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The aggregation behavior in water-rich solutions of five iron(ll) complexes with alkylated derivatives'of 2,2
bipyridine was studied by electron microscopy (cryo-SEM, SEM, and TEM) and AFM. The results obtained by
cryo-SEM on frozen colloidal solutions show that the morphology of the aggregates strongly depends on the length
of the alkyl chains in the bipyridine ligands, with shorter alkyl chains forming rod-like structures, whereas for compounds
with longer alkyl chains, only spherical structures were detected. The self-aggregates were further characterized by
SEM and TEM. The results show that their overall morphology depends only on the length of the alkyl chain of the
bipyridine ligands and that the samples show a broad size distribution. In addition, TEM and SEM were used to study
the stability of the self-aggregates in solution, the effect of addition of methanol, and the temperature used in the
preparation of the colloidal solutions. AFM studies of the aggregates either dried in ambient conditions or dehydrated
by long drying under vacuum showed patrtially collapsed self-aggregates in the latter case, showing that the aggregates
contain water in their core, indicating that the self-aggregation leads to vesicle-type structures.

Introduction
The attachment of lipophilic carbon chains to ligands followed

therapeuticd? The affinity of transition metal ions for certain
amphiphilic chelating compounds has also been used to promote

by complexation with transition metals provides a means of Vesicle formatiof®*® and Iayer-by-layer_ film formatiof In
combining amphiphilic properties, such as surface activity and Particular, lipophilic derivatives of 2izbipyridine have been
self-assembly, with the physicochemical properties of metal Widely used to confer amphiphilic properties on metal

complexes, namely, rich spectroscopic properties, -aoabe

complexeg;36.7.9.10.1824yjth possible catalytic and photophys-

and redox activity, magnetic properties, etc. Several applications/c@l applications. Nevertheless, the aggregation behavior of
have been proposed for metallosurfactants such as use as probggpyrldlne-based metallosurfactants is still poorly explored. Many

for magnetic resonance imagihgemplates for mesoporous
materials?3as metallomesogens$sensitizers for optoelectronic
devices$~10 homogeneous catalysts;13 and as antihelmintic
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of the studies in the literature report the formation of micelles
from metallosurfactants in solutich;, 28 although evidence for
inverted vesicles has also been repoffed.

To evaluate the ability of lipophilic derivatives of 2,2
bipyridine as building blocks for metal-containing nanoassem-
blies, we have synthesized and studied the aggregation behavior
in water of the complexes [Fe(CN);] 1-5(1, L =4,4-dipentyl-
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Scheme 1. Chemical Structure of Compounds Studiéd at60 KeV, without the addition of a contrast agent since the presence
N of the metal ion provided enough contrast. SEM was carried out in
HoooC Il a JEOL FEG-SEM (JSM-6330F) microscope, operating at 3 keV,
2 M N R o} WD = 8 mm. Cryo-SEM was carried out on the same instrument

used for conventional SEM with an Oxford Cryo-transfer system
CT1500 HF; the sample was rapidly frozen in nitrogen slush at
—220°C, fractured in the cooling pre-chamber of the microscope
at—120°C, subjected to Au/Pd sputtering (1.5 nm), and transferred
to the microscope chamber, where it was maintained 120 °C.

All solutions for AFM were prepared using ultrapure pre-filtered
CHane1 water (18 M2 water for molecular biology, Sigma), to avoid
contamination. Samples were examined using a Molecular Imaging
PicoLE atomic force microscope in tapping mode. Rectangular silicon
cantilevers of a resonant frequency of 785 kHz and nominal tip
radius <10 nm (MikroMasch) were used.

H2n+1Cn

al: m=n=52 m=n=7;3 m=7,n=1;4 m=n=
9; and5: m=n=13.

