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Five novel dumbbell-shaped polyoxometalate (POM)-based inorganic—organic—inorganic molecular hybrids are investigated both
in polar solvents and at interfaces for potential amphiphilic properties, which are compared with those of conventional surfactants.
These hybrids with the general formula {P,V3;Ws},-bis(TRIS)-linker are formed by linking two Wells—Dawson-type clusters,
[P,V3W,504¢,]° ", with different linear bis(TRIS) linker ligands between the two TRIS moieties. Laser light scattering (LLS) studies
reveal the presence of self-assembled vesicular structures in water/acetone mixed solvents, and the vesicle size increases with
increasing acetone content, suggesting a charge-regulated process. The elastic constants, which are used to calculate the bending
energy during vesicle formation, reveal that the organic ligands play an important role in determining the self-assembly process and
that the hybrids do demonstrate amphiphilic behavior at the water/air interface. Furthermore, it is shown that some of the hybrids
form monolayers at the interface, with an average molecular area that can be correlated with their organic linkers, as determined from
their 7—A isotherms. Finally, the hybrids not only display amphiphilic behavior akin to that of a surfactant but also exhibit an
unusually high entropy contribution to vesicle formation as a result of their unique large, polar head groups, complex organic linkers,
and their special molecular architectures as well as because of the involvement of the amphiphilic tetrabutylammonium (TBA)
counterions.

B INTRODUCTION Bearing this in mind, we speculated that POM-based inorganic—
organic hybrid materials might demonstrate amphiphilic fea-

Polyoxometalates (POMs) represent a large group of giant . ) )
tures in selective solvents, and this was confirmed by some

metal oxide inorganic clusters with rich physical and chemical limi dies £ diff ; K
properties and potential applications as electronic and catalytic pre 1m1nai"y silu lez r gmml ergnt grobups-d r}llc;)ul.‘down worx,
materials." The incorporation of organic components can some- we recently showed that ® Anderson-based hybrids [TBAJs-

times modify the electronic properties of the POMs.”* At the [MDM%O18{(OCH2)3CNHCO'_(CH2)” —2CH; 5] (where
TBA = the tetrabutylammonium cation and n = 6, 16) slowly self-

assembled into bilayer vesicular structures in mixed solvents of
acetonitrile (MeCN) and water. Furthermore, the same types of
hybrids can form reverse vesicles in MeCN/toluene mixed
solvents.'* Therefore, these data are direct evidence that some
hybrids can be treated as novel surfactants with large, functional

same time, hydrophobic organic components are added to the
usually hydrophilic POM clusters and result in possible amphi-
philic properties, which can increase the compatibility of the
POMs in organic media. The resulting hybrid materials will
combine not only the advantages of individual inorganic and
organic components but also exhibit close interaction and a
synergistic effect between them.””® Various POM-containing
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Scheme 1. Diagram of Bis(TRIS) Ligands L'-L3 Used in
This Study to Synthesize Hybrids 1—5

Table 1. Five Dumbbell-Shaped Inorganic—Organic Hybrid
Molecules”
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polar head groups. Micelles and cylindrical assemblies have been
observed by Landsmann et al. when they studied a hybrid sur-
factant with two long alkyl tails on the same side of the POM
cluster.>* Wang et al. successfully synthesized POM—polymer
hybrid materials that demonstrate amphiphilic properties by
forming vesicular structures."® We'® also showed that the
dumbbell-shaped hybrid TBA;oH,[(P,V3W;5059(OCHS,)5-
CCH,),0] (5) containing two Wells—Dawson-type clusters
linked together by bis(TRIS) ligand (where TRIS = tris-
(hydroxymethyl)aminomethane derivative) also formed well-
defined vesicle structures in acetone/water mixed solvents. The
average vesicle size can be tuned by the polarity of the solvent
(i.e., dielectric constant) with larger vesicles formed in less polar
solvents. Closely packed solventphobic layers are needed for
bilayer vesicle formation. Considering that the dumbbells possess
relatively small organic domains, we speculated that the large,
amphiphilic TBA counterions played a unique role in the for-
mation of vesicles by helping to fill the space in the hydrophobic
domains of the vesicles.

Although the above preliminary studies are important, they do
not yet establish a solid concept that such hybrids are indeed able
to act as novel surfactants. For this to be proven, several critical
issues need to be addressed in order to clarify the special features
of such hybrids further and to identify their similarities to and
differences from conventional surfactants: (1) consistent, pre-
dictable self-assembly behavior, which can be achieved by syn-
thesizing and studying a series of similar hybrids and confirming
that they follow similar, controllable amphiphilic behavior in
solution; (2) the amphiphilic nature of such hybrids on surfaces,
atinterfaces, and in different solvents; and (3) a determination of
the physicochemical properties of such surfactants (e.g, cmc,
enthalpy, and entropy changes for the self-assembly) with a com-
parison to the conventional surfactants. To achieve these, we
have developed a series of linear bis(TRIS) ligands containing
different functional groups at the center (Scheme 1) and have
used these ligands to generate a series of Wells—Dawson-type
cluster-based dumbbell hybrid surfactants (1—S, formulae and
structures shown in Table 1).'” These new materials were well
characterized by elemental analyses, IR and NMR spectroscopy,
and ESI-MS spectrometry, and one of these dumbbell hybrlds
(1) was characterized by single-crystal X-ray crystallography

