of the ds reflection[19] at 4.23 � (2q�
21.058) indicates that the packing of the alkyl chains is
distorted; this can be attributed to a tilted orientation of the
lipid molecules. The molecular area of 56 �2 deduced from
monolayer experiments (Table 1) indicates that 3 adopts a
conformation similar to that of 1, with the phenoxy group
pointing away from the aqueous phase.

Electron micrographs of samples prepared from aqueous
2 % (w/w) dispersions of 4 revealed the presence of fibrous
aggregates (Figure 4 c). These fibres were formed immedi-
ately after preparation of the samples and remained stable for
at least one week. Powder diffraction patterns obtained from
cast films of 4 reveal higher order reflections from which a
repetitive distance of 40 � was derived (Table 1). This value
suggests that these fibres are built up from intercalating
building blocks composed of two molecules of 4, probably
forming a staircase-like arrangement (Figure 5).[20] This would
yield a micellar fibre having a low degree of hydrocarbon
chain organisation. This proposal is supported by the fact that
no reflections of a hexagonal packing of alkyl chains were
observed in the powder diffraction patterns and that DSC
experiments did not show any phase transition.
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Figure 5. Schematic representation of the possible arrangement of the
molecules of 4 in a micellar fibre.

It was found that protonation[21] of the head groups of 3 led
to the formation of chiral aggregates from the ribbonlike
structures which were initially present (Figure 4 b). When the
pH of an aqueous 2 % (w/w) dispersion of 3 was lowered from
pH 6.5 to 2.5 these ribbons started to twist. This twisting
formed left-handed helices which, ultimately, transformed
into tubular structures. For these chiral aggregates DSC
experiments revealed a phase transition (Table 1) at 26 8C,
which is 5 8C higher than the phase-transition temperature of
the ribbons found at pH 6.5. This feature and the higher DH
and DS values measured at pH 2.5 suggest that the molecules
in the chiral tubular structures have a higher degree of
molecular organisation than the molecules in the ribbons.
Remarkably, the powder diffraction pattern indicated that
upon changing the pH to 2.5, the bilayer thickness increased
from 34 to 45 � (Table 1). This may be explained by a
decrease of the molecular tilt angle, or a lower degree of
intercalation of the hydrocarbon chains. It was found that the
change in bilayer thickness was accompanied by a sharpening
of the ds reflection, supporting the former explanation.[19]

Aggregation behaviour of imidazolyl surfactants 5: Electron
microscopy performed on aqueous dispersions containing
0.1 % (w/w) of 5 a revealed that this compound formed planar
bilayer aggregates. These planar structures displayed a phase
transition at 49 8C (Table 1). Powder diffraction patterns
obtained from cast films of 5 a showed higher order reflections
from which a bilayer thickness of 39 � was calculated
(Table 1). The total molecular length of 5 a estimated from
CPK models, is 28 �, which suggests that the hydrocarbon
chains of the molecules in the aggregates are intercalat-
ed.

When the length of the hydrocarbon chains in 5 a was
reduced from 17 to 11 carbon atoms chiral aggregates, that is,
twisted fibres, were found to form (see Figure 6 a, aqueous

Figure 6. Electron micrographs (Pt shadowing) of a 0.1 % (w/w) dispersion
of a) 5b (bar 500 nm), b) 5 a after addition of 0.25 mol equiv CuSO4 (bar
200 nm), c) 5a after addition of 0.25 mol equiv Cu(SO3CF3)2 (bar 1 mm).

0.1 % (w/w) dispersions of 5 b). These fibres all showed a
right-handed twist and displayed a phase transition at 18 8C.
The pitch of these fibres was not very regular, probably owing
to the fact that at room temperature they are in their liquid
crystalline phase.

Addition of 0.25 molar equivalents of copper sulfate[22] to a
0.1 % dispersion of 5 a and subsequent sonication at 70 8C
caused the formation of vesicles with diameters of 200 ±
1000 nm. Upon ageing at 4 8C for one day, these vesicles were
transformed into right-handed helical ribbons with a regular
pitch of 103 nm and a thickness of approximately 30 nm
(Figure 6 b). For these aggregates a bilayer thickness of 38 �
was calculated from the powder diffraction data (Table 1).
This indicates that the helices are also built up from
intercalated bilayers. The thickness of the ribbons could be
determined from the electron micrographs; it approximated
to 160 �, suggesting that they are formed by the regular
twisting of four stacked bilayers.