2,2-bipyridine; 2, L = 4,4-diheptyl-2,2-bipyridine; 3, L =
4-heptyl-4methyl-2,2-bipyridine; 4, L = 4,4-dinonyl-2,2-
bipyridine; andb, L = 4,4-bis(tridecyl)-2,2-bipyridine; Scheme
1). Aggregation ofLl—5 was first detected in wateimethanol, Electron Microscopy Study of Freshly Prepared Samples.
water-acetone, and watefacetonitrile solutions, where asharp The compounds studied are insoluble in water, even at high
decrease ifmax0f the MLCT band in conjunction withanincrease temperature, while stirring and sonicating. Nevertheless, stable
in light scattering was observed for water-rich solutiétishese colloidal solutions could be obtained by the addition of water
complexes are known to be strongly solvatochromic, and the to a methanol solution of the compound or by injection of a small
spectral changes observed can be related to the existence of &olume of a methanol solution of the desired compound, into
lipophilic microenvironment around the metal cer&t The water at 65°C, with stirring under argon. This injection method
lipophilic microenvironment is a strong indication that the iscommonly used inthe preparation of phospholipid vesités.
compounds aggregate in water-rich solutions. In all cases, thesé~ormation of aggregates was immediately perceived by a color
aggregates were stable for at least several months without anychange from red (monomer) to blue (aggregates). This color
evidence of precipitation. In a preliminary communication, we change is due to the solvatochromic properties of the present
reported the results obtained by TEM and dynamic light scattering compounds, and itis related to a change in the microenvironment
for 4, which revealed the formation of spherical aggregates with of the iron(ll) center from hydrophilic to hydropholi3°
diameters ranging from 200 to 500 rifh. The morphological properties of the aggregates formed by the
In the present paper, we report a TEM, SEM, and AFM study present complexes were studied by SEM, TEM, and cryo-SEM.
on the morphology of the aggregates of the complexesfFeL The cryo-SEM technique allows a direct visualization of the

Results

(CN);] 1-5 in water and in watermethanol mixtures. aggregates formed in solution since in this case the images are
_ obtained from samples that are rapidly frozen, then fractured in
Experimental Procedures the frozen state to expose a fresh surface, and subsequently

The complexes were prepared using a published procedure withSubjected to partial sublimation of the vitreous ice matrix to
minor modifiCationsly9,29,31aﬁordingl—s inacis Configuration_ For eXpose aﬂy structures present n SOIU“On. In a" cases, the resu|tS

3, amixture of the cis and trans isomers relative to the heptyl chains obtained by cryo-SEM were similar to those obtained by SEM
was used since it was not possible to separate the isomers usingand TEM, showing that the aggregates observed by SEM and
standard separation methods. The aggregates were obtained bffEM are present in solution and that no drying artifacts occur
injecting 50uL of a methanol solution of the desired compound  during application of these techniques. SEM images of freshly
(1072 M) into 10 mL of an aqueous solution at 88, under Ar  prepared samples of the complexes are shown in Figure 1. The
bubbling, with stirring. After injection, the solution was maintained length of the alkyl chains in 2ipyridine seems to be a key

at 65°C for 5 min with Ar bubbling for organic solvent elimination.

To study the temperature effect, samples were prepared by the sam strugtural factorfqrthe morlphology ofthe aggregates. Comp.ound
procedure but the time that the solution was kept at®5wvas (Figure 1A)f with four five-carbon Cha".]s’ form_ed rod-like
varied. In addition, other samples were prepared using the sameddgregates with average lengths that varied considerably from

procedure at room temperature. In all cases, after cooling to room S@mple to sample, viz. from 650 to 3500 nm, and widths that
temperature, ca. 1L aliquots were removed for the microscopy  varied within the range of 66150 nm. Cryo-SEMimages showed
studies either immediately (fresh samples), after 24 h, or after 1 the same type of rod-like aggregates, some of them protruding
week. The solution was deposited in the material used as a supporfrom the surface (Figure 2A, black arrows). In addition to the
(TEM: Formvar-coated copper grids, 200 mesh; SEM: glass slides rod-like structures, cryo-SEM images showed some large sheet-
coated with Au/Pd by sputtering; and AFM: freshly cleaved mica) |ike aggregates (Figure 2A, gray arrow) and some disrupted films
and dried atroom temperature, and normal pressure, except Othe"""siying on the surface (Figure 2A, white arrow), possibly resulting
.