“ The inorganic parts are Wells—Dawson-type clusters connected by five
different bis(TRIS) ligands: L' —L> .The second column shows approxi-
mate lengths of each hybrid. (blue O) tungsten, (yellow O) vanadium,
(purple O) phosphorous, (red O) oxygen, (@) carbon, and (blue O)

nitrogen. For clarity, hydrogen is not shown.

The X-ray crystallography and ESI-MS analyses have confirmed
the formation of dumbbell-shaped hybrids 1—35. Initial studies
into their thermal stability showed that these compounds were
stable up to approximately 225 °C.

In this article, we report our systematic studies on the amphi-
philic properties of five dumbbell-shaped Wells—Dawson hy-
brids 1—S in solution and at liquid/vapor interface by exploring
their self-assembly, assembly sizes, stability, thermodynamic
properties, and phase behavior. We then intended to use this
series of hybrids as models to demonstrate the surfactant-
like properties of such hybrids and their similarities and differ-
ences with respect to the conventional surfactants due to their
extraordinarily large polar head groups, limited and relatively
rigid hydrophobic domains, and bulky and amphiphilic TBA
counterions.

B MATERIAL AND METHODS

Sample Preparation. The five dumbbell hybrids 1—5 were synthe-
sized at The University of Glasgow.'®'” Crystals or powders of each
hybrid were dissolved in the proper solvent at room temperature. For
acetone/water mixed solvents, the sample was first dissolved in acetone
and then deionized water was added dropwise with gentle stirring until the
desired solvent composition was reached. The same gentle agitation was
applied overnight, and the solutions were kept at room temperature for
2 h before being studied.

Staticand Dynamic Light Scattering (SLS and DLS). SLS and
DLS measurements were performed by using a Brookhaven Instruments
spectrometer that was equipped with two lasers operating at 532 and
633 nm, respectively. The sample solutions were filtered with 0.2 um
filter membranes into dust-free light-scattering cells. The sample cham-
ber was thermostatted and could be controlled to within 0.1 °C. The
basis of the SLS is the Rayleigh—Gans—Debye equation,"® which is used
to determine the radius of gyration (R,) and molar mass of particles.
SLS experiments were performed at scattering angles of 15—45° at 2°
intervals.

For DLS measurements, the intensity—intensity time correlation
function was measured by means of a BI-9000 AT multichannel digital
correlator. The normalized electric field time correlation function was
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Figure 1. (A) CONTIN analysis for the DLS studies on various 1.0 mg/mL hybrid surfactants in a 50/50 vol % acetone/water mixed solvent. (B) TEM
studies on the same solutions of hybrids 1—4 (a—d, respectively). TEM image of the vesicles formed by hybrid § was reported previously.'®

then analyzed by the CONTIN method,"® which yields information on
the distribution of the characteristic line width that can be used to deter-
mine the particle’s apparent diffusion coefficient D and then the average
hydrodynamic radius (Ry,) through the Stokes—Einstein equation

kT
"~ 6mn,D

Ry, (1)
where kg is the Boltzmann constant, 1, is the viscosity of the solvent, and
T is the temperature of the solution. The apparent D values measured at
different scattering angles are extrapolated to zero scattering angle in
order to obtain Ry, .

Transmission Electron Microscopy (TEM). The samples were
prepared by pipetting S uL of each solution (1 mg/mL) onto a carbon-
coated EM grid. The TEM studies were performed with a JEOL 2000FX
microscope operating at up to 200 kV.

Zeta Potential Analysis (). All § potential measurements were
performed using a Brookhaven Instruments Zeta PALS analyzer. The
sample chamber was maintained at 23 £ 0.1 °C. The instrument is
equipped with a red laser operating at a 660 nm wavelength and an
accuracy of 2% for filtered samples.

Langmuir—Blodgett (L—B) Isotherms. Solutions for different
hybrid surfactants were prepared in 90/10 vol % chloroform/acetonitrile
at 20 °C. Deionized water (18.2 M2 - cm, pH ~6 after treatment with a
Milli-Q water purification system) was used as the subphase. All mono-
layer measurements were made using a Nima 612D film balance (Nima
Technologies, Coventry, England) equipped with an L—B dipper, and
all isotherms were determined at 25 °C. The typical Langmuir—Blodgett
procedure involved a 20 min waiting period after spreading the solutions
over the water subphase before any compression was applied.

