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Abstract: A novel class of self-assembling nanoparticles is
formed with viologen-resorcin[4]arene cavitands; the associ-
ation model is strongly controlled by their hydrophobicity.
Interestingly, the cavitand assemblies are designed through
click chemistry to form self-assembled noncovalently con-
nected aggregates through counterion displacement. The

iodide and benzoate ions are utilized as strongly polarizable
counterions to induce cavitand self-assembly. The counter-
ion-mediated decrease in hydrophilicity of the viologen-re-
sorcin[4]arenes is the underlying trigger to induce particle
formation. These particles can be used as nanocontainers
and find their applications in delivery systems.

Introduction

Control of molecular self-assembly is an important goal of
modern science.! A growing interest in the self-assembly pro-
cesses is caused primarily by the fabrication of micro- and
nanoscale structures for various molecular device applica-
tions.? Self-assembly inducing the formation of different
supramolecular assemblies has been widely explored as a kind
of facilitated nanocontainer. The success of this application re-
quires the development of versatile mechanisms of self-assem-
bly to produce nanocontainers with controlled functions and
structures.” There are several strategies for their creation and,
alternatively, the nanocontainer structure can be achieved
through the self-assembly of macrocyclic platforms.” Within
the latter methodology, the calix[4]arene platform has demon-
strated its potential for building up these systems.
Water-soluble amphiphilic calixarenes consist of hydropho-
bic and -philic blocks connected with aromatic rings. They are
interesting for applications because they may combine the
properties of surfactants and macromolecules. Similar to low-
molecular-weight surfactants, these macrocycles self-assemble
in aqueous solutions to form various types of assemblies® %
that may be used for molecular encapsulation. In addition,
there are studies demonstrating the effects of additives such
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as solvents on the self-assembling properties of uncharged
macrocycles.'%!

Many calix[4]arene-®'*!  and  calix[4]resorcinarene-
based®'>'7'824 nanocontainers have been reported. Calix[4]ar-
enes and calix[4]resorcinarenes contain concave surfaces avail-
able for guest inclusion; however, they are generally less pre-
dictable during self-assembly due to relatively flexible frame-
work. The flexible molecules often need guest molecules to act
as templates to form discrete structures. The relative rigidity of
the resorcin[4]arene skeleton apparently decreases steric strain
or ion repulsion and enhances binding of guests relative to
that of calix[4]arene. Moreover, the position of a crown ether
linkage between neighboring phenyl rings instead of the hy-
droxyl groups increases the hydrophobicity of resorcin[4]arene
and improves the stability of the nanoparticles formed by
these molecules in water. Therefore, herein, the resorcin[4]ar-
ene-based nanocontainers were prepared in aqueous solutions
for the first time.

To generate novel resorcin[4larene-based nanocontainers,
water-soluble resorcin[4]arene cavitands consisting of four viol-
ogen units on the upper rim of resorcin[4]larene platform were
chosen. Viologen moieties attached to a macrocyclic platform
confer water solubility to calixarenes with high hydrophobicity.
Moreover, linking of viologen with the macrocyclic platform
enables a compound to be obtained with a multiply charged
cation and a well-organized structure, in which the electron-ac-
ceptor properties can be controlled. Previously, we showed
that viologen-resorcin[4]arenes (VRs) with different tail lengths
on the lower rim (Scheme 1) exhibited acceptor properties and
could electrochemically bind both small donor molecules and
bulk macrocyclic compounds.”>? In addition, the high-volume
molecules caused redox-switchable self-assembly of these VRs.