stated. For the cryo-SEM studies, samples were used as prepare -
TEM was carried out in a JEOL-TEM 1010 microscope, operating e\c/ngg)ol:gggr?regated compounds that remained after solvent

(25) Bowers, J.; Amos, K. E.; Bruce, D. W.; Heenan, R L&ngmuir2005 SEM images fO_Q (Figure 1B) with four seve_n-carbon chains
21, 5696-5706. . also showed rod-like aggregates, although with a lower average
21 S sy T Amos, K. E.; Bruce, D. W.; Webster, J. R&ngmuir2003 aspect ratio (length range of 6830 nm, width range of 45

(27) Bowers, J.; Danks, M. J.; Bruce, D. \Wangmuir2003 19, 292-298. 170nm), as We_” as Sphe”C_al a_ggrEQateS (diameter range-of 20
" (gg)gl_Bg(\gvsers,J.; Danks, M. J.; Bruce, D. W.; Webster, J. RaRhgmuir2003 220 nm). In this case, the individual structures were clustered

1(29) Gaméiro, P.; Pereira, E.; Garcia, P.; Breia, S.; Burgess, J.; de Castro, B.

Eur. J. Inorg. Chem2001, 2755-2761. (32) Cuccovia, I. M.; Schroter, E. H.; Baptista, R. C. D.; ChaimovichJH.

(30) Pereira, E.; Garcia, P.; Breia, S.; Maia, A.; Gameiro, P.; de Castro, B. Org. Chem.1977, 42, 3400-3403.

Biophys. J.2001, 80, 374a. (33) New, R. R. C.Liposomes-A Practical Approach Oxford University

(31) Schilt, A. A.J. Am. Chem. Sod.96Q 82, 3000-3005. Press: Oxford, 1990.
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Figure 1. SEM micrographs of freshly prepared sample4 (4),

2 (B), 3 (C), 4 (D), and5 (E). The inset of panel E is a higher
magnification image showing the smaller features observed in this
sample.

in a three-dimensional network both in frozen solution (cryo-
SEM, Figure 2B) and in dehydrated samples (SEM, Figure 1B).
Compound3, with one seven-carbon chain and one methyl

group on each ligand (Figure 1C), showed a homogeneous

Langmuir

Figure 2. Cryo-SEM micrographs of freshly prepared samples of
1(A), 2 (B), and4 (C). For explanation of the arrows, see text.

(length range of 65430 nm, range of widths at the middle of
40—170 nm).

Compound4 (Figures 1D and 2C), with four nine-carbon
chains, showed only spherical aggregates with diameters in the
range of 36-270 nm. These aggregates were partially clustered
in the SEM samples probably due to the dehydrating conditions
of the sample since in freshly prepared frozen samples studied
by cryo-SEM, no clusters were observed.

Compound5 showed only spherical aggregates, but two
different populations were observed: aggregates with diameters
in the range of 510 nm (Figure 1E, inset) and aggregates with
a mean diameter o£120 nm (Figure 1E).

Except for the 510 nm aggregates observed frall the
other aggregates detected have dimensions that exclude the
possibility of micellar structures since such structures usually
have radii on the order of magnitude of the length of the extended
molecule3334The range of sizes observed is typical for vesicle-
like aggregates. This means that they should have an aqueous
core, which can be easily detected by simple encapsulation
experiments using a strongly hydrophilic fluorescent probe, such
as 5(6)-carboxyfluorescefi.This assay is commonly used to
probe the formation of vesicles in phospholipid suspensions and
is based on the strong auto-quenching effect of the probe. Samples
were prepared as usual but ugia 1 M aqueous solution of
5(6)-carboxyfluorescein instead of pure water. At this concentra-
tion, fluorescence of the probe is low due to auto-quenching.
After checking the formation of the aggregates by -Y\s
spectroscopy, the aggregates were separated from the free probe
by size exclusion chromatography (Sephadex G50). The presence
of an aqueous core in the aggregates may be ascertained by
checking the fluorescence intensity of the sample after separation,