These helical ribbons were found to undergo a weak phase
transition at 31 8C, implying a decrease in the molecular
organisation of the bilayers as compared to the aggregates
formed from dispersions of pure 5 a. Monolayer experiments
showed a larger molecular area for the copper sulfate complex
of 5 a than for pure 5 a (60 and 56 �2, respectively; Table 1).
This change in molecular area may be attributed to an
increase in head-group size, which is consistent with the
decrease in hydrocarbon chain organisation deduced from the
DSC experiments.

When copper triflate was added to aqueous dispersions of
5 a, vesicles were again formed, as was observed by electron
microscopy. These aggregates transformed into giant vesicles
with diameters of approximately 5 mm (Figure 6 c) upon
standing. The bilayer thickness of these giant vesicles was
40 �, again pointing to intercalation of the hydrocarbon
chains. DSC revealed a weak phase transition at 20 8C
(Table 1) indicating that at room temperature the aggregates
are in their liquid-crystalline phase.

The different aggregation behaviour of the triflate
complexes compared to the sulfate complexes is probably
due to a change in head-group size, which arises from the
introduction of the more sterically demanding triflate ion.
Monolayer experiments indicated that the use of aqueous
subphases containing 1.0m copper triflate instead of 1.0m
copper sulfate indeed led to an increase in molecular area
from 60 to 63 �2 (Table 1). This increase in molecular area
may be explained by assuming that these hydrophobic,
noncoordinating ions will be located at the lipid ± water
interface (as opposed to the highly polar sulfate ions which
will be dissolved in the aqueous phase), separating the copper
complexes. This is supported by the increase in the lift-off area
observed in the case of the triflate complexes, indicating that
steric interactions between the amphiphilic complexes and the
triflate ions already play a role in the liquid expanded (LE)
phase.

FT-IR studies : FT-IR spectra of oriented films of surfactants
1 ± 5 were recorded in order to investigate the role of
hydrogen bonding in the aggregates. All compounds were
found to form an amide polymer structure, that is, an
alignment in which the amide functions were linked by
hydrogen bonds in an all-trans fashion.[23] This was concluded
from the presence of both an amide II band at 1550 ±
1539 cmÿ1 and an amide I vibration shifted to lower wave
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numbers compared to the value of 1675 cmÿ1 observed for a
free amide C�O group.[24]

In order to visualise the information, assemblies of several
molecules of 1 ± 5 were constructed with the help of CPK
models (Figure 7), taking into account the formation of amide
polymer chains and the occurrence of the hydrogen bonds as
deduced from the analysis of the infrared spectra.

Compound 1: The ester carbonyl group of 1 showed two
vibrations, namely at 1731 and 1714 cmÿ1, indicating its
involvement in two different types of hydrogen bonds.[25]

Deconvolution of the spectrum revealed that the amide I
vibration of 1 consisted of two superimposed peaks, a sharp
vibration at 1644 and a broadened one at 1645 cmÿ1, implying
that the amide carbonyl group was also involved in two
different hydrogen bonds.

In spectra of dilute chloroform solutions of 1, in which no
three-dimensional aggregates are formed, only one amide I
vibration at 1643 cmÿ1 was observed; however, peaks charac-
teristic of the presence of an amide polymer were still present.
This indicates that 1 generates linear strands of hydrogen-
bonded molecules rather than networks in dilute solution. The
disappearance of interpolymer linkages was supported by the
fact that the ester carbonyl vibration at 1714 cmÿ1 had
disappeared, as had a small vibration at 3535 cmÿ1. The latter
was assigned to hydrogen-bonded water molecules, which
may act as linkages between neighbouring amide polymer
chains, connecting ester and amide carbonyl groups in the
three-dimensional aggregates.

The fact that the ester vibration is present in chloroform at
1727 cmÿ1 suggests that the carbonyl function of the ester
group is involved in a relatively weak hydrogen bond with a
donating moiety within the same amide polymer strand.
According to CPK models a hydrogen bond between the ester
carbonyl group and the amide hydrogen of the same molecule
is unlikely, but a hydrogen bond with the amide hydrogen of a
neighbouring molecule in the strand is feasible.[26] It is
proposed that the two carbonyl groups form a double
hydrogen bond with the amide proton of a neighbouring
molecule (Figure 7 a and Figure 8). This involvement of two
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Figure 8. Possible hydrogen bonding pattern of 1 in chloroform solutions.

carbonyl groups may strengthen this hydrogen bond and
hence account for the fact that even in dilute chloroform
solutions the amide polymer structure remains present.