B RESULTS AND DISCUSSION

Self-Assembly of the Wells—Dawson-Based Dumbbell
Hybrids in Selective Solvents. All five dumbbell-shaped hybrids
are insoluble in water but soluble in acetone and water/acetone
mixed solvents, whereby the solubility varies depending on the
composition of the central part of the linking groups. The
solutions were monitored by an LLS technique for any
possible formation of large assemblies, and all of the hybrid
solutions were observed to reach equilibrium within 24 h, after
which there was no further change in the solution for up to
90 days.

Formations of supramolecular structures by the five hybrids
are observed in acetone/water (20—70 vol % acetone) solutions.
SLS studies reveal strong scattering intensities from such
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Figure 2. Relation between the vesicle size (in a 50/50 vol % water/
acetone mixed solvent) and the polarity of the organic linkers as
calculated by the Small method.

solutions (>2000 keps at a 90° scattering angle; for comparison,
benzene has an intensity of 110 keps), and DLS studies reveal
narrow particle size distributions of large structures with an
average Ry, of over 100 nm depending on the type of hybrid
(Figure 1A). For each type of hybrid, the large assemblies show a
simple relation of Rg/Ryo ~ 1 (Rg was measured by an SLS
technique). For spherical objects (evidence from TEM studies,
Figure 1B), this indicates a hollow vesicular structure® similar to
that in our previous study'® on hybrid 5. TEM studies further
confirm the formation of vesicular structures in hybrid solutions
(Figure 1B). Therefore, it is possible to conclude that the various
dumbbell-shaped hybrid surfactants self-assemble into vesicles in
water/acetone mixed solutions. It is also reasonable to hypothe-
size that the dumbbell hybrids use their two polar POM clusters
to face the hydrophilic solvent but use their organic linkers to
form the hydrophobic domain. This initial study confirms that all
of the hybrids form vesicles in similar solvents.

The vesicle sizes from the five hybrids are relatively similar, but
minor differences can still be identified (Figures 1 and 2) relating
to the organic linker part as expected. The solubility parameter
(0) is widely used to estimate the degree of hydrophobicity of or-
ganic components”** (e.g., the Small method™® for polymers). It
is based on the addition of the attraction constants for all organic
groups, and the O value is determined by the energy of vaporiza-
tion and molar volume of each organic group. With this ap-

proach, the effect of the hydrophobicity of the middle organic
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Figure 3. (A) 'H DOSY was used to infer the TBA binding to the polar heads. The first experiment shows the D,0, acetone-ds, and TBA signals.
(B) Cartoon of vesicle formation occurring in the presence of hybrid surfactants and the TBA countercation in water/acetone mixtures.
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Figure 4. Determination of the cac value for (A) hybrids 1—3 in a 50/50 vol % water/acetone mixed solvent at 25 °C. The corresponding values are
(1) 1.34 x 10~* mmol/L, (2) 0.89 x 10~ * mmol/L, and (3) 0.45 x 10~* mmol/L. Determination of the cac value for (B) hybrid 1 in a 50/50 vol %

water/acetone mixed solvent at different temperatures.

linker on vesicle formation can be estimated. As shown in Figure 2,
the vesicle sizes formed by different hybrids decrease (slightly but
monotonically) with increasing polarity of the organic part. This
is reasonable because less polar organic linkers would interact
with each other more closely and induce a more compact solvent-
phobic layer, leading to vesicles with smaller curvatures or larger
sizes. The linear relationship in Figure 2 indicates that the five
hybrids follow very similar mechanisms with respect to assembly
behavior in polar solvents.

State of Counter Cations (TBA) in Vesicle Formation. A 'H
NMR DOSY experiment was performed to determine the diffu-
sion coefficients of protons in solution to confirm the binding
between TBA and hybrids. n-Tetrabutyl ammonium iodide
(TBAL 1 x 10~*M, as a reference) and hybrid § in a 50/50
vol % acetone-ds/D,O solution were prepared in order to
compare the diffusion coefficients of their protons. As shown
in Figure 3A, the four groups of protons from the n-butyl chains
of TBAI have diffusion coefficients of 4.08 x 10~ '°, 447 x
107, 400 x 107", and 3.74 x 10 '° m?/s, respectively.
However, the same proton groups from TBA in h(?rbrid S have
values of 2.93 x 10~ '%,3.03 x 10~ '%,2.70 x 10~ ', and 3.00 x
10~"° m?/s, respectively, suggesting that the TBA ions move
much more slowly in the presence of the hybrid vesicles. It is clear
that TBA countercations are closely associated with the large
vesicles as a result of electrostatic interactions.

This experiment cannot directly confirm the involvement of the
alkyl chains on TBAs in the hydrophobic region because in such a
case the protons will be almost immobile and will not generate any

9196

observable signals during the NMR DOSY studies. Considering
that these hybrids are different from conventional surfactants in
that they have large polar headgroups, which could make the close
packing of hydrophobic domains (the alkyl chains) difficult be-
cause of their spatial obstruction, we speculated that the large
TBA cations might get involved in forming the hydrophobic
domains.'® Furthermore, these cations could also further effec-
tively screen the repulsive interactions between adjacent POM
clusters on the vesicle surface, as suggested schematically in
Figure 3B.