pOpUIf’mon. of e'O”QaIEd aggregates, butin this Cas?' the. StrUCtLIJI’ES (34) Jmsson, B.; Holmberg, B. L. K.; Kronberg, Burfactants and Polymers
are wider in the middle than at the ends, resembling rice grainsin Aqueous Solutigniohn Wiley and Sons: New York, 1998.
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Figure 3. (A) SEM image of a sample dfafter 1 day in solution; (B and C) cryo-SEM micrographs of a sampkadfer 9 days in solution;

and (D) cryo-SEM micrograph of a sample &fafter 9 days in solution.

with and without the addition of a vesicle disruption agent (e.qg.,
Triton X100). If the fluorescence intensity increases drastically
after the addition of Triton X100, then an aqueous core must
have been present in the aggregates since the addition of Triton
X100 releases the fluorescent probe to the bulk solution,
decreasing its concentration and thus the auto-quenching effect.
For all the complexes studied, a strong increase in fluorescence
was observed after adding Triton X100 (increase-62@ times),
showing that the hydrophilic probe remained trapped inside an
aqueous core. It should be noted that foras for the other
complexes, only one fraction was detected that displayed
fluorescence after treatment with Triton X100, in spite of the
observation by microscopy of two different populations of very
different sizes. Since the elution volumes of the fractionsifor
and5were very similar, the fluorescent fraction fawas ascribed
to the 120 nm aggregates.

Electron Microscopy Study of Aged Samplesln all cases,
the individual aggregates, once formed, showed a strong tendency
toward clustering or fusion in solution at room temperature, and
after a few days at room temperature, larger fused or clustered
structures were observed, depending on the compound. Fusion
was the main process fdr, while clustering seemed to be the
prevailing process for all the other compounds studied. Figure
3A shows an SEM image obtained for a samplé,df day after
preparation. The morphology of the aggregates in the sample
was similar to that observed for freshly prepared samples, but
there was a marked increase in the average length and in the " —— =
average width, showing that fusion was a non-directional process.Figure 4. SEM micrographs of samples of (A)with addition of

In contrast,2 and4 displayed mainly clustering of the formed 5o, (/) methanol and (B3 with addition of 75% (v/v) methanol.
aggregates. Cryo-SEM images of sample20P days after

preparation, showed the formation of microdomains formed by periods at 65C of 5—15 min, formation of rod-like structures
aggregation of rod-like structures (Figure 3B,C) that in some was observed fot—3, while for the other compounds studied,
cases were surrounded by a film. Some of these latter structureghe aggregates maintained their spherical morphology but became
were broken (probably as a result from the cryo-fracturing of the much more regular and attained smoother surfaces. For the
samples), showing a core containing rod-like aggregates (Figurecompounds that formed rod-like structures, the average length
3C). Inboth types of structures, the individual rod-like aggregates of the rods increased with the incubation time. For the 15 min
showed a marked increase in their length (length determined byincubation samples, some clustering of the structures was detected,
SEM of 200 nm to Jum), indicating that fusion also contributed  but for longer incubation periods, the number of aggregates
to the aging process of the aggregates. Studies on aged samplegetected in the sample decreased, and most of the sample was
of 4 showed that the formation of clusters of spherical particles composed of irregular films.
was a faster process, and after 1 day in solution, the majority of The effect of adding methanol was studied for methanol
the spherical aggregates had become clustered in solution. Afterconcentrations of 0:525% (v/v). The addition of this solvent
9 days in solution, the only structures detected by cryo-SEM was performed both before and after incubation at high
(Figure 3D) were microdomains with an average length-df temperature, and the results were similar. For all the compounds
um surrounded by afilm. Some of these spherical or oval-shapedstudied, increasing amounts of methanol caused a decrease of
microdomains were broken and revealed a core made up ofthe stability of the aggregates relative to the dehydrating conditions
individual spherical aggregates. of the SEM experiments. Figure 4A shows a typical picture of
Effect of Incubation Time and Solvent.The incubation time a sample ofl containing 5% methanol, where clearly some of
at 65°C and the amount of methanol are also important factors the aggregates are partially collapsed. For larger amounts of
that influence the properties of the aggregates. SEM images ofmethanol, more collapsed structures were observed. In addition,
samples prepared by the same method at room temperature anthe remaining aggregates showed anirregular surface, in contrast
at 65°C but limiting the incubation period at the latter temperature to what was observed in water where all the aggregates showed
to less than 2 min showed only irregular structures with diameters a smooth surface. With 275% methanol present in solution,
of 100—200 nm for all the compounds studied. For incubation the samples in all cases showed large round films with average
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Figure 5. AFM images of vesicles formed frorhimaged after air drying on the mica substrate (A) and after vacuum drying (B3 and
imaged after drying in air (C) and under vacuum (D).