Herein, we constructed water-soluble nanoparticles through
self-assembly of VR cavitands. The presence of eight positive
charges on the upper riAm, alkyl chains on the lower rim, and

]
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VR-C1: R = CH,
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VR-C10: R = CyoHa

Scheme 1. Chemical structure of VR cavitands.

aromatic rings between these rims suggests that VR cavitands
will exhibit amphiphilic properties and self-assemble in aque-
ous media. Four viologen units of a calixarene framework pres-
ent the corresponding site for the counterion, the effect of
which may be responsible for changing the association model
of cavitands. Herein, we compare the self-assembly properties
in aqueous solutions of a series of VRs with methyl (VR-C1), n-
pentyl (VR-C5), and n-decyl (VR-C10) substituents on the lower
rim (Scheme 1). Thus, the aim of this study was to investigate
the effect of the length of the alkyl group on the lower rim
and the nature of the counterion on the self-assembly behav-
ior of VR cavitands.

Results and Discussion
Dependence of VR cavitand self-assembly on chain length

Three VRs, VR-C1, VR-C5, and VR-C10, were studied in aqueous
solutions. The cavitands VR-C5 and VR-C10 show amphiphilic
properties that determine their ability to self-organize. Diffu-
sion NMR spectroscopy data indicate that increasing the con-
centration, C, of these cavitands results in a decrease in their
self-diffusion coefficients, D (Figure 1), indicating the self-asso-
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Figure 1. Concentration dependence of the self-diffusion coefficient in solu-
tions of VR-C5 (A) and VR-C10 (B) in D,0 at 25°C.
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ciation of both VR-C5 and VR-C10 with critical association con-
centration (CAC) values of 3 and 0.3 mm, respectively. For cavi-
tand VR-C1 with short methyl groups on the lower rim, the de-
crease of D was not observed up to 15 mm. The difference in
behavior with respect to VR-C5 and VR-C10 might be due to
the short length of the VR-C1 alkyl chains, the hydrophobicity
of which is insufficient to drive them away from water.

Self-assembly of the studied resorcinarenes was confirmed
by conductometric measurements (Figure S1 in the Supporting
Information). The CAC values obtained by this method are in
good agreement with NMR spectroscopy diffusion experiments
and were found to be about 5 and 0.25 mm for VR-C5 and VR-
C10, respectively.

To detect the hydrophobic interior of macrocycle assemblies,
the solubilization of hydrophobic dye Orange OT was carried
out. Assemblies formed by the cavitands studied (VR-C5, VR-
C10) have a hydrophobic core region that can incorporate the
dye molecules. Solubilization plots reveal that the amount of
dye solubilized was low up to the CAC of each cavitand, and
thereafter a sudden and steep rise was observed with the for-
mation of assemblies in the bulk solution (Figure 2). This

15] —=—VR-C10
—e—VR-C5
—A—VR-C1

10

Figure 2. Changes in the Orange OT absorbance at A =495 nm with increas-
ing concentration of VR cavitands (H,0, 25°C; /=0.1 cm cell).

proves that the dye-binding process takes place in the hydro-
phobic site of the alkyl chains, and there is no dye interaction
with viologen fragments of the upper rim. The CAC values for
both cavitands obtained by this method are in good agree-
ment with those determined by NMR spectroscopy and con-
ductivity methods (Table S1 in the Supporting Information).

Less-hydrophobic VR-C1 does not dissolve the dye through-
out the whole studied concentration range. This behavior is
consistent with the structure of VR-C1: the short tails and
charge repulsion between four bipyridinium units should pre-
vent the formation of assemblies with hydrophobic interiors
that can be loaded with hydrophobic Orange OT.

Self-association properties of cavitands could be explained
by the contribution of the hydrophobic effect and electrostatic
repulsion, for which the balance is determined by the length
of hydrocarbon tails. As a result, the pentyl and decyl alkyl
chains of VR cavitands maintain a higher level of solubilization
capacity above the CAC. The obtained solubilization data for
VR-C5 and VR-C10 make them an ideal choice for use as nano-
containers for hydrophobic drugs.
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Although the exact shape of VR-C10 associates has not yet
been resolved, the most likely shape is that of a sphere, which
would display considerable anisotropy in its organization.”” A
comprehensive description of any change in organization and
dynamics of such an organized assembly should include infor-
mation from probes that are localized in the deeper hydropho-
bic core region of the associates. We therefore used a fluores-
cent probe, 1,6-diphenyl-1,3,5-hexatriene (DPH), to characterize
the changes occurring in these regions.