Compound 2 : Two ester carbonyl vibrations were also
observed for oriented films of compound 2 : one at

1737 cmÿ1, indicative of a free ester function, and one at
1706 cmÿ1, typical for an ester group forming a strong
hydrogen bond, for example with water.[27] Considering the
molecular conformation of 2 as depicted in Figure 2, this
result may be explained by assuming that the ester functions
are only partially hydrated after the drying procedure. The
amide I signal appeared as three superimposed vibrations, a
sharp peak at 1641 cmÿ1, a broadened one at 1648 cmÿ1, and a
minor vibration at 1675 cmÿ1. These peaks are interpreted in
the following manner: a small fraction of the amide carbonyl
groups is not involved in hydrogen bonding, giving rise to the
weak vibration at 1675 cmÿ1, whereas the major fraction of the
amide carbonyl groups forms a (second) hydrogen bond to
water molecules (1648 cmÿ1) in addition to the aforemen-
tioned amide polymer hydrogen bond (1641 cmÿ1). The
observation of OH vibrations at 3494 and 3407 cmÿ1 support-
ed the involvement of water molecules in hydrogen bonding
to the carbonyl groups of the amide and ester functions. The
OH vibrations are assigned to free water, bound to the ester
carbonyl group, and crystal water possibly bridging between
the amide carbonyl group and the phosphate group. The latter
water molecules gave rise to a broadened P�O band at
1255 cmÿ1.[28]

The CPK models of 2 revealed that the phosphate groups
are inclined to adopt an orientation favouring the formation
of an intermolecular sequence of hydrogen bonds (Figure 7 b).

Compound 3 : The appearance of two amide I vibrations in the
spectrum of 3, a sharp vibration at 1641 cmÿ1 superimposed on
a broadened one at 1650 cmÿ1, implies that also in this case the
amide carbonyl group is involved in different types of
hydrogen bonds. Since only one hydrogen donor is present
(the amide N ± H group), water molecules probably also
participate as donor groups. Spectra of cast films of disper-
sions of 3 prepared in D2O revealed a shift of the carbonyl
vibrations to lower wave numbers. Furthermore, a change in
the pattern of the phenyl ring vibrations and a broadening of
the ether bands in the 1250 ± 1200 cmÿ1 and 1060 ± 1020 cmÿ1

regions were observed. This indicates that both the ether
group and the amide carbonyl group are involved in hydrogen
bonds with water. Inspection of CPK models revealed that
water molecules cannot form a bridge between the amide
carbonyl group and the ether oxygen atom of the same
molecule. This leads to the tentative conclusion that water
molecules interlink the carbonyl and phenoxy groups of
neighbouring amide polymer chains.

The infrared spectra revealed that also on lowering the pH
to 2.5 the amide polymer chain remained intact. An addi-
tional, broad amide I vibration appeared, which was accom-
panied by a broadening of the amide II vibration. The
sharpening of the phenyl ring vibrations at 1600, 1580 and
1500 cmÿ1, the appearance of a broad Ph ± O ether vibration at
1222 cmÿ1 and the shift of the CH2 ± O ether vibration to
1047 cmÿ1 indicated that a different hydrogen bonding pattern
was formed with respect to the phenoxy group.

Since at pH 2.5 the phosphate head groups may be assumed
to be fully protonated (vide infra) and hence will be less
hydrated, it is likely that they can act as hydrogen donor
groups to acceptor groups in the aggregate. Inspection of CPK
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Figure 7. Schematic representations (left) and CPK models (right) showing the most probable conformations in assemblies of a) 1 at pH 6.5, b) 2 at pH 6.5,
c) 3 at pH 6.5, d) 3 at pH 2.5, f) 5 a at pH 6.5, g) 5 b at pH 6.5, h) 5 a after copper(ii) ion complexation. The black circles represent the parts in the molecules
that are not involved in the hydrogen bonding network.
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models showed that no hydrogen bonds could be formed
between the amide carbonyl groups and the phosphate groups
without disrupting the linear amide polymer. The formation
of hydrogen bonds between the phosphate groups and the
ether oxygen atoms would be feasible, however, and would
explain the changes in the shape and position of the ether and
phenyl vibrations. Such an arrangement of hydrogen bonds
would force the aromatic rings to point to the interior of the
bilayer, inducing a high degree of head-group organisation,
and consequently lead to a lower degree of intercalation of
the hydrocarbon chains, explaining the observed increase of
the bilayer thickness on changing the pH from 6.5 to 2.5
(Table 1). The proposed arrangement of the molecules of 3 at
pH 6.5 and 2.5 is shown in Figure 7 c and Figure 7 d,
respectively.