Table 1. Average Vesicle Dimensions as Measured by AFM, In some, but not all cases, further dehydration of the samples
TEM, and SEM? of 1 and 4 by vacuum desiccation led to aggregates with a
compound 1 compound 4 considerably different morphology. Two such images of dehy-

length (nm) _ width (nm) _ aspect ratio _ width (nm) d_rated aggregates are sh_own in Figure 5B (compdl)rmhd
Figure 5D (compound). Figure 5B shows the typical rods of

'.’?Em 22(0}_328 gg?gs g'(g?'ooo ggigo the pentyl modified compound but with a distinctive flattened
SEM  1200-1700  126-150 0.0-12.0 80-130 morphology. In addition, the rods are surrounded by some

collapsed material. This effect was seen several times for
measurements per batch). Widths as reported from AFM measurementsdel‘].y.drat.eCl aggregqtes, although Ij[ did not always occur. In
were measured from vesicle heights (see text) addition, it was possible to observe intact aggregates as well as

flattened aggregates in the same sample. However, this flattened
diameters of 25 um (Figure 4B). These films showed a darker mgrpho_logy was never seen unless the samples had been vacuum
exterior boundary, indicating that they were probably formed by dried. Figure 5D_shows thatthe aggreggt@'amére also strongly
the collapse of large vesicle-type structures. Similar structures affected by drying. These vacuum dried aggregates app_e_ared
were also seen for those compounds that formed rod-like br_oader and flatter than those dried under ambient conditions
aggregates in water. The amount of methanol necessary to induc Figure 5C). Furthgrmore, each aggregate was Syrr.ounded by &
these changes was found to be lower for the longer alkyl chain _road pla_teau,_ which was 2.6 nm (standard deviation 0.2 nm)
samples. For example, compléin methanoliwater 1% v/v (or high. Agam,_ this effect was only seen for some aggregates after
higher amounts of methanol) formed mainly large vesicles with vacuum drying but never for aggregates prepared under ambient
diameters of 0.53um, in agreement with our previously reported conditions.
TEM images!®

AFM Study. To gain insight into the 3-D structure of the

aggregates, AFM was carried out. Compourddand 4 were The aggregation behavior observed for the compounds studied
selected for this study because they were representative of then this work is typically that of amphiphilic molecules, containing
different morphologies observed (i.e., rod-like and spherical, a hydrophilic headgroup and a hydrophobic tail. These molecules
respectively). AFM images of aggregates prepared ficand form self-assembled structures in water, to maximize the
4 are shown in Figure 5A,C, respectively. Both samples were interactions of the hydrophilic part with the solvent, while
dried under ambient conditions. The structures of the aggregatesminimizing the contact of the hydrophobic part with the solvent.
were quite similar to those observed by cryo-SEM, SEM, and In the case ofl—5, the alkyl chains are obviously hydrophobic,
TEM. Table 1 shows that the dimensions of the aggregates asas are also the bipyridine ligané&which can also interact with
measured by the TEM, SEM, and AFM techniques are quite each other byr—s stacking. The known solvatochromism of
similar, although the variation between batches was quite large.[Fe(bpy:(CN),] and related alkyl-substituted species, which is
Ingeneral, the height as measured by AFM was somewhat smallerthe result of hydrogen bonding of the cyanide ligands to protic
than the width as measured by TEM or SEM. TEM shadowing solvents2®3is evidence of the hydrophilicity of the highly polar
experiments (not shown) showed that the rod width and rod Fe(ll)(CN), moiety in 1—5 despite the fact that this moiety has
heights were the same for individual rods. Quantitative measure-no net charge and does not dissociate into ions. The absence of
ment of the width of such high-aspect ratio features by AFM is any charge repulsion combined with the overall high hydro-
not possible, however, due to convolution of the sample phobicity, including both the alkyl and the bipyridine moieties,
topography with the shape of the @p. explains the self-assembly in waterlef 3, despite the fact that

