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ABSTRACT: We report complex macrophase and microphase transitions of rigid
amphiphiles with spherical Keggin molecular clusters as the solvophilic block and
rod-like rigid oligofluorene (OF) as the solvophobic block in mixed solvents of
water and polar organic solvent. By properly adjusting the solvent polarity, the
amphiphiles are found to respond accordingly by self-assembling into multilayered
incomplete onion-like structures (10−25 vol % THF), single-layered vesicular
structures (60 vol % THF), and an unexpected macrophase separation in the
middle (40−50 vol % THF), which is due to the anomalous trends in Keggin
solubility as a result of the nature of TBA+ counterions. The rigidity of the OF
block prevents the amphiphile from assembling by following the rule of packing parameters; instead, interdigitation among different
rods leads to the formation of the solvophobic domain to achieve self-assembly. The incomplete onion structures are controlled by
the interdigitation of rigid rods for the number of layers and the electrostatic interaction among Keggin head groups for the
interlayer distance. When the degree of interdigitation becomes lower, the self-assembly process shows a trend that can be explained
by the traditional rule of packing parameter. This study demonstrates the formation of different self-assembled structures by rigid
amphiphiles and their transitions induced by solvent composition. The self-assembly (microphase separation) of rigid amphiphiles in
a dilute solution could indeed represent a broad area containing complicated, uncharted rules.
KEYWORDS: rigid sphere−rod amphiphiles, incomplete onion structure, vesicle, macrophase separation, microphase separation

■ INTRODUCTION
The self-assembly of amphiphiles, such as surfactants1,2 and
block copolymers,3 in selective solvents has been well explored.
Such self-assembly processes are usually driven by the
solvophobic interaction, sometimes other noncovalent inter-
actions might also contribute,4 such as electrostatic interaction,
cation-π interaction, hydrogen bonding, and π−π stacking. It is
well accepted that the inherent flexibility of amphiphiles plays a
pivotal role in predicting potential structures, mainly based on
the packing parameter p5, with

p v a l/ 0 c= (1)

where v and lc represent the volume and length of the
hydrophobic blocks, respectively, and a0 is the contact area of
the hydrophilic block. Different packing parameters lead to a
sequence of assembled structures: spherical micelles, worm-like
micelles, vesicles, bilayers, and their reversed structures when
the hydrophobic block becomes more dominant.
A question would naturally be raised: what happens when

the blocks in amphiphiles become rigid? Bulky polar head
groups, from nanoscale, well-defined inorganic molecular
clusters such as polyoxometalates (POMs)6−10 polyhedral
oligomeric silsesquioxane (POSS),11−15 and fullerenes
(C60),

16,17 to organic clusters, such as cyclodextrin (CD)18,19

and biomolecules20,21 (e.g., ubiquitin protein), have been used
to replace the common small polar head groups of

surfactants.22 These giant surfactants with rigid head groups,
in general, still assemble by following the rule of the packing
parameter, since the surfactant chain collapse (and the
consequent microphase separation) dominantly occurs with
the solvophobic domain. On the other hand, for the
amphiphiles containing rigid solvophobic blocks (e.g., rod−
coil copolymers with rigid rods and flexible coils23−25), their
assembly behaviors are very different because those rigid
solvophobic blocks cannot undergo conformational changes
like flexible chains. The situation is expected to be more
sophisticated if both solvophilic and solvophobic blocks
become bulky and fully rigid. Such solvophobic domains
must come together to minimize the free energy but must do
so in different ways, making the common rule of the packing
parameter for flexible amphiphiles inapplicable. Therefore,
exploring the behavior of rigid amphiphiles poses an intriguing
but also challenging and poorly charted area.
Fully rigid sphere−rod−sphere amphiphiles with dumbbell-

shaped geometry were reported to form different assembly
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structures (vesicles, onion-like, or blackberry-type structures)
depending on the driving force of the assembly, the solvent
conditions, and/or the length/feature of the rods.26 The next
exciting question is how do the amphiphiles assemble when
both blocks being rigid and with comparable volumes, while
the solvophobic block being very anisotropic (e.g., rod-like) so
that the size, shape, and orientation of the rigid block will all
play roles in the packing of this block in its poor solvent.27−32