Compound 4 : The FT-IR spectra of 4 showed a distinct
broadening of the N ± H stretching vibration, as well as a
broadening of the amide I and the amide II vibrations,
indicating that the hydrogen bonds in the amide polymer
chains of 4 are less well defined than those in the aggregates of
compound 3. Furthermore, the centre of the amide I vibration
appeared at a relatively high wave number, 1650 cmÿ1,
implying that the hydrogen bonds are relatively weak. IR
spectra obtained from samples prepared in D2O showed a
shift of the phenyl ring vibrations, as well as a change in the
pattern of the ether vibrations in the 1250 ± 1200 and 1060 ±
1020 cmÿ1 regions. This suggests that also in this case the
phenoxy group is involved in hydrogen bonding.[29] CPK
models indicated that in the case of 4 a water molecule can
form a bridge between the amide carbonyl group and the phenyl
ether oxygen atom. This will, however, force the phenyl ring
to adopt an orientation that is sterically unfavourable for the
formation of a linear amide polymer chain. A nonlinear array
of hydrogen bonded amide groups may explain the broad-
ening of the C�O and N ± H vibrations in the IR spectra. It
also explains why 4 forms micellar instead of lamellar
structures, and would be in good agreement with the proposed
staircase-like arrangement in the aggregates (Figure 5).

Compounds 5a and 5b : The spectra obtained from cast films
of 5 a showed a vibration at 1507 cmÿ1, indicative of a
noncoordinating imidazole group,[30] and a sharp amide I
vibration at 1645 cmÿ1. The presence of another, very broad
amide I vibration at 1662 cmÿ1 suggests that the amide
carbonyl group is also involved in a second, less well defined,
type of hydrogen bond. The vibration of the ester carbonyl
group was found at 1729 cmÿ1, implying that this group is
involved in hydrogen bonding.[31] H2O/D2O exchange experi-
ments showed that in D2O the broadened amide I vibration
and the ester C�O vibration shifted to lower wave numbers,
indicating that both carbonyl functions are engaged in hydro-
gen bonding to water molecules.[32]

CPK models revealed that the orientation of the ester
carbonyl groups with respect to the amide groups is restricted
in such a way that water molecules cannot bridge between
ester and amide groups of the same molecule. Rather, they
will interlink different amide polymers. The proposed ar-
rangement of the molecules of 5 a is depicted in Figure 7 e.

FT-IR spectra of cast films of 5 b revealed a noticeable
difference in hydrogen bond formation compared to 5 a. The
disappearance of the broad amide I vibration at 1662 cmÿ1

suggests that in the aggregates of 5 b water molecules no
longer bind to the amide groups. The presence of an ester
carbonyl vibration at 1725 cmÿ1 indicates, however, that this
group is still involved in hydrogen bonding. The most striking
observation, though, was the shift of the imidazole vibration
to 1523 cmÿ1, implying that this function now is involved in
hydrogen bonding. It is tentatively proposed that in the
aggregates of 5 b ester carbonyl groups are linked to imidazole
groups by hydrogen-bonded water molecules. Inspection of
CPK models of 5 b showed that a water molecule cannot span
the distance between the imidazole group and the ester group
of the same surfactant molecule. A connection of these groups
can only be accomplished by linking two neighbouring
molecules in the amide polymer. This leads to arrays of
surfactant molecules forming noninterlinked polymers with
highly organised head groups (Figure 7 f).

Copper complexes of 5a : IR spectra of cast films of the copper
sulfate complex of 5 a revealed that the imidazole vibration
had shifted all the way to 1528 cmÿ1, indicating that the free
ligand was no longer present.[22,30] In addition to a shifted
amide I vibration at 1647 cmÿ1, a minor vibration at 1676 cmÿ1

was observed, indicating the presence of a small amount of
free amide carbonyl groups. The ester carbonyl showed two
equally intense vibrations, at 1726 and 1740 cmÿ1, suggesting
that these carbonyl groups are partially involved in hydrogen
bonding.

According to the CPK models presented in Figure 7 g, 5 a
can still form linear arrays of hydrogen-bonded amide groups
in the 4:1 complex with copper(ii) ions. These CPK models
show two different orientations for ester carbonyl groups in
the copper complex, in agreement with the observation of two
ester carbonyl vibrations in the infrared spectrum. This points
to an only partial involvement of the ester groups in hydrogen
bonding.