aValues are the range of averages for different batches (at least 20

Discussion

(35) Gibson, C. T.; Watson, G. S.; Myhra, ®ear1997, 213 72—-79. (36) Oszwaldowski, S.; Marchut, BAnal. Chim. Act&2005 540, 207-219.
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they contain only short alkyl tails. Nevertheless, it should be
noted that the difference in lipophilicity betwegand the same
compound with 4-methyl-4pentyl-2,2-bipyridine ligands is
sufficient to make the latter compound water solulle.

To understand the self-assembly behavior of the present
compounds, it is useful to compare their structural features and B
behavior with those of previously reported ruthenium complexes
of the general formula [Ru(bpy®,4-Rzbpy)?*, where R is 12
or 19 carbon alkyl chain®,?” and [Ru(bpy)(4,4R:bpy)]?T,
where R is heptadecyl alk§¥.The first type of ruthenium complex
forms spherical micelles in water with headgroup areas around C
100 A2, as shown by small angle neutron scattering. The second
type of ruthenium complexes yields spherical inverted micelles
and spherical inverted vesicles in hexane and toluene, respec-
tively.22 It should be noted that the molecular structure of this

Ia}tter complex is more C(_)mparaple .to_ thg present Complexesobtained by minimization of steric energy (MM2 ChemBats3D 10.0).
since the number of substituted bipyridine ligands per molecule g) schematic representations of the molecular structure corre-

isin both cases 2, whereas for complex [Ru(y¥-R2bpy)F*, sponding to each of the views in panel A. (C) Schematic representation
the number of substituted bipyridine ligands is one per molecule. of possible molecular aggregation.
This difference in molecular structure is expected to have a strong
influence on the molecular aggregation of the compounds, leadingremains as to why the TEM and SEM images more closely
to a higher volume of the metal complex moiety of the molecules. resemble the AFM images of hydrated vesicles than those of the
Taking into consideration the geometrical considerations proposeddehydrated vesicles. That is, why were the vesicles as observed
by Israelachvifi” for surfactant self-assembly, the limiting chain by SEM and TEM not surrounded by the material seen in the
length for micelle formation in the case of compounds containing AFM images of dehydrated vesicles? One possible explanation
two substituted bipyridine ligands is expected to be higher than is that the present compounds have a higher affinity for the
for compounds with one bipyridine ligand per molecule. For the supportused inthe AFM studies (mica) than for the support used
Fe-bpy surfactants studied here, this would explain the observationin the TEM and SEM studies (Formvar and glass, respectively).
of aggregates with dimensions typical of micelles only in the  Another important experimental observation requiring an
case ofb, with the longer alkyl chains. explanation is the unusual rod-like aggregation observed for the