Critical Association Concentration (cac) of Vesicle Forma-
tion. The cac is defined as the solute concentration at which
vesicle formation starts in solution, and the SLS technique is
commonly used to determine the cac by detecting a sudden,
significant increase in the scattering intensity with solute concen-
tration.”* Figure 4A shows the cac determination for hybrids
1-3 at 25 °C. These three hybrids contain similar organic
linkers; therefore, they can be used for comparison. It is clear
that the cac value decreases with increasing methylene groups
in the organic linker (i.e., the vesicle formation becomes more
favored when the organic linker becomes more hydrophobic).
The cac values for hybrids 4 and $ in the same solvent are
3.5 x 10 *and 9.2 x 10~° mM at 25 °C, respectively, which
are smaller than those for the first three hybrids. This is con-
sistent with the solubility parameter calculations that show
that the last two hybrids contain the most-hydrophobic organic
linkers.

dx.doi.org/10.1021/1a2013914 |Langmuir 2011, 27, 9193-9202
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Figure S. (A) Effect of the methylene group (—CH,—) values for hybrids 1—3. (B) cac values for hybrids 1—3 at three different temperatures in

50 vol % water/acetone.

For a given hybrid, the cac value decreases with increasing
temperature, and a typical measurement is shown in Figure 4B by
using 1 as an example. Figure SB also shows the effect of tem-
perature on the cac values for hybrids 1—3, which demonstrate
very similar trends. This case is similar to other entropy-driven
self-assembly processes (see below), such as the micelle forma-
tion of oxyethylene alkyl chain (C,E,,) nonionic surfactants,
but is opposite to enthalpy-driven processes such as the case of
sodium alkyl sulfonates where the cmc increased with increasing
temperature.26

The thermodynamic parameters of vesicle formation can be
obtained from the temperature dependence of the cac values,
which can provide useful information about the driving force
behind the self-assembly through the determination of the
standard Gibbs free energy change:

AG®, = RT In X¢y (2)

The standard enthalpy change (AH®,,) can be determined by
the Gibbs—Helmholtz equation.'®

AR — T2 I(AGy'/T)
" aT

(3)

P

The entropy change (AS°,,) can be calculated by the Gibbs
relation*

o o

As. = AH,, —AG, (4)
T

Table 2 summarizes the thermodynamic parameters for all five
hybrids. The negative changes in AG°,, indicate that vesicle
formation is a spontaneous process, and the positive values of
AH®,, imply that vesicle formation is endothermic. This is
quite typical of amphiphiles in polar solvents because their self-
assembly process is accompanied by breaking some ordered
solvent structures around hydrophobic domains, which makes
the whole self-assembly process entropy-driven. Interestingly,
these TAS®,, values are significantly larger than those for
the vesicle formation of conventional surfactants, such as the
ionic Gemini surfactants.”” We speculate that this may be
attributed to the bulky TBA countercations (each hybrid has
10 TBA counterions). The TBA jons possess long hydro-
phobic tails that might be involved in the vesicle-formation
process by destroying the hydrogen bonds formed by the
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Table 2. Thermodynamic Parameters of the Vesicle Forma-
tion of Hybrids 1—5 in a 50/50 Vol % Water/Acetone Mixed
Solution

hybrid temp, °C £ 0.2 AG®,, kJ/mol AH®,, kJ/mol TAS®,, kJ/mol

1 25 —48.1 44.5 92.6
3S —S1.7 47.6 99.3
EN] —54.5 50.7 105.2
2 25 —51.6 43.0 94.6
35 —53.5 45.9 99.4
45 —58.1 48.9 107.1
3 25 —50.8 472 98.0
35 —54.5 50.4 104.9
45 —57.6 53.7 111.3
4 25 —45.7 57.9 103.6
35 —48.7 61.8 110.5
45 —52.9 65.9 118.8
S 25 —49.0 39.4 88.4
3S —S1.9 42.1 94.0
45 —5S.1 44.9 100.0

well-organized water molecules around the alkyl tails and
increasing the entropy of the system. In addition, the length
of the organic linker may show a direct relation to the TAS®,,
value, as for a longer linker the entropy gain tends to be more
negative because more hydrogen bonds need to be broken
(Figure 6).