Our previous work reported the self-assembly of rigid sphere−
rod amphiphilic hybrid macromolecules, which contain the
hydrophilic, 1 nm-sized spherical Keggin cluster with four
tetrabutyl ammonium (TBA+) ions as counterions (formula
TBA4(PW11O39)), chemically linked with an oligofluorene
with four repeat units to form a T-shaped amphiphile (named
KTOF4) (Figure 1a). Such rigid hybrid amphiphiles could
form highly uniform, onion-like supramolecular structures,
which are also observed to be formed by other flexible
amphiphiles33,34, in water/acetonitrile mixed solvents.31

Instead of the variable layer distance and limited layers
observed in the onion-like structures formed by the flexible
amphiphiles, the onion structures strictly possess an identical
interlayer distance of 4.8 nm; and the number of layers (i.e.,
assembly size) increases with the increasing acetonitrile
content or decreasing temperature (i.e., a better solvent for
the hybrids) (Figure 1b). We proposed a model to explain this
unique self-assembly process, in which two rigid rods first stay
close to each other to minimize the free energy, and then such
units would interdigitate with each other significantly to form a
condensed hydrophobic shell. The interdigitation angle has to
be changed for different layers in order to form the onion-like
vesicles. Interestingly, as the length of rigid rods increases from
4 (KTOF4, a rod length of ∼3.8 nm) to 6 (KTOF6, a rod
length of ∼5.6 nm) repeat units, full onion-like structures
become incomplete by losing a few inner layers, which can be
explained as longer rods cannot interdigitate into larger
curvatures (i.e., smaller shells). The change of assembly sizes
is reversible when the solvent content or temperature changes.
It is apparent that the solvent plays a critical and

complicated role in the self-assembly of rigid sphere-−rod
amphiphiles. A common approach for exploring the solvent
effect is to tune the composition of water/organic mixed
solvents, leading to a continuous change in solvent polar-
ity.35,36 The amphiphiles might exist as soluble single
molecules or self-assemble into normal/inverse supramolecular
structures or experience macrophase separation, depending on
the compatibility of different domains in those solvents. The
situation for the current hybrid molecules becomes more
complicated because they contain multiple domains (a

hydrophilic Keggin, a short organic linker, a hydrophobic
rigid rod, and short alkyl chains on the rods) as well as
additional factors such as charges on the Keggin and the
counterions. The influence of the solution condition on the
self-assembly of such hybrids is very complicated, and the
assembly properties might not always change monotonically
with the solvent polarity. Therefore, a systematic study on the
solvent effects, including the correlation between the self-
assembly behaviors and Hansen solubility parameters,37

Hildebrand solubility parameters,38 and modified separation
of cohesive energy density (MOSCED),39 becomes necessary.
In this work, we will focus on exploring the effects of solvent

composition on the self-assembly of sphere−rod rigid
amphiphiles, including the corresponding changes in the
assembled structures and their other features, to understand
the mechanism of this new type of self-assembly favored by
rigid amphiphiles. KTOF6 is selected as the rigid amphiphile
here. Considering a significant difference in dielectric constants
(tetrahydrofuran (THF) ∼ 7.5840 and water ∼ 80.141 at 20
°C), THF/water mixed solvents are used to achieve a broad
range of solvent polarity. Consequently, two other water-
miscible organic-solvent-based solvent systems (dioxane/water
and acetone/water) are used to further explore the versatility
of the KTOF6 solution behaviors.