The DPH molecule is oriented in the hydrophobic core of
the bilayer, and thus, serves as an excellent probe for studying
the order of vesicle bilayers. A unique advantage of DPH fluo-
rescence is that, unlike some other methods, this approach is
reliable even for charged detergents. This is in contrast to
methods that employ charged fluorescent probes for which it
has been demonstrated that such assays usually do not work if
the probe and detergent have opposite charges.”®

Fluorescence anisotropy versus concentration curves
(Figure 3) showed an increase of the anisotropy value with in-
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Figure 3. A) Fluorescence anisotropy of DPH complexed with VR-C10 (1), VR-
C5 (2) (initial concentration range), and VR-C1 (3) in DMF/water (1:99) at
25°C. B) The whole concentration range for VR-C5 (2).

creasing concentration of VR-C10, which suggested that the
rotational mobility of DPH was considerably reduced in the
cavitand associates. The increase of the anisotropy to a steady
value of approximately 0.20 was observed after 1 mm VR-C10;
this indicated that vesicles were probably formed.

The fluorescence experiment was also carried out with VR-
C1 and VR-C5 (Figure 3). The anisotropy of DPH in a solution
of VR-C1 remains more or less the same at a level of about
0.075 throughout the whole concentration range. As seen
from the very low anisotropy of DPH in the VR-C1 environ-
ment, this cavitand did not form assemblies with hydrophobic
interiors that could be loaded with hydrophobic DPH. The ani-
sotropy values of VR-C5 measured at the CAC and above were
lower than that of VR-C10. In this case, a smaller value of ani-
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sotropy indicates a lower degree of depolarization, and there-
fore, a less viscous environment.

It is possible that, if the alkyl chains on the lower rim of the
cavitand are shorter and the surface charge on the upper rim
is the same, another type of self-assembly could occur. Indeed,
the anisotropy does not reach a plateau in the case of VR-C5
(Figure 3, inset) at concentrations above its CAC, as expected
for spherical-type particles. It is a justifiable assumption that in
these studies the lack of an anisotropy plateau was attributed
to the head-to-tail packing direction in a higher concentration
range. The size of the VR-C5 assemblies increases with increas-
ing the molar concentration of the cavitand and, as a conse-
quence, the anisotropy values. In addition, for aqueous solu-
tions of calix[4]resorcinarenes and resorcin[4]arene cavitands
with pentyl substituents on the lower rim,?*3% the head-to-tail
packing mode was demonstrated previously, this resulted from
the cooperative contribution of weak van der Waals interac-
tions and the hydrophobic effect. It is possible that the self-as-
sembly behavior of VR-C5 is similar to that seen herein. Thus,
the pentyl chains on the VR lower rim result in the formation
of assemblies of another type than in the case of decyl chains.

In aqueous solutions, the DPH probe, when mixed with VR
cavitands, gives a very pronounced bathochromic shift. An ex-
ample of this shift for VR-C5 is given in Figure 4. A redshifted
absorption band, which is characteristic for a ground-state
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Figure 4. Excitation (continuous line) and fluorescence spectra (dotted line)
of DPH in water (1.,,=255 nm, 4.,,=311 nm) and in the presence of

a 1.34 mm aqueous solution of VR-C5 (4, =412 nm, 1,,=531 nm), ina 1 cm
cell, at 25°C.

charge-transfer complex formed between DPH and VR cavi-
tand, is observed. The viologen cations mainly act as Lewis
acids in solution, whereas DPH primarily exhibits Lewis base
properties. These stacking interactions between DPH and VR
cavitands are probably responsible for the batho- and hyper-
chromic shifts. Moreover, an increase in the Stokes shift is
a result of the corresponding change in the microenvironment
of the fluorophore with complex formation.®" Thus, the large
batho- and hyperchromic spectral changes observed in
a mixed DPH-VR system are the result of strong charge-trans-
fer chelation interactions.