The size exclusion experiments with the fluorescent probe short chain amphiphiles—3. Self-assembly into tubules, rods,
show that in all cases, the aggregates contain encapsulatedmd fibers is usually restricted to cases where the driving force
solvents, and the AFM results indicate that extensive drying of forassembly is some directional intermolecular interaction, such
the samples results in flattened structures. The presence of &s hydrogen bonding, and-s stacking?®~4° Although forl—5
solvent core is not apparent from the TEM images, but it is not the existence ofi—x stacking between bipyridine ligands on
expected to be detected there because of the strong scattering dieighboring molecules may not be ruled out completely, the cis
the electrons by the metal ions in the surfactants. Thus, it seemsconfiguration around the metal center and the steric hindrance
that water is present inside the aggregates, which is importantof the alkyl groups at the positions 4 arid#these ligands make
to keep their spherical or rod-like morphology. The 2.6 nm plateau this type of interaction very unlikely. In addition, a question that
that surrounds the collapsed aggregateéshafs a mean thickness remains open is why the directional interaction between molecules
close to that expected for one bilayer (as based on a simple CPKis not expressed in the case of the aggregates of the compounds
model that predicts an extended length of 1.7 nm for this With longer alkyl chains (i.e., compoundsand5). A possible
compound). The difference between the measured value (2.6explanation relies onthe asymmetric molecular structure imposed
nm) and the theoretical bilayer thickness (3.4 nm) may imply by the coordination center, schematically represented in Figure
some interdigitation or tilting of the molecules in the bilayer. We 6. It is possible that, as the length of the alkyl chain increases,
undertook powder X-ray diffraction studies on the dried material, the asymmetry induced by the molecular shape of the metal
expecting not only to obtain further evidence for the formation complex headgroup will be lost due to the higher efficiency of
of bilayers but also to determine the bilayer thicknesses and the longer chains to occupy void spaces, leading to a less rigid
relate them to the molecular structures. Unfortunately, the aggregation.
diffraction patterns showed only weak and broad peaks, and no  Theresults obtained in the experiments at different aggregation
set of peaks that could be assigned to a lamellar packing of intervals show that all aggregates have a strong tendency to fuse
stacked bilayers was observed. This result may be due either tonto larger structures. This behavior is typical of neutral
very small domain sizes or to a large disorder in the aggregatedsurfactants, but the presence of four alkyl chains per molecule
state and thus does not completely exclude the formation of may also play arole. Infact, simulation studies on the aggregation
structures based on regular stacked bilayers. As bilayer thicknesseehavior of single- and double-tail surfactants indicate that, by
could not be obtained, it was not possible to draw any conclusionsincreasing the number of lipophilic tails, the ability of the
with respect to the effect of the number and length of the alkyl headgroup to shield the hydrophobic tails from the solvent
tails on the molecular packing of the compounds. becomes weakét. This inability to shield the tails introduces

In the AFM experiments, we were able to study_the effect of (38) Sommerdik, N. A 3. M. Buynsters, P. 3. A A: Pistorius, A M. A.
dehydra“or.] on the structure of the aggregates‘ Since the TEMWang, M.; Feiters{ M. C l.\lo.lte,.l,?. J.yM.; Zwénént-)uré,.]é’chem. 50;.‘,., Chem.’
and SEM pictures were taken under high vacuum, we could not Commun1994 1941-1942.

; et Te It H (39) Sommerdijk, N. A. J. M.; Feiters, M. C.; Nolte, R. J. M.; Zwanenburg,
perform such experiments. Nevertheless, the intriguing questlonB_ Redl. Tras, Chim. Pays-Bad694 113 194300,
(40) Sommerdijk, N. A. J. M.; Lambermon, M. H. L.; Feiters, M. C.; Nolte,
(37) Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. \0..Chem. Soc., Faraday R. J. M.; Zwanenburg, BChem. Commurl997 455-456.
Trans.1976 72, 1525-1568. (41) Shillcock, J. C.; Lipowsky, RJ. Chem. Phys2002 117, 5048-5061.

Figure 6. (A) Representations of the molecular structurelof
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some disorder in the molecular aggregates because the solvertension as a result of the increase in alcohol concentration in the
becomesinserted into the lipid cores, increasing the driving force bulk solvent.

for aggregation/fusion. Taken together, our results suggest that self-assembily bf

is a kinetically driven process and that the thermodynamically
stable morphology of the aggregates in all cases is the bilayer-
based structures observed in aged samples, either in the form of
large vesicles and rod-like structures or as films.

The behavior of the aggregates upon addition of increasing
concentrations of methanol is also typical of amphiphilic
compounds. It is well-known from experimental and compu-
tational studies that the addition of methanol to amphiphilic
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