■ RESULTS AND DISCUSSION
Synthesis of Keggin T-Shape-Linked Oligofluorene

Giant Surfactant Amphiphilic Hybrids. The synthesis of
KTOF6 amphiphilic hybrids followed a previously established
method31 (Figure S1). Specifically, KTOF6 is designed as a T-
shaped sphere−rod complex macromolecule by conjugating (i)
alkyne-functionalized Keggin-type polyoxotungstate
TBA4(PW11O39)(SnCH2CH2CONHCH2CCH) as the solvo-
philic polar headgroup, which was synthesized based on the
procedure in the Supporting Information, with (ii) an azide-
functionalized rigid oligofluorene (OF) rod comprising six
repeating units as the solvophobic domain, via the copper-
catalyzed azide−alkyne cycloaddition (CuAAC) reaction
(Figure 2). The main products of Br-TOF6, N3-TOF6, and
KTOF6 obtained in this process have been conclusively
confirmed by 1H NMR (Figures S2−S4).

Solubility of KTOF6 in Mixed Solvents. Considering
that KTOF6 contains a hydrophilic Keggin-type cluster and a
rigid hydrophobic OF rod, it is expected to be amphiphilic in
both polar and nonpolar solvents. To this end, THF and water
were selected as nonpolar and polar solvents, respectively,
mainly due to their good miscibility and the substantial
disparity in their dielectric constants (i.e., THF ∼ 7.58 and

Figure 1. (a) The chemical structure and the model of KTOF4; (b) KTOF4 self-assembles into onion-like structures with an identical interlayer
distance by the interdigitation among rods.
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water ∼80.1 at 20 °C). For the whole macromolecule, THF is
a good solvent (especially for the OF rod, Figure S16b), while
water acts as a poor solvent but is more compatible with the
Keggin clusters. To investigate the self-assembly behaviors of
KTOF6 in solvents with various polarities, THF and water
mixed solvents with different THF volume fractions (i.e., 0−
100 vol %) are applied, and a concentration of 0.1 mg/mL was
set. 0.1 mg/mL of KTOF6 is soluble when the THF volume
fraction is 10−30% and 60−90%, while KTOF6 precipitates
out in the 40−50 vol % THF and water mixed solvent.
Self-Assembly of KTOF6 into Incomplete Onion-Like

Structures in THF/Water Mixed Solvents with a
Dominant Amount of Water. Static light scattering (SLS)
was first employed to confirm the formation of self-assembled
structures by KTOF6, as indicated by a drastic jump in the
scattered intensity. Specifically, the scattered intensity of
KTOF6 dissolved in pure THF is relatively low, indicating

that KTOF6 exists as single molecules in the THF solvent.
That is, THF is a good solvent for KTOF6. Such low scattered
intensity of KTOF6 is also observed when the volume fraction
of THF is 70−90 vol %, indicating that KTOF6 behaves in the
manner of single molecules in these solvents. In contrast,
KTOF6 tended to self-assemble in the THF/water mixed
solvent with THF content at 10−25 and 60 vol %, leading to
high scattered intensity in SLS, a typical indicator of large
assemblies.
Dynamic light scattering (DLS) was further used to confirm

the hydrodynamic size/size distribution of self-assembled
KTOF6. For samples in mixed solvents containing THF
between 10 and 25 vol %, the CONTIN analysis42 from the
DLS measurements at a scattering angle of 90° showed large
supramolecular structures with narrow size distributions. A
decrease in the hydrodynamic radius (Rh) of the assemblies
was observed from ∼48.4 to ∼34.3 nm as the THF volume
fraction increased from 10 to 25 vol % (Figure 3a). In 10%
THF solution, the Rh values of KTOF6 assemblies show no
dependence on the scattering angle (Figure S5a), illustrating
their isotropic nature. This is further confirmed by trans-
mission electron microscopy (TEM) studies (Figure 3c),
where the spherical morphology can be clearly observed.
Furthermore, the ratio of Rg (∼46.2 nm from SLS in Figure
S5b) and Rh (∼48.4 nm from DLS) is 0.95, which lies between
the values of a solid sphere (0.77) and a single-layer hollow
sphere (1.00), but closer to 1, thus strongly suggesting the
presence of multilayer vesicular structures with a hollow
center.43 Evidently, the TEM images in Figure 3c clearly

Figure 2. (a) Keggin T-shape-linked oligofluorene (KTOF6),
counterion TBA+ is omitted for clarity; (b) sphere−rod model.