The hydrodynamic diameters of VR-C5 assemblies in water
were 2-4 and 270-300 nm, according to dynamic light scatter-
ing (DLS) measurements (Figure S2 in the Supporting Informa-
tion); this suggested that VR-C5 molecules were organized in
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a manner with head-to-tail orientation and morphology. The
mean size of VR-C10 assemblies ranged from 25 to 60 nm with
a positive zeta potential of +34 mV (Figure S3 in the Support-
ing Information). These spherical particles observed by DLS
probably corresponded to stable multilamellar vesicles. In addi-
tion, the anisotropy value of VR-C10 assemblies is close to 0.2,
which corresponds to the bilayer structure.®? Analysis of the
self-diffusion of VR-C10 assemblies gives a hydrodynamic diam-
eter of 5.6 nm, whereas the full length of VR-C10 is about
2.2 nm. Naturally, sphere-shaped colloidal particles with diame-
ters much higher than the molecular dimension may be vesic-
ular structures. The results from diffusion NMR spectroscopy
and DLS methods have firmly established that VR-C10 assem-
blies are on the nanometer scale. In addition, one can assume
that the coexistence of vesicles and elongated micelles proba-
bly occurs, which is in line with the lower value of fluorescence
anisotropy within the low concentration range. We emphasize
the strong complementarity of the results that ultimately lead
to a better understanding of self-assembly.

Thus, after summarizing the overall results from diffusion
NMR spectroscopy, conductometric, fluorescence, DLS, and sol-
ubilization experiments, the formation of multilayer spherical
vesicle-like structures is more favored for VR-C10, whereas the
head-to-tail packing mode takes place in the case of less-lipo-
philic VR-C5. No self-assembly was observed for lyophobic VR-
c1.

Effect of counterions on VR cavitand self-assembly

The high charge density on the upper rim of the VR cavitands
studied and the electron-acceptor properties of viologen
groups suggest a significant impact of counterions on the cavi-
tand self-assembly behavior. Multicharged assembled VR cavi-
tands produce a strong ionic field that attracts counterions.
We considered the effect of counterions of different lipophilici-
ty and size: chloride, iodide, and benzoate ions. As it is known,
iodide ions not only form an ion pair with viologens, but also
interact for the formation of charge-transfer complex. More-
over, iodide ions significantly influence the electrochemical
and adsorption properties of the viologen molecules. Thus, re-
placing chloride ions, which determined the cavitand self-as-
sembly behavior discussed above, could lead to morphology
transformation of ensembles found.

Our study shows that the iodide ions have a considerable
effect on self-association of VR cavitands. In the case of VR
with an iodide counterion, VR-C10-, significant changes in con-
ductivity and NMR spectroscopy diffusion coefficients were not
found. The concentration dependence of self-diffusion coeffi-
cients and electrical conductivity of freshly prepared solutions
of VR-C10-I have the same form as that of the chlorine ana-
logue of VR-C10. However, after prolonged storage (more than
24 h) of a solution of VR-C10-l with a concentration of 0.2 mm,
spectral broadening of the signals was observed. In this case,
the D value decreases and nicely corresponds with the D value
of an assembled cavitand (0.85x 107 '® m?s™").

The addition of excess potassium iodide to an aqueous solu-
tion of VR-C5 with a concentration below the CAC (0.5 mm)
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also causes a broadening of the proton resonance signals in
the NMR spectrum. Simultaneously, the self-diffusion coeffi-
cient of VR-C5 significantly reduced to the value observed pre-
viously for assembled samples (from 1.92 to 0.97x 107" m?s™).
Thus, the addition of iodide ions leads to a marked decrease in
the CAC value of VR-C5.