Surface Charge Regulates the Self-Assembly of Hybrids.
For the formation of shell-like assemblies, the size of the assem-
blies shows a clear trend with the solvent content (in the dielectric
constant) if the self-assembly process is charge-regulated, which is
confirmed in different “blackberry” structures formed by hydro-
philic macroions in polar solvents.”® The bilayer vesicle forma-
tions in different solvents for the Mn-Anderson-C;¢ hybrid and
for dumbbell hybrid 5'*'¢ are also charge-regulated. To go one
step further, we compare the average assembly sizes of the five
dumbbell hybrids under the same experimental conditions (e.g,,
solvent content and temperature). A linear relationship between
the vesicle size and the inverse dielectric constant (1/¢,) is
observed for each of the five systems (Figure 7), further con-
firming that the five hybrids follow very similar self-assembly
mechanisms. The slopes of the linear regressions shown in
Figure 7 reveal the magnitude of the attractive forces among

dx.doi.org/10.1021/1a2013914 |Langmuir 2011, 27, 9193-9202
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the monomers on the vesicle surface (u), first obtained in
blackberries formed by {Mo,3,} macroions®

—48lbu
e o
B ¢ - 56
b 4rege kg T - &

A (6)
where u, §, Ay, €, &, ¢, kg, and T are the cohesive bond energy
between monomers, the zeta potential of the assemblies, the
Bjerrum length, the vacuum permittivity, the relative dielectric
constant of the solvent, the electron charge, the Boltzmann
constant, and the absolute temperature, respectively. The u
values and consequently the chemical potential (Au°) for the
vesicle formation of five hybrids are calculated for comparison
from the slopes in Figure 7 (summarized in Table 3). Au® is
calculated by assuming a hexagonal arrangement of monomers
on the vesicle surface; therefore, Au® = 3u.>

The cohesive bond energy can also be calculated from cac
values. For example, for hybrid S, the cacis 4.71 x 10~ mol/L at
25 °C in a 50/50 vol % acetone/water mixed solvent. By as-
suming that vesicles consist of the predominantly hexagonally
arrayed packing of hybrid molecules, the cohesive bond energy
(1) can be calculated as —7.80ksT from™®

X & enbu/ka (7)

where ny, is the average number of bonds per molecule (three
here). This result is very close to our previous result of —7.50kgT

Table 3. Zeta Potential ({), Cohesive Bond Energy (u), and
Chemical Potential (Au°) of Vesicle Formation for All Five
Dumbbell Hybrids in a 50/50 Vol % Acetone/Water Mixed
Solvent

dumbbell hybrid G, kgT u, kgT Au®, kT
Hybrid 1 —-0.7 —1.8 —-53
Hybrid 2 —14 —2.9 —8.7
Hybrid 3 —1.6 —8.1 —24.4
Hybrid 4 —1.5 —11.7 —35.2
Hybrid 5 —24 -75 —225

(Table 3) obtained from eq S, suggesting that our model
regarding the packing of hybrids into vesicles is reasonable.
Then, the chemical potential difference between a hybrid surfac-
tant ir;zvesicle and in solution (A°u) is calculated as —23.4 kgT
from:

Xcac ~ eAu"/quT (8)

The hybrid that shows a greater slope in Figure 7 indicates
a larger u value (e, a stronger attraction among unimers).
The volume, length, and rigidity of the organic linker might
control the curvature of the vesicles and prescribe the structure
according to the behavior of conventional surfactants.”" For the
first three hybrids with similar organic linkers, hybrid 3 possesses
the highest hydrophobicity and weakest rigidity. Consequently, it
has the most negative u value, consistent with its lowest cac value.
Hybrid 4 has bulky aromatic rings and the largest distance
between two polar headgroups (ca. 1.60 nm). We consider that
this space is enough to allow these 77— associations. In com-
parison, hybrid $ presents the most hydrophobic organic linker
among these hybrids. However, the distance between two polar
headgroups probably is not enough to allow intermolecular asso-
ciations through the middle part as a result of the electronic
repulsions between the adjacent POM groups on the vesicle
surface. In such a case, we speculate that the TBA countercations
get involved in vesicle formation by contributing their alkyl
chains to the hydrophobic layers of the vesicles. This is confirmed
by the low apparent charge density (from the { potential); its u
value is in a reasonable range. That is, the counterions for hybrid
§ seem to interact with the hybrid clusters more closely than with
the others in a given solvent. As a result, hybrid $ starts to form
vesicles in solvents with relatively low acetone contents. A
possible reason is that in § the hydrophobic domain is so do-
minant that it attracts more TBA counterions to the hydrophobic
region.

Bending and Edge Interchange Energies and the Role of
the Elastic Constant. Vesicle formation involves the competi-
tion between the bending energy and the elastic modulus.>*>*
The so-called elastic constants, including the spontaneous curva-
ture (LC,,), the elastic modulus (k.), and the Gaussian bending
constant (K'.), can be applied to describe the properties of
surfactant films and to predict the vesicle size.>> For example,
the k. values for phospholipid systems lie in the range of 1—20-
(ks T);>** for SDS, it is 7.06ks T (T = 298 K).>® These values can
serve as a reference to clarify the similarities and differences
between the conventional surfactants and the hybrids.