Figure 3. (a) CONTIN analysis of KTOF6 in 10−25 vol % THF and water mixed solvents; (b) schematic illustration of the evolution of
incomplete onion structures from 10 vol % to 25 vol % THF; TEM images (scale bar: 50 nm) of KTOF6 (0.1 mg/mL) in (c) 10 vol % THF, (d)
15 vol % THF, (e) 20 vol % THF, (f) 25 vol % THF; SAXS patterns of KTOF6 (0.1 mg/mL) in (g) 10 vol % THF, (h) 20 vol % THF; (i) I vs q
SAXS plot corresponding the KTOF6 (0.1 mg/mL) in 10 vol % THF and 20 vol % THF.
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showed incomplete onion structures, i.e., hollow spherical
structures with outer layers rather than complete onion-like
KTOF4 assemblies. Quantitively, KTOF6 assemblies displayed
hollow spherical structures consisting of more than 3 layers
with an average radius of ∼43 nm (consistent with the Rh value
in DLS), and a consistent, well-defined interlayer distance of
∼5.5 nm (Figures 3c and S6).
Small-angle X-ray scattering (SAXS) study on KTOF6 in the

water/THF mixed solvent with 10% THF reveals a dominant
diffraction peak (Figure 3g) at q ∼ 0.094 Å−1, which
corresponds to an ordered packing of ∼6.7 nm (Figure 3i).
This distance is very likely to be the interlayer distance within
the incomplete onion-like structures. The interlayer distance
observed in TEM is smaller than that in SAXS, mainly due to
the loss of solvent molecules during the drying process of the
TEM grids.
Meanwhile, with the increasing THF volume fraction to

15%, 20%, and 25%, the KTOF6 assemblies become smaller,
containing fewer layers with closer interlayer distances (Table
1). SAXS data show that the interlayer distance calculated for

the assemblies in 20 vol % THF is ∼5.5 nm (q of ∼0.114 Å−1,
Figure 3i), confirming a decrease when the THF volume
fraction increases from 10% to 20%, matching the observation
of interlayer distance in TEM. Collectively, KTOF6 formed
incomplete onion-like structures in 10−25 vol % THF
solvents, with decreasierlayer distances in higher THF content
solutions (Figure 3b).
The solvent conditions evidently play a crucial role in the

structural evolution of the KTOF6 assemblies. At the core of
this phenomenon, an inverse relationship lies between the
volume fraction of tetrahydrofuran (THF) and the strength of
the hydrophobic interaction: as the THF volume fraction
increases, solvent polarity decreases, consequently diminishing
the strength of hydrophobic interactions. In essence, the
reduced requirement for the close packing of hydrophobic
domains in less polar solvents not only results in less significant
interdigitation among the rigid OF rods but also facilitates
greater flexibility in the hydrophobic layer, leading to a
reduction in the assembly size attributed to the formation of
larger curvatures.
Moreover, our previous findings indicate that the formation

of multilayer structures by such rigid sphere−rod amphiphiles
is predominantly driven by significant interdigitation among
the rigid rods. Herein, when the solvent is less polar, the
decrease in layer numbers of the KTOF6 assemblies mainly
stems from the less significant interdigitation. Notably, in
comparison to the identical interlayer distance of the onion-
like structures formed by KTOF4, the interlayer distance can
be controlled by the solvent polarity, which is interpreted as
being regulated by the electrostatic repulsion among Keggins
and will be further explored in the “Mechanism of the Phase
Transitions in THF/Water Mixed Solvents” section. Quanti-

Table 1. Size, Number of Layers, and Interlayer Distances of
KTOF6 Assemblies in 10−25 vol % THF, Summarized from
Figures S5−S10 and 3a,3c−f

THF vol % 10% 15% 20% 25%

Rh (nm) ∼48.4 ∼43.4 ∼42.7 ∼34.3
radius in TEM (nm) ∼43 ∼40 ∼39 ∼31
number of layers >3

layers
2−3
layers

1−2
layers

1 layer with some
incomplete layers

interlayer distance in
TEM (nm)

