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Controllable Self-Assembly

Dual-Mode Controlled Self-Assembly of TiO, Nanoparticles Through
a Cucurbit[8]uril-Enhanced Radical Cation Dimerization Interaction

Qi Zhang, Da-Hui Qu,* Qiao-Chun Wang, and He Tian*

Abstract: The realization of controllable multicomponent self-
assembly through reversible supramolecular interactions is
a challenging goal, and is an important strategy for the
fabrication of switchable nanomaterials. Herein we show that
the self-assembly of TiO, nanoparticles (NP) functionalized
with methyl viologen can be controlled both by light irradiation
and chemical reduction through cucurbit[8]uril-enhanced
radical cation dimerization interactions. Moreover, the con-
trolled assembly and disassembly of this system are accom-
panied by switchable photocatalytic activity of the TiO, NPs,
which shows potential application as a novel smart and
recyclable photocatalyst.

Supramolecular systems, especially host-guest systems
operating on surfaces or interfaces, have attracted much
attention because of their practical applications."?) One
particularly interesting field involved the utilization of
supramolecular interactions as the “glue” for the assembly
of nanoparticles (NPs) in a precisely controllable manner
through one or more external stimuli.’! The assembled NP
systems had a number of unexpected and interesting proper-
ties, for example in terms of their optical properties,“!
morphology,*®! aggregation,*! spectroscopy,* and catalytic
activity,*! making them suitable candidates for the construc-
tion of switchable hybrid nanomaterials. The multi-stimuli-
responsive self-assembly of NPs is more promising because it
can provide a versatile means to “encode” the NPs.”) For
example, Klajn and co-workers reported intriguing dual-
stimuli-responsive azobenzene-functionalized Fe;O, NPsP!
and gold NPs,”¥ respectively, which showed great potential
in controlled self-assembly and in the development of logic
gates.

Radical cation dimerization is widely used in traditional
organic synthesis. It has been demonstrated that radical cation
dimerization can be stabilized by threading through the cavity
of macrocyclic hosts to form stable supramolecular host—guest
complexes, providing a new template for the construction of
mechanically interlocked molecules.” However, to our
knowledge, radical cation dimerization interactions have
been rarely employed to bind TiO, NPs together."™" Herein
we report, for the first time, the dual-mode precise control of
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the self-assembly of TiO, NPs through a cucurbit[8]uril-
enhanced radical cation dimerization interaction (Figure 1).
In this system, the redox-active methyl viologen dication
(MV?*") groups were covalently attached onto TiO, NPs. The
MV?*"ion can then be reduced to form the MV™ radical
cation by chemical reduction, leading to the typical dimeriza-
tion of MV* units in the cavity of cucurbit[8]uril (CBI[8]),
followed by aggregation of the TiO, NPs. Alternatively, the
assembly of TiO, NPs can be realized photochemically.
Employing this method, the TiO, NPs act as a photosensitizer
to reduce the MV?*" dication into the MV ™ radical cation in
response to a light stimulus in aqueous solution.® Tt should be
noted that this system is reversible and can be employed as
a switchable and recyclable water-soluble photocatalyst. As
a result of the ability of TiO, NPs to produce oxidizing
radicals in biological environments and their activity in
photocatalytic reactions,”! this novel hybrid system may
have potential applications in biological fields and in photo-
catalytic organic synthesis.

In order to bind MV>" groups onto the surface of the
TiO, NPs, a typical enediol ligand was selected as the covalent
linker. This ligand has shown a greater affinity for TiO,
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Figure 1. Schematic representation of the self-assembly of MV*"—

TiO, NPs through photochemical and chemical-reduction modes,

respectively.
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because of its strong coordinative interaction with unsatu-
rated Ti' atoms on the surface of the TiO, NPs.'”) Treatment
of catechol-terminated methyl viologen MC (Figure 1; Fig-
ure S1-S4 in the Supporting Information) with TiCl, pro-
duced MV*'-TiO, NPs by using a modified version of
a reported procedure (Figure S5).'% X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and high-
resolution transmission electron microscopy (HR-TEM) were
used to confirm the successful hybridization of MC and TiO,.
First, the XRD pattern (Figure S6) showed the typical
anatase-phase diffraction peaks of TiO, (JCPDS card no.
21-1272) with high crystallinity as a result of the sharp peaks
distributed to (101), (004), and (200) lattice planes. The
electron diffraction patterns and clear lattice fringes detected
by HR-TEM and selected area electron diffraction (SAED)
also confirmed the results obtained by XRD (Figure S7). The
high crystallinity of the material, a result of the efficient
synthetic process and a long aging time, also indicated high
photoactivity."!! The coverage of ligand MC on the surface of
the TiO, NPs was calculated using cyclic voltammetry to be
approximately (8.37+0.01) x 10> molem™2 (Figure S8).1*!
XPS spectra were used to detect the covalent link between
MV?*'—enediol and the Tiatoms on the TiO, surface. The
high-energy-resolution O 1s core level spectrum is shown in
Figure S9c. In this spectrum, the asymmetric O 1s profile can
be fit to two symmetrical peaks located at 530.5eV and
532.0 eV, indicating that there are two types of O species on
the surface of the MV**—TiO, NPs: the lattice oxygen of TiO,
and the oxygen of MC coordinated to Ti atoms."™ Thus, it
was demonstrated that the MV>" moieties were successfully
linked to the surface of TiO, NPs by covalent bonds.