Our current systems are much more complicated, with special
polar headgroups, mixed solvents, various organic linkers,
and large amphiphilic counterions. For example, adding one
more —CH,— group to the middle linker increases the linker’s
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Figure 8. Competition between the edge energy and the bending
energy for hybrid § during vesicle formation.

flexibility and hydrophobicity, and adding aromatic rings in-
creases the linker’s rigidity. On the basis of a theoretical model
proposed by Liposwsky,” the bending and edge energies for the
vesicle formation of these hybrids are calculated for spherical cap
geometry respectively by

Epena = 27k (LC — LCgp)? (9)

Eeqge = 27LA\/1 — (LC/2)? (10)

with C being the vesicle curvature (1/Ry,p), L (= 2Ry, ) being the
length of the film, and A being the edge energy per unit length
(with a value of 1 x 10 *° _]/nm).36

One important property of these dumbbell hybrids is their
symmetrical anionic polar heads, with which we can treat the
spontaneous curvature (Cy,) as zero. Also, complete vesicle
fo%nation is achieved at LC = 2. Consequently, eq 9 is simplified
to

Ebend:&n’Tkc = 4"7-[kc (11>
In eq 11, the 2 in the denominator implies that the vesicles
formed by hybrids have only one layer of monomers instead of
two layers for conventional surfactants.

A common vesicle-formation process starts from membrane
formation. As the membrane grows in size, the edge energy
increases because of the increased exposure of the solvophobic
edge to the solvent until it reaches a critical value, followed by a
bending process when the edge energy exceeds the bending
energy. When the curvature of the membrane reaches a critical
value (LCiticar) of ~1.8, the membrane will close spontaneously
to form a complete spherical vesicle."' Figure 8 shows the
competition between bending energy and edge energy for hybrid
5 to form vesicles.

71—A isotherms (described in detail in Figure 11) and eq 12
are used to calculate the elastic constants and bending energies.
The 2D surface compression modulus (Cs™ ") is referred as the
equilibrium in-plane elastic modulus.** Also, Cs ™' was defined by
Davis* to make possible comparisons with elastic modulus of
area compressibility values**

Cs™' = A(0m/9A), (12)

where A is the area of the monolayer at 77 = 0 and (977/9A) 1 is the
slope in the liquid condensed phase.

For comparison, the SDS anionic surfactant has a bending-
energy value of ca. 90kgT and forms small-radius micelles of ca.
1.8 nm.** However, vesicles from cationic—anionic (catanionic)
surfactants such as SOS/CTAB presents a bending energy of
610k T; correspondingly, vesicles with Ry, &~ 20 nm are formed.**
The vesicles formed by these hybrids have bending-energy values
similar to those of catanionic vesicles, but they are significantly
larger. We speculate that this difference is due to the special
molecular morphologies of the hybrids and the amphiphilic
countercations. The dumbbell shape enables the hybrids to form
bilayer structures by using one layer of molecules, which in-
creases the rigidity of the membrane and consequently the
bending energy, leading to the formation of larger vesicles.
In addition, the TBA counterions might participate in vesicle
formation by contributing their alkyl chains to the hydrophobic
domains, which again increases the membrane rigidity.

With a dominant bending energy, the precursor membranes
could be larger. Consequently, the elastic modulus would also
increase, resulting in larger vesicles. As shown in Figure 9A, the
hybrid vesicle size increases with increasing elastic modulus. In
addition, Figure 9B shows the effect of hybrid lengths on the
elastic modulus, where a linear relationship is observed for the
hybrids containing alkyl-amide groups. Hybrid 4, with aromatic
rings, does not follow the trend because of its rigid aromatic
groups.

Effect of Electrostatic Interactions on the Vesicle’s Elastic
Properties. The charge effect on the bending constants of
surface membranes indicates that the elastic constant varies with
the surface charge density or surfactant concentration.”” The
elastic modulus due to the electric interaction kcele increases until
the surface charge is completely saturated. However, Gauss
modulus K" decreases (becomes more negative) with increas-
ing surface charge. In our current case, each hybrid contains 10
negative charges. Winterhalter and Helfrich*® proposed to
calculate the electric contribution to the bending modulus by

o*(1+6%) 3

kc ele _
el M

(13)

2 2
k’cele = _ M(L + i) (14)
&y 20> 2y

where the superscript “ele” refers to the electrostatic contribu-
tions without taking into considerations other forces such as van
der Waals forces. The surface charge density o is given in C/m?;
20 is the surface charge difference between the inner and outer
monolayers (negligible here), d is the monolayer membrane
thickness (head-to-head distance for the hybrids here), &, is the
dielectric constant of water, and , is the Debye screening length.