∼5.5 ∼5.2 ∼5.1 N/A

Figure 4. (a) CONTIN analysis, (b) TEM images (scale bar: 50 nm), and (c) SAXS pattern of 0.1 mg/mL of KTOF6 in 60 vol % THF and water
mixed solvent; (d) σ(TBABr)/ σ(NaBr) ratios at different THF volume fractions; (e) schematic illustration of the vesicles’ formation; (f)
schematic illustrations of self-assembly behaviors: 0.1 mg/mL of KTOF6 at different THF volume fractions.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c10543
ACS Appl. Mater. Interfaces 2024, 16, 51512−51520

51515

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10543/suppl_file/am4c10543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c10543/suppl_file/am4c10543_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10543?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10543?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10543?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c10543?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c10543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tively, the interlayer distance of the complete onion formed by
KTOF4 is 4.8 nm, which is much smaller than the interlayer
distances observed in the incomplete onions, because longer
rigid rods lead to the formation of thicker layers inevitably
when they interdigitate with each other.
Formation of Single-Layer Vesicular Structures in

Less Polar Mixed Solvents. Similarly, in the case of spherical
KTOF6 assemblies in THF/water mixed solvents with 60 vol
% THF, Rh ∼ 79.1 nm (Figure 4a) and Rg ∼ 75.6 nm were
obtained from light scattering experiments, indicating an Rg/Rh
ratio of 0.96 (Figure S11), suggesting a hollow spherical
structure. TEM images show the hollow vesicular structures
clearly (Figures 4b and S12). Meanwhile, no peak is observed
in its SAXS curve, indicating that there is no multilayer packing
in the supramolecular structures (Figure 4c), further
confirming the hollow, likely single-layered vesicular structures.
To further investigate whether KTOF6 forms vesicles in less

polar solvents, higher concentrations (0.2 mg/mL) of KTOF6
were used to study the self-assembly behavior. In the case of 60
vol % THF, KTOF6 was confirmed to form vesicles, as
evidenced by the vesicular structures in TEM and Rh ∼ 104.9
nm in DLS (Figure S13). Such vesicles can also be formed in a
lower solvent polarity by slightly increasing the THF volume
fraction from 60% to 65%, which was confirmed by DLS and
TEM (Figure S14). Therefore, it is proved to be inevitable that
KTOF6 can self-assemble into vesicular structures in less polar
solvents instead of it being a coincidence that 0.1 mg/mL of
KTOF6 self-assembles into vesicles in 60% THF.
Typically, amphiphiles form the vesicles and reversed

vesicles in polar solvents and nonpolar solvents, respectively,
with the flexibility to realize mutual transition by tuning the

solvent polarity. It is well accepted that such transitions
between vesicles and reversed vesicles usually behave as soluble
single molecules or precipitation because of the lack of
selectivity to both blocks of the amphiphiles. So, the observed
precipitation appears to stem from the transition between the
vesicle and reversed vesicles. However, solubility tests
confirmed that Keggins are the solvophilic blocks of KTOF6
(Figure S16), indicating that the Keggins consistently orient
themselves toward the solvent (Figure 4e) during the polarity
adjustment process tuned by THF composition, i.e., Keggins
did not reach the reversed state where they would be hiding
themselves from the solvent.

Abnormal Precipitation Observed in the THF/Water
Mixed Solvents with 40−50 Vol % THF. Precipitation
observed in the middle range of water/THF mixed solvents
(40−50 % THF) is unexpected since KTOF6 is soluble in
solvents on both water-rich and THF-rich sides. TEM studies
indeed show random aggregates with very large sizes in the
TEM (Figure S15), confirming that macrophase separation
occurred in solution. In the normal case, as the proportion of
the good solvent increases, amphiphiles are expected to
become more and more soluble. However, in our study, as
the THF (i.e., good solvent) fraction increased, KTOF6 was
first soluble, formed precipitates, and then became soluble
again in the THF/water mixed solvents.
To understand this phenomenon, it is important to analyze

the solubility of each component in the hybrid macromolecule.
The straightforward solubility test reveals that Keggins are
soluble when the THF volume fraction is from 0% to 60% and
cannot be dissolved in pure THF (Figure S16a). The
hydrophobic rod block of KTOF6 is insoluble at 10−60 vol