Although the characteristic features of the aggregates
changed dramatically upon changing of the counterions of
the copper(II) complex of 5 a, the FT-IR spectrum revealed a
strong resemblance between the copper sulfate complex and
the copper triflate complex. It may be concluded, therefore,
that they have the same structure. The difference in molecular
organisation is probably due to a change in head-group size,
only arising from the introduction of the more sterically
demanding triflate ion.

Conclusion

The experiments described above demonstrate that surfactant
molecules having a strong structural resemblance can have
rather different aggregation behaviour. Clearly, the formation
of an amide polymer structure alone does not suffice for the
formation of chiral aggregates. The CPK models constructed
with the information obtained by FT-IR spectroscopy suggest
that the differences in aggregation behaviour of surfactants
1 ± 5 may be attributed to dissimilarities in hydrogen bonding
patterns and conformational preferences. These CPK models,
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shown in Figure 7, indicate that only in the case where a high
degree of head-group organisation is achieved (i.e. aggregates
of 2 and 5 b) can molecular chirality be expressed at the
supramolecular level. The hydrogen bonding patterns in the
aggregates can be altered. It was demonstrated that the
resulting conformational and orientational changes can in-
duce supramolecular chirality or can reverse the chiral
patterns. CPK models also showed that in these cases the
induction of supramolecular chirality is accompanied by an
increase in head-group organisation (i.e., aggregates of 3 and
5 a). The presence of hydrogen-bonding water molecules
which interlink the linear strands of the amide polymers
seems to hamper the organisation of the head groups and
thereby the supramolecular expression of chirality.

Experimental Section

The syntheses of compounds 1 ± 5 have been described elsewhere,[11] as
have the procedures for differential scanning calorimetry, powder diffrac-
tion and monolayer experiments.[33]

Sample preparation : Samples were prepared by sonication of a dispersion
of the surfactant in water at 70 8C for 1 hour. Copper complexes were
prepared by addition of the desired amount of a 1.0 mm aqueous solution of
the copper salt to a sonicated dispersion of the surfactant and additional
sonication for 30 min at 70 8C. Samples were aged for 16 h at room
temperature prior to use, except where otherwise indicated.

Electron microscopy : Pt-shadowed samples were prepared by bringing a
drop of the dispersion onto a Formvar-coated microscope grid. The excess
of the dispersion was blotted off with filter paper after 1 min and the
sample was shadowed under an angle of 458 by evaporation of Pt.
Negatively stained samples were prepared in an analogous manner and
stained with a 2% (w/w) aqueous uranyl acetate solution. Freeze-fractured
samples were prepared by a Balzers freeze etching system BAF 400 D.
After fracturing, the samples were etched for 1 min (DT� 20 8C), shaded
with Pt (angle 458 ; layer thickness 2 nm) and covered with carbon (layer
thickness 20 nm). All samples were studied with a Philips TEM 201
microscope (60 kV).

FT-IR spectroscopy : Films of the aggregates of 1 ± 4 were prepared by
depositing a surfactant dispersion on a AgCl window by the iso-potential
spin drying method[35] and were studied by FT-IR absorption spectroscopy
with a Mattson Cygnus 100 single-beam spectrometer equipped with a
liquid-nitrogen-cooled narrow-band MCT detector. Films of 5 and their
complexes were prepared by casting dispersions onto gold-coated glass
supports and were studied using a Biorad STS 25 single-beam spectrometer
equipped with a DTGS detector and a specular reflectance unit.

The optical bench was continuously purged with dry nitrogen gas
(20 lminÿ1). The following acquisition parameters were used: resolution
2 cmÿ1 (specular reflectance spectroscopy) and 4 cmÿ1 (absorption spec-
troscopy); number of co-added interferograms 128; moving mirror speed
2.53 cmsÿ1; wave number range 4000 ± 750; apodisation function triangle.
Signal to noise ratios (2000 ± 2200 cmÿ1) were better than 4� 103.

Data acquisition was performed using EXPERT-IR (Mattson) for the
absorption spectroscopy experiments and WIN-IR software (Spectracalc)
for the specular reflectance experiments. For data analysis WIN-IR
software (Spectracalc) was used. Baselines were corrected, and peak
positions were determined from second-derivative spectra smoothed over
13 data points. Curve-fitting procedures were repeated several times (initial
settings 10% Gauss/90 % Lorenz; bandwidth 10 cmÿ1), and the quality of
the fitted spectra was checked by comparing the generated and original
spectra before and after deconvolution.
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