The surface charge was calculated using the Huckel equation

1
Ho = ¢ P (15)
where o, g, 17, and r are the absolute mobility of particles, the
effective charge on particles, the solvent viscosity, and the particle
radius, respectively.*’

The five hybrids have the same polar headgroups and charges;
therefore, similar contributions from electrostatic interaction to
the bending modulus (k%) of their vesicles can be expected.
However, their k.*'° and effective surface charges are clearly dif-
ferent (Figure 10). A linear relationship between the effective
surface charge density and kcele is observed, suggesting that the

9199 dx.doi.org/10.1021/1a2013914 |Langmuir 2011, 27, 9193-9202


http://pubs.acs.org/action/showImage?doi=10.1021/la2013914&iName=master.img-010.jpg&w=199&h=129

Langmuir

| )

180 =
160 . S

140

120

100

80

60

40

R0 (nm)

10 20 30 40

Elastic Modulus k. (k5 T)

50 60

(

=|

Elastic modulus ke (ks T)

60

50

40 *
& (a) Hybrid 1

30 W (b)Hybrid 2 ¢

20 A (c) Hybrid 3 B
o (d) Hybrid 4 A

10 () Hybrid 5

0
3 35 4 45 5

Polarhead-polarhead distance (nm})

Figure 9. (A) Vesicle size increases with increasing elastic modulus of the hybrids. (B) Relation between the hybrid length and the elastic modulus.

25
()
7R © »
¥
IE 15
= (a)
'E d * ® (&] Hybrid 5
i’ w O somerss
-
| . ?r? H;b:ﬂ 3
5 (d) Hybrid 4
0
1 1.25 15 1.75 2
Surface Charge per vesicle (C/nm?)

Figure 10. Influence of the surface charge per vesicle (0) and its effect
in forming vesicular structures at 25 °C. (a) Hybrid 1, (b) hybrid 2, (c)
hybrid 3, (d) hybrid 4, and (e) hybrid S.

TBA counterions have different degrees of association to differ-
ent hybrids, and the degree of association makes a significant
contribution to the bending energy of vesicle formation.

The electrostatic and elastic properties of the vesicles formed
by five hybrids are summarized in Table 4. The invagination length
(& = k/A) sets the length scale at which we expect to find the
first membrane development stage showing the potential to form
vesicles.*® The invagination lengths for hybrids 1—3 have similar
values (12 & 3 nm), close to the estimated value for phospholipid
membranes (6.9—10 nm).*" In contrast, the invagination lengths for
hybrids 4 and S are almost doubled, possibly attributed to their more
rigid organic linkers, which results in more rigid membranes.

Finally, the stability of the vesicles is dictated by the value of 2k +
K . The vesicles are stable if the value is positive and unstable if the
value is negative.” Here, all of the 2k + K & values are >0,
suggesting that the hybrid vesicles are stable in solution.

Dumbbell-Shaped Hybrid Surfactants at the Water/Vapor
Interface. Water/air (L/A) interfacial behavior is important in
understanding the nature of surfactants such as solvophobicity
and miscibility in the liquid subphase (water). Early studies on
traditional amphiphiles showed the importance of the length of
hydrophobic chains on the L/A behavior.>® Poly(ethylene oxide)
(PEO) nonionic surfactants show a vertical orientation of the
ethylene oxide (EO) chains, and the surface films become more
expanded with increasing EO length.>* However, for anionic
surfactant sodium alkylbenzene sulfonates, the area per molecule
at the interface decreases with increasing molecular weight. The
van der Waals forces between the alkylbenzene tails increase with
increasing chain length, indicating that the surfactant with longer
alkylbenzene chains can be more easily compressed.**
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The hybrids at the water/air interface are studied with the
Langmuir—Blodgett technique.*® Figure 11 shows the five cor-
responding ;t—A isotherms. The calculated molecular area at the
interface and the shape and phase transitions for each hybrid are
quite different; even the five hybrids share the same type of polar
headgroups, indicating the effect of the organic linkers. Isotherms
for hybrids 1 and 2 (Figure 11A) exhibit the typical behavior of a
liquid expanded (LE) phase without reaching the condensed
phase transition plateau, suggesting that these hybrids cannot
form a compact monolayer at the interface (Figure 12A). In con-
trast, hybrid 3 presents two well-defined phases, an LE phase and
a liquid condensed (LC) phase coupled with a pronounced
plateau allowing the coexistence of both phases and a collapse
pressure at 100 A>. The LC phase indicates the formation of an
interfacial compact monolayer. It is reasonably speculated that
the hybrids should use one of their headgroups to stay in the
water phase whereas the whole molecule will stand up at the
interface upon closely interacting with their neighboring hybrids.
The other headgroup should stay in the air (Figure 12B,C). The
geometrical constraints of the molecules do not allow both
headgroups to stay in the aqueous solution during close packing.
Overall, these three hybrids exhibit interfacial behavior similar to
that of some cationic gemini surfactants containing two amphi-
philic moieties connected by spacer groups. In both cases, the
isotherm curve moves to the right side with increasing length of
the spacer group, indicating a larger interfacial area for each am-
phiphile (i.e., they spread out further at the interface).*® Besides
hydrophobic interactions, electrostatic interactions and hydro-
gen bonding might also affect the surface pressure.”” Here, the
hybrids have very limited solubility in water, suggesting very
weak hydrogen bonding formation between the linkers, and the
contribution from the electrostatic interaction should be the
same for all of the hybrids. Therefore, the differences in the iso-
therm curves among the hybrids should be due to the hydro-
phobic interaction between their organic linkers.