Figure 5. (a) Schematic illustration of the decrease of the interlayer distance when the THF volume fraction increases from 10% to 25%; (b)
schematic illustrations of self-assembly behaviors: 0.1 mg/mL of KTOF6 at different dioxane volume fractions and 0.3 mg/mL of KTOF6 at
different acetone volume fractions; σ(TBABr)/σ(NaBr) ratios at different (c) dioxane volume fractions and (d) acetone volume fractions; (e)
interlayer distance vs α2/ε.
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% THF (Figure S16b). Moreover, the Keggin cluster is
hydrophilic overall, especially when carrying charges. However,
the number of effective charges on the Keggin is difficult to
measure accurately due to counterion association, especially in
the mixed solvents.
To solve this problem, a new experiment is designed to

measure the quantitative counterion dissociation around
Keggins by measuring solution conductivity. The conductivity
(σ) of both 10 μM sodium bromide (NaBr) and
tetrabutylammonium bromide (TBABr) were first measured
in a series of THF−water mixed solvents (Figure S17),
followed by the calculation of the ratio of σ(TBABr)/σ(NaBr),
which indicates the degree of TBA+ counterion dissociation.
Due to the existence of water and the high solubility of NaBr in
water, the dissociation of NaBr is assumed as 100%. Hence, the
conductivity of NaBr is applied as the denominator for the
calibration. Then, the resulting ratio of σ(TBABr)/σ(NaBr)
can demonstrate the dissociation of TBABr in the correspond-
ing mixed solvents. As shown in Figure 4d, as the THF vol %
increases from 0% to 90%, the dissociation of the counterions
was first decreased and then increased, with the lowest point at
∼40%, which is consistent with previously observed abnormal
precipitation. Therefore, it is reasonable to conclude that the
precipitation is caused by the least solubility of solvophilic
POMs and the poor solubility of solvophobic rigid rods. This
hypothesis was subsequently validated by SLS, which showed
the highest scattered intensity (due to the formation of very
large aggregates) of POMs in 40 vol % THF (Figure S18).
Overall, this expected macrophase separation is a result of
using TBA+ counterions for the Keggin clusters.
The Mechanism of the Phase Transitions in THF/

Water Mixed Solvents. As discussed in the “Self-Assembly of
KTOF6 into Incomplete Onion-Like Structures in THF/
Water Mixed Solvents with a Dominant Amount of Water”
section, in solvents with higher polarity, specifically for the
THF/water mixture with 10−25 vol % THF, KTOF6 self-
assembles into incomplete onion-like structures (Figure 4f),
with their size, layer number, and interlayer distance decreasing
with the increasing THF fraction. The reduction in size and
layer numbers is predominantly governed by the polarity of the
solvent, which in turn impacts: (i) the strength of hydrophobic
interactions, (ii) the degree of interdigitation among the rigid
rods, and (iii) the flexibility of the hydrophobic layers of
assemblies. More specifically, with increasing THF vol % (i.e.,
lower solvent polarity), the hydrophobic interaction is
weakened, leading to less significant interdigitation (i.e.,
fewer layers) and greater hydrophobic layer flexibility (i.e.,
larger curvature, aka smaller size). Additionally, the electro-
static interaction between Keggins is believed to play an
important role in regulating the interlayer packing, which is
feasible to be proven by the self-assembly of the pure OF rods
in dilute solution. This is indicated by the absence of layer-by-
layer structures and instead vesicular assembly structures with
Rh of 103.6 nm (Figures S19 and S20) in pure OF6 rods
formed in 10 vol % THF and water mixed solvent. Therefore,
the decreased interlayer distance is attributed to the decreased
electrostatic repulsion among the Keggins (Figure 5a), as
evidenced by the decreased charges of Keggins with the
increasing THF vol % from 10% to 25%.
Packing parameters (eq 1), a crucial concept to determine