Therefore, the self-assembly of VR cavitands in the presence
of iodide ions is a thermodynamically controlled process that
requires an excess amount of iodide ions or a long time for its
conduction. The obtained result is mainly caused by increased
ionic strength that can effectively reduce the electrostatic re-
pulsion among the head groups of cavitands and then facili-
tate aggregate formation.

Generally, the effective range of electrostatic interactions of
VR cavitands should be decreased with increasing electrolyte
ion size. To test this, we investigated the effect of larger spe-
cies, such as the benzoate ion. The introduction of various aro-
matic anions could modify the physicochemical properties of
the assemblies in aqueous solutions.®™ In our study, the addi-
tion of benzoic acid (BA) also leads to increased self-assembly.
The negatively charged BA groups are able to interact electro-
statically with the VR cavitand as a counterion and undergo
charge-transfer complexation with viologen fragments.

'H NMR spectroscopy was applied to reveal the intermolecu-
lar interactions between BA and VR cavitands in the monomer-
ic form. The shift of BA signals is dependent on the chain
length of the VR lower rim. The presence of VR-C1 and VR-C5
species slightly affects the BA signal (Figure 5). In contrast, the

BA lJ‘
BA+VRE1—“ k jL._zz B

BA + VR-C5 ,
M A JUk A

BA + VR-C10

9.0 8.5 8.0 7.5

70 65 60 55
4 (ppm)

Figure 5. 'H NMR spectrum (fragment) of BA in the absence and presence of
equimolar amounts of VR-Cn cavitands (n=1 (1 mm), 5 (1 mm), 10 (0.2 mm))
in D,0 at 25°C.

addition of an equimolar amount of VR-C10 to a solution of BA
resulted in a significant broadening of the BA proton signals
and their upfield shift by 0.5, 0.6, and 0.95 ppm for ortho-,
meta- and para-protons, respectively; this suggests the forma-
tion of inclusion complex species in the solution phase. In this
case, the chemical shift movements are more significant than
those in the presence of VR-C1 and VR-C5, revealing that the
interaction between VR-C10 and BA is much stronger. The
main difference is that the m—mt stacking interactions of aro-
matic anions with aromatic viologen units are stronger due to
the presence of the longer chain, which accounts for the hy-
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drophobic nature of VR-C10. This unexpected result indicates
that the anions of BA may be strongly bound to the head
groups of VR with more hydrophobic residues.

The Job's plot analysis shows 1:2 and 1:1 stoichiometries be-
tween VR-C10 and BA (Figure S4 in the Supporting Informa-
tion). The plot for 1:2 stoichiometry is more triangular in
shape, which is characteristic for stable complexes. To under-
stand the influence of BA on association of cavitands with dif-
ferent lengths of alkyl tails, the molar ratios between BA and
cavitands were analyzed before and after the CAC of the cavi-
tand (Figure 6). These results showed that the shielding of the

1.25
1.00
_
g_ 0.75 —n—Cyp.c1p=02mM
% 0.50 —o— CVR-C10= 1mM
< —A=Cyg.cs=1mM
0.25
0.00

00 05 10 15 20 25
CVYR/CBA

Figure 6. VR/BA concentration ratio dependence of the para-proton chemi-
cal shift of BA (D,0, 25°Q).

BA molecule was greater in VR-C10 than in VR-C5. Moreover,
from the slope of the titration curves, it can be concluded that
BA is more tightly bound by molecules of VR-C10 than by VR-
C5. Interestingly, stronger changes in the proton chemical
shifts of BA in titration experiments were observed for cavitand
VR-C10 before the CAC than after CAC. The BA molecules
might help in the self-assembly of VR-C10, even at low concen-
trations of cavitand. This effect may be reflected in the highest
chemical shift of BA protons in the presence of 0.2 mm VR-
C10. In solution with VR-C10 assemblies, the fraction of bind-
ing sites occupied by more than one guest molecule signifi-
cantly increases. Shielding of the BA protons in this respect
was considered to be less pronounced. Apparently, the BA
molecules are located on the surface of assemblies and are not
included as deeply into the cavitand cavity as they are in the
concentration range up to CAC.