Both 77—A isotherms for hybrids 4 and 5 present LE and LC
phases connected to a plateau (Figure 11B). The LE interfacial
areas per molecule, obtained by extrapolation to zero pressure
for hybrids 4 and §, are 205 and 348 A% respectively. This
difference could be due to the fact that hybrid 4 possesses rigid
71—t bonds that may create significant attractive interactions. In
some cationic gemini surfactant systems, the 77— interactions
from aromatic functional groups can promote the formation
of networks or self-associations.”®*° In addition, the rigid mole-
cular architectures of these hybrids limit their expansion at the
interface; therefore, more compressed isotherms are obtained.
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Table 4. Electrostatic and Elastic Properties of the Five Hybrid Surfactants”

hybrid 1 hybrid 2 hybrid 3 hybrid 4 hybrid 5
conc (mg/mL) 1.0 1.0 1.0 1.0 1.0
& (nm) 127 102 132 16.8 223
o (A-s/m’x10™ %) 1.79 145 1.04 0.92 121
ke (kgT) 30.9 24.7 17.8 40.8 54.1
ke (kT) 109 6.1 4.4 7.7 16.4
K (ksT) -75 —42 —30 —54 —113
2 (J/nm x 10~%°) 1.00 1.00 1.00 1.00 1.00
Epena = 471k, (kg T) 389 310 224 512 680
Eegge (ksT) 1089 1233 1183 1206 1331
Eyot™® = 21 (2k "+ K ) (ks T) 89.3 49.9 362 63.3 136
“The test conditions were water/acetone at 50 vol % content and 25 °C.
(A) (B)
T 50 = 50
= A
——(c) Hybrid 3 =
‘E’ 1 —— (a) Hybrid 1 E 10 —— (d) Hybrid 4
& 30 —— [b) Hybrid 2 5 30 —— (&) Hybrid 5
= =
@ H
g. 20 § 20
o
g 10 8 10
£ E
& 0 = 0
w
0 100 200 300 400 0 100 200 300 400
Area (A%) Area, (A2)

Figure 11. Surface pressure 7—A isotherms on a water subphase. The LC area/molecule values are 160, 230, 174, 146, and 300 A? for hybrids 135,
respectively. All of the isotherms collapse around 100 A%, which is the cross-sectional area for all of these hybrid surfactants.
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Figure 12. Monolayer formation for the dumbbell-shaped hybrid
surfactants at the water/vapor interface: (a) LE/G phase, (b) LE phase,
and (c) LC phase. TBA countercations are not shown but might play a
role by being located between the polar headgroups to screen and
decrease the electrostatic repulsion.

Overall, the hybrids indeed demonstrate interfacial behavior
similar to that of some ionic surfactants. However, their less-
hydrophilic headgroups, unique molecular architecture, and rigid
molecular structures make it more difficult for them than for
conventional surfactants to form ordered interfacial monolayers.

The TBA counterions are expected to affect the interfacial
behavior described above. We speculate that the TBA cations
might also stay at the interface (reasonable if considering that
they are also amphiphilic) and between POM groups to help to
decrease the electrostatic repulsion among them.

Bl CONCLUSIONS

The self-assembly of five polyoxometalate-based dumbbell-
shaped inorganic—organic—inorganic hybrids into bilayer vesicles
is observed in selected polar solvents. These hybrids all have two
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identical Wells—Dawson-type POM clusters connected by dif-
ferent organic linkers. Vesicle formation is entropy-driven and
charge-regulated. The hydrophobicity, overall length, and shape
of the middle organic linkers in the hybrids play important roles
in determining the properties of the vesicles (e.g., the size, cac,
thermodynamic parameters, cohesive bond energies, bending/
edge energies, and elastic modulus).

The organic linkers also control the behavior of hybrids at the
water/air interface. From the w—A isotherms, the packing of
hybrids into a monolayer at the interface becomes more ordered
when the linker becomes more hydrophobic. Liquid expanded
and liquid condensed phases are clearly located and connected
through a plateau, suggesting that the hybrids behave similarly
to some cationic gemini surfactants that possess similar molec-
ular architectures. Overall, the hybrids demonstrate a weaker cap-
ability of forming monolayers at the interface.

In summary, the POM—organic hybrids indeed demonstrate
certain typical amphiphilic behaviors in polar solvents. Their
large, rigid polar headgroups and unique molecular architecture
render their self-assembly with new features such as the very high
entropy gain. The involvement of the amphiphilic counterions in
the self-assembly and the different organic linkers make the self-
assembly behavior highly adjustable. With similar molecular
architectures, these hybrid surfactants demonstrate similar and
predictable self-assembly behaviors, which will certainly enrich
the family of amphiphilic surfactants and at the same time expand
the applications of the POM materials to organic media.
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