the morphologies of the self-assembled structures, are
calculated as 0.79 based on KTOF6 geometry, where v is
0.54 nm3, a0 is 1.96 nm2, and lc is 0.35 nm, which correspond

to the vesicular structures. Theoretically, due to the rigidity of
solvophobic blocks, the value of the packing parameter is
expected to remain at 0.79 (i.e., vesicular structure) when the
THF volume fraction is 10−60%. However, in our study,
KTOF6 can only form vesicles in 60 vol % THF, which can be
explained by the less significant interdigitation (Figure 4f) to
follow the packing parameters.
When the polarity is moderate, KTOF6 precipitates out,

which is attributed to the lowest solubility contributed by
insoluble OF rod blocks and soluble Keggin clusters with
relatively lower solubility, instead of the loss of solvent
selectivity to KTOF6 (Figure 4f).

Solution Behaviors of KTOF6 in Other Solvent
Systems. The intriguing KTOF6 solution behaviors are not
only observed in the THF/water mixed solvent but also found
in other solvent systems. Two more water-miscible organic
solvents, dioxane and acetone, have been selected as the
nonpolar solvents to form the dioxane/water and acetone/
water mixed solvent systems. Interestingly, the solution
behaviors of KTOF6 in these two mixed solvent systems are
similar to the solution behaviors in the THF/water mixed
solvent, which is evident in (i) the formation of incomplete
onion-like structures in the relatively higher polar solvents
(40−50 vol % dioxane and 20−30 vol % acetone) (Figures
S21−23), and (ii) the abnormal precipitation when the solvent
polarity is adjusted to the intermediate polar (60−80 vol %
dioxane and 40−70 vol % acetone), where the Keggins have
less charge dissociation, indicating the least solubility of the
hydrophilic domains (Figure 5b−d). However, the vesicles are
not observed when the solvent polarity is less polar, which is
different from the formation of vesicles during the self-
assembly of KTOF6 in the THF/water mixed solvents. It is
well accepted that the possible reason for this is that the
concentration of KTOF6 is unable to approach the critical self-
assembly concentration.
It is also reasonable to check if our proposed mechanism

works in different solvent systems. Based on our explanation,
the interlayer distance is controlled by the electrostatic
interaction among the Keggin groups, which is further
controlled by the charges on the Keggin head groups. When
the interlayer distance in different solvent systems is compared,
one could also include the polarity of different solvents. The
combined effect of charges and solvent polarity determines the
magnitude of electrostatic interactions, which are governed by
the dielectric constant and the charges. Herein, the
conductivity ratio indicates the charges on the Keggin clusters,
and the dielectric constants are measured by the dielectric
constant meters (Table S1). Consequently, the electrostatic
interaction is proportional to the calculated ratio α2/ε, that is,

F
qq
r

1
4 2

2
=

(2)

where ε is the dielectric constant and α is the ratio of the
conductivity of TBABr and NaBr, i.e.,

(TBABr)
(NaBr)

=
(3)

Hence, when α2/ε becomes larger, the repulsion among
Keggin clusters increases, which leads to an increase in the
interlayer distance (Figure 5e).
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■ CONCLUSION
The complex solution behaviors of the amphiphilic rigid
sphere−rod amphiphiles, including their macrophase and
microphase separations in mixed solvents of water and organic
solvents, are reported. The self-assembly of incomplete onion-
like structures is observed in THF/water mixed solvents
containing 10−25 vol % THF. Meanwhile, single-layer
vesicular assembly structures, apparently following the rule of
packing parameters for flexible amphiphiles, are observed in 60
vol % THF, i.e., much less polar solvents. An unexpected
precipitation process (macrophase separation) occurs in the
middle (40−50 vol % THF) due to the nature of organic
counterions (TBA+), which affects the solubility of the Keggin
clusters via counterion dissociation. Moreover, the evolution of
the incomplete onion structures is found to be controlled by
both the interdigitation of the rigid rods and electrostatic
interactions among Keggins. The interdigitation of rods,
influenced by the strength of the hydrophobic interaction
(related to the solvent polarity), controls the layer numbers
and the size of the overall assemblies, while the delicate
balance among the charged Keggins plays a vital role in the
interlayer packing and distance.
The common rule of packing parameters for amphiphiles is