A more accurate picture of the interaction of cavitands with
BA was obtained from NMR diffusivity data. In the system with
a concentration of VR-C10 of 1 mm, the increase in the BA con-
centration leads to a slight decrease in the D value of the cavi-
tand (from 0.95 to 0.86x 107" m?s™"; Figure 7A) and a marked
increase in D of BA (from 2.03 to 2.32x 107" m?s™"; Figure 7B).
This proves the formation of host-guest complexes in solution
that have lower D values. An increase in the D value of BA
originates from the fact that the molar fraction of the fast com-
ponent (unbinding BA) increases with the addition of BA.

An interesting pattern was observed in the titration of free
non-assembled VR-C10 (C=0.2 mm) by BA. An increase in the
BA concentration to 2 mm causes a sharp drop in the D value
of the macrocycle down to the value that refers to the assem-
bled form (Figure 7A). A further increase in BA concentration

Chem. Eur. J. 2014, 20, 14018 - 14025 www.chemeurj.org

14022

CHEMISTRY

A European Journal

Full Paper
(A)
_18
‘n
NE 1.5
o = Cyrcs=1mM
‘o1.2 —A—=CyRr.c19=1mM
=< —o—Cyp crp=02mM
Qoo
25
CBA / CVR
|,
‘;m
£ 5
e 4 —m—Cyrcs=1mM
o
<3 —A—Cyp.cp=02mM
Q,] —*=Cyr.cro=1mM
1

0 5 10 15_ 20 25 30
CBA/CVR

Figure 7. Dependence of the self-diffusion coefficients of VR-C5 and VR-C10
cavitands (A) and BA (B) on the VR/BA concentration ratio at a fixed cavitand
concentration and varying concentrations of BA (D,0O, 25°C).

barely changes the D value of VR-C10. Thus, similar to the
iodide ions, BA stimulates the self-assembly of VR-C10. Howev-
er, unlike the iodide ion, in this case, an equimolar amount of
BA would be sufficient to shift the equilibrium towards the as-
sembled structures of VR-C10. Importantly, in the BA concen-
tration range of 0 to 0.4 mwm, its D value is equal to that in
a single solution of assembled cavitands (Figure 7B). In this
range, BA is almost completely bound by VR-C10 binding sites.
A further increase in BA concentration is accompanied with
the rise of the apparent D, which reflects the increase in the
molarity of free unbound BA molecules.

The same pattern was observed for the mixed VR-C5-BA
system (Figure 7A). In this case, a 1 mm solution most likely
represents free nonassembled VR-C5, and the addition to it of
BA molecules leads to a gradual decrease in the D value of the
cavitand. However, a significant proportion of assembled forms
of VR-C5 was only obtained with a large excess of BA. It is im-
portant to note that even at low relative amounts of BA in
a mixed solution the D of BA is only slightly lower than that in
the individual BA solution. This proves that the degree of bind-
ing of benzoate ions by cavitand VR-C5 is relatively small.

Notably, an increase in the length of the hydrophobic tail at
the lower rim of resorcin[4]arene cavitands enhances the bind-
ing of BA. A probable cause of such a different binding
strength of BA is a different arrangement of VR amphiphiles
during self-assembly. If the head-to-tail association is character-
istic for VR-C5 and layers with alternating upper and lower
rims in neighboring molecules take place, then its upper cat-
ionic rim weakly binds BA. Stronger hydrophobic interactions
at the lower rim of VR-C10 drive the alkyl chains in ordered
packing, whereas the viologen groups have more freedom to
bind BA. Thus, the effect of the hydrophobicity of VR alkyl
chains on binding to hydrophobic BA suggests that BA has
a greater binding affinity to more hydrophobic VR-C10.
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The trend in CAC variation for an aqueous solution of VR
cavitands upon the addition of BA is similar to that in the pres-
ence of iodide ions. One possible reason for the similar behav-
ior is that they affect the association of VR in the same way as
the anions are adsorbed at the associate surface. However, the
addition of BA reduces the CAC value of VR-C10 to a greater
degree than iodide ions, that is, the introduction of a benzene
ring makes it more effective to promote the association of VR.
Electrostatic repulsion among the head groups of VR can be
significantly reduced due to electrostatic attraction and m-m
stacking interactions between BA and VR. Hence, an anion
with phenyl rings is more efficient to promote VR self-assembly
in aqueous solutions. This is mainly because the hydrophobici-
ty of the anion is enhanced by the presence of the phenyl
ring. As a result, BA is more likely to lead to stronger intermo-
lecular interactions.

From the above results, it can be found that the aromaticity
of counterions plays an important role in the assembly behav-
ior of VR cavitands. The proposed schematic illustration of VR
association change is shown in Scheme 2. This outline summa-

: xy ¥ ™
o % o By e
L oS
- o=CI
S%;/R-cs =1, C;H,CO0 = VR-C10

Scheme 2. Proposed schematic illustration of VR association changes in the
presence of iodide and benzoate ions.

rizes 1) the differences in morphological behavior for amphi-
philic cavitands of different hydrophobicity; and 2) counterion-
induced self-assembly of VRs. In particular, the head-to-tail as-
sociation model is shown to occur for the less-hydrophobic
pentyl derivative, whereas vesicles seemed to be formed in the
VR-C10 system. Meanwhile, no aggregation is observed in the
case of VR-C1. These assumptions are supported by the differ-
ent changes in the anisotropy parameter with cavitand con-
centration, the size of assemblies, and the dye solubilization
capacity of VRs studied. The onset of self-assembly may be
controlled by the nature of counterions. For inorganic anions
(i.e., iodide ions), the main interaction is their adsorption at
the electrical double layer, which reduces electrostatic interac-
tions among the VR head groups, and then macrocycle self-as-
sembly is facilitated. The anion with an aromatic wt-system may
endow an additional m-mt stacking interaction with cavitand.
Both m—mt stacking interactions and electrostatic attraction can
contribute to the synergic effect between BA and VR. Owing
to this relatively strong intermolecular interaction, electrostatic
repulsion between VR head groups can be screened, and the
association of VR is further promoted.
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Conclusion

We investigated the association of tetraviologen resorcin[4]ar-
ene cavitands in aqueous media and showed the influence of
the length of the hydrophobic tail and the nature of the coun-
terion on their CAC. Among three structurally similar VR cavi-
tands with a different number of methylene groups at the
lower rim, different self-assembly behavior was observed.
Whereas the cavitand with methyl moieties did not form as-
semblies, the cavitand with decyl moieties assembled into
spherical aggregates. Only for the cavitand with pentyl moiet-
ies, the head-to-tail packing mode was probably observed,
which was unusual for typical amphiphilic compounds. This
result suggested that the length of the hydrophobic groups at
the lower rim of VR cavitand controlled their self-assembly in
aqueous solutions.

The replacement of the chloride counterions in VR-C5 and
VR-C10 by iodide ones promoted cavitand self-assembly. Inter-
actions of VR cavitands with benzoate resulted in a more
marked increase in the assembly due to additional stabilization
of the supramolecular structure. The stabilizing effect was dif-
ferent for similarly charged iodide and benzoate anions, which
indicated that the lipophilicity and size of the counterion,
along with the charge compensation effect, played determi-
nant roles. Benzoate was more efficient at promoting the as-
sembly of VR cavitands in aqueous solutions due to hydropho-
bic and m-m stacking interactions. This work is helpful in un-
derstanding the effects of anions on the self-assembly behav-
ior of water-soluble VR cavitands and suggests that introduc-
ing an aromatic ion can effectively adjust the structure of the
VR assemblies.