inapplicable for the current molecules due to their chain
rigidity, especially when the degree of interdigitation is
significant. However, it is still instructive when the degree of
interdigitation is limited. Similar solution behaviors of KTOF6
are also observed in other solvent systems such as dioxane/
water and acetone/water mixed solvents. Overall, the rigid
amphiphile KTOF6 and the previously reported KTOF4
demonstrate the complex and fascinating self-assembly
behaviors of rigid amphiphiles, which are different from
flexible amphiphiles and still poorly understood, but obviously
with some clear trends for more systematic future explorations.

■ MATERIALS AND METHODS
Materials. All of the chemicals related to the synthesis,

including raw materials, catalysts, and other agents, were
purchased from Sigma, Oakwood, or Fisher. The solvents for
solution preparation are 1,4-dioxane (Sigma, 99.8%), tetrahy-
drofuran (Sigma, 99.9%), and acetone (Fisher, certified ACS).
Water was purified by a Milli-Q DirectQ3 water purification
system. PTFE syringe filters were purchased from Millipore.
Sample Preparation. The KTOF6 samples were dissolved

in anhydrous THF. The stock solutions at a concentration of
1.0 mg/mL were filtered using a hydrophilic PTFE syringe
filter with a 0.22 μm pore size. Then, the stock solutions were
diluted by adding extra filtered THF solvent. The solvent ratio
was adjusted by slowly adding filtered Milli-Q water dropwise
under stirring.
Dynamic Light Scattering (DLS) and Static Light

Scattering (SLS). A Brookhaven Instruments light scattering
spectrometer equipped with a diode-pumped solid-state
(DPSS) laser operating at 532 nm and a BI-9000AT
multichannel digital correlator were applied to perform DLS
and SLS measurements. SLS was operated based on the
Rayleigh−Gans−Debye equation. The radius of gyration (Rg)
was obtained from a partial Zimm plot following an
approximate equation: 1/I = C (1 + Rg

2q2/3), where the
momentum transfer q equals 4π/λ sin(θ/2). For DLS, the
constrained regularized (CONTIN) method was used to
convert the intensity−intensity time correlation functions. The

average apparent translational diffusion coefficient, Dapp, was
determined from the normalized distribution function of the
characteristic line width, Γ(G). The particle size distribution in
the solution can be obtained from a plot of ΓG(Γ) versus the
average hydrodynamic radius (Rh). Rh was converted from D
through the Stokes−Einstein equation: Rh = KT/6πηD, where
K is the Boltzmann constant and η is the solvent’s viscosity at
temperature T.

Nuclear Magnetic Resonance (NMR). 1H NMR spectra
were measured on a Varian NMRS 500 spectrometer equipped
with a 5 mm dual-broad-band probe. Baseline, phase
correction, and data analysis were performed using the
MestReNova software.

Transmission Electron Microscopy (TEM). TEM bright-
field images were taken on a JEOL JEM-1230 electron
microscope operated at 100/110 kV. TEM samples were
prepared by dropping ∼4 μL solution samples on carbon-film-
covered copper grids and drying under vacuum at room
temperature. The radius, number of layers, and interlayer
distance of multiple spheres were calculated through ImageJ
software.

Small-Angle X-Ray Scattering (SAXS). Synchrotron
SAXS measurements were performed at the 12-ID (SMI)
beamline at NSLS-II, Brookhaven National Laboratory. To
carry out the SAXS measurement, a KTOF6 solution was
loaded in quartz capillary tubes of 1.5 mm diameter. The
measurement was done with X-ray of energy of 16.10 keV with
a sample-to-detector distance of 1.6 m. A Pilatus3 1 M detector
was used for obtaining the SAXS pattern of the sample. The
momentum transfer, q, value can be used to calculate the
interlayer distance, d, using the equation

d q2 /= × (4)
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