Experimental Section
Materials

VR-C1, VR-C5, and VR-C10 were synthesized according to a previ-
ously reported procedure.?” Orange OT (75%, Aldrich), DPH (98 %,
Aldrich), potassium iodide of chemically pure grade, BA of analyti-
cally pure grade, and D,0 (99.9 atom % D, Aldrich) were used as re-
ceived. Water used for the preparation of all solutions was pro-
duced by a purification system (Millipore, Direct-Q 5).

NMR spectroscopy

NMR spectroscopy experiments were performed for samples pre-
pared in D,O. All NMR spectroscopy experiments were performed
on an Avance-600 (Bruker, Germany) spectrometer equipped with
a pulsed gradient unit capable of producing magnetic field pulse
gradients in the z direction of about 56 Gcm™'. Chemical shifts
were reported relative to HDO (0 =4.7 ppm) as an internal stan-
dard. The DOSY spectra were acquired with the BPP-STE-LED pulse
program. The diffusion delay was 50 ms in all cases, the bipolar
gradient pulses duration was varied from 5 to 7 ms (depending on
the system under investigation), 1.1 ms spoil gradient pulse (30 %),
and a 5ms eddy current delay. The reported results were the
mean value of multiple data points (from 2 to 6), and the standard
deviations were less than 5%. All diffusion NMR spectroscopy
measurements were performed at (2540.1)° with a 535 Lh™" air-
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flow rate to avoid any temperature fluctuations owing to sample
heating during the magnetic field pulse gradients.

Conductivity measurements

The conductivity was measured by using an InoLab Cond 720 con-
ductometer (WTW GmbH, Weilheim, Germany) with a graphite
electrode with a cell constant of 0.475 cm™' £1.5%. Reproducibility
was checked for selected samples and no significant differences
were observed. All samples were studied at 25°C.

Orange OT solubilization

The solubilization experiments were performed by adding an
excess of crystalline Orange OT dye to solutions. These solutions
were allowed to equilibrate for about 48 h at room temperature.
They were filtered, and their absorbency was measured at A=
500 nm (molar extinction coefficient 177400m~'cm™') on a Specord
250 Plus spectrophotometer (Analitic Jena, Germany) equipped
with WinAspect software at (2540.1)° at a 0.1 cm path length cell.
Absorbance of the dye for each sample was obtained by subtrac-
tion of the contribution of components to the summary spectrum.
Reproducibility was checked for selected samples and no signifi-
cant differences were observed.

DLS measurements and aqueous electrophoresis

DLS studies were conducted at 25°C by using a Zetasizer Nano in-
strument (Malvern, UK) equipped with a 4 mW He—Ne laser operat-
ing at 1=633 nm. Correlation data were fitted by using the
method of cumulants to the logarithm of the correlation function
to yield the diffusion coefficient. Backscattered light was detected
at 173° and the number-average hydrodynamic diameter was cal-
culated by using the Stokes-Einstein equation. The diffusion coeffi-
cient was measured at least 5 times in 10 runs, so that >50 scans
were obtained for each sample. The solutions were filtered with
Millipore filters to remove dust particles from the scattering
volume. Zeta-potential measurements were conducted by using
the same Malvern Zetasizer Nano instrument described above.
Zeta potentials were calculated from electrophoretic mobilities by
using the Smoluchowski relationship. All light scattering data (DLS
and aqueous electrophoresis) were processed by using Malvern Ze-
tasizer Software.

Fluorescence measurements

Fluorescence emission spectra and steady-state anisotropy meas-
urements were performed on a Cary Eclipse fluorescence spectro-
photometer (USA). The excitation and emission slit widths were 20
and 10 nm, respectively. The embedded software automatically de-
termined the correction factor and anisotropy value. A quartz cell
of 1 cm path length was used for all fluorescence measurements. A
temperature of 25°C was maintained. VR cavitand solutions were
prepared by the stepwise dilution of a stock sample. A fixed con-
centration of fluorescence probe DPH of 0.05 mm was used.
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