We then focused on the controllable self-assembly of
MV?*-TiO, NPs in response to chemical and photochemical
stimuli. First, an aqueous solution of MV**-TiO, NPs was
preassembled with CB[8] to give a transparent yellow
solution. After addition of excess Na,S,0,, the transparent
yellow solution became opaque and turned dark blue quickly,
a characteristic color of the complex 2(MV*™)@CBJ8],
indicating that radical cation dimerization had occurred in
the cavity of CB[8]. A dark-gray precipitate was obtained five
minutes after the addition of Na,S,0, (Figure S10), which can
be attributed to the aggregation of TiO, NPs (having low
solubility) instead of intra-particle dimerization. TiO, NP
aggregation preferentially occurs as a result of the low
coverage of MV?*' units on the surface of the NPs (Fig-
ure S8a) and because of inter-particle interactions caused by
the short length of the linker between the MV*" and the
catechol. TEM images showed that the TiO, NPs aggregated
to form micrometer-sized assemblies from the original well-
dispersed nanometer-sized particles (Figure 2a,b). These
results were consistent with those obtained from dynamic
light scattering (DLS) experiments and confirmed what was
observed visually. From optical measurements (DLS and UV/
Vis absorption spectroscopy; Figures S13,15), it was also
found that the concentration of CB[8] had a significant impact
on the degree and rate of aggregation. Considering the
measured redox waves in the cyclic voltammograms attrib-
uted to the 2(MV™)@CBJ[8] complex (Figure S8b), CBJ[8]
played an important role in promoting the dimerization of the
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Figure 2. TEM images and DLS results of MV**TiO, NPs in solution
in water a) before self-assembly, and b) after self-assembly induced by
chemical reduction or c) photochemical reduction processes. Scale
bars =200 nm.

MV™ radical cation. On the other hand, the photochemical
reduction of the MV?*'—TiO, NPs can be realized in the
presence of CB[8] as the host and isopropanol as the hole
scavenger. The mixture was saturated with argon gas by
bubbling for at least 30 minutes. After exposure to UV light
(A=365 nm) for 20 minutes, the transparent solution turned
opaque and precipitation occurred (Figures S10, S11,
and S14). Interestingly, in contrast to the chemical reduction
method, no remarkable color change was observed, which was
as a result of the incomplete photoreduction of MV*' to MV
(Figure S10d). However, the incomplete photoreduction does
not affect the aggregation of TiO, NPs, as demonstrated by
similar TEM spectra and DLS data (Figure 2c) for the system
assembled both by photochemical and chemical reduction
methods. However, control experiments (Table S1) have
shown that in the absence of CB[8], radical cation dimeriza-
tion of MV™* occurs and visually there is no evidence of NP
aggregation. According to the report of Kim et al.,™ the
CBJ8]-enhanced dimerization constant of MV in water was
2x10"m !, almost 10° times larger than that for the dimeriza-
tion of the MV™ radical cation without CB[8] in aqueous
solution. Considering the similar behavior on the surface of
this CB[8]-enhanced host—guest system, it could be stated that
the CB[8]-enhanced recognition was significant in the system
of photo-controlled mode.
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UV/Vis absorption spectra were recorded to confirm that
radical cation dimerization had occurred in response to
chemical or photochemical stimuli. As shown in Figure S16a,
a characteristic strong absorption band in the UV region was
measured for the MV?*'-TiO, solution attributable to
TiO, NPs.%*!1 The weaker absorption features in the visible
region can be ascribed to the surface complexation of the
particles by enediol ligands.'"*< In the case of the chemical
reduction process, a remarkable red-shift of the major
absorption band from A=320nm (before reduction) to
370 nm (after reduction) can be detected (Figure S16b).
This red-shift can be explained by a change in the sizes of
the TiO, NPs caused by aggregation after addition of
Na,S,0,, as a result of the quantum size effect.’! The
spectrum shown in Figure S16¢, obtained by removing the
background absorbance of MV*'-TiO, solutions, exhibited
bands at 1=400nm and 600 nm. These absorption bands
have been shown to be characteristic of MV ™ dimerization in
the cavity of CB[8]," indicating the formation of the MV*
radical cation.

To further demonstrate the formation of the MV * radical
cation in response to chemical and photochemical stimuli,
electron paramagnetic resonance (EPR) measurements was
conducted (Figure S16d-g). In both cases, EPR signals for the
MV™ radical cation were clearly detected.’™ To obtain
greater insight into the electronic structure of the para-
magnetic species, the g value was determined by measuring
the field and the frequency at which resonance occurs. A
g value of 2.0063 was recorded for the system, which was very
close to that of the free electron of the MV * unit."! After
addition of excess H,O, as the oxidant to convert the MV**
radical cations back into MV?*" dications, no radical was
detected by EPR. Conversion of MV ' radical cations back
into MV?" dications was accompanied by disassembly of the
assembled NPs back into the original dispersed state without
any obvious remaining aggregation (Figure S12), indicating
that this system is reversible. It should be noted that in the
case of photochemical reduction, the inverse process can be
also driven by stirring and exposure to molecular oxygen,
where oxygen will quench the MV* radical cations. Thus, the
reversible photochemical reduction process can be consid-
ered to be “clean” as it uses light irradiation and oxygen as the
fuels, rendering it potentially useful for practical application.

To obtain a greater understanding of the mechanism of
the photoinduced assembly process, several control experi-
ments were undertaken (Figure S13, Table S1). On the basis
of these experiments, it was found that three conditions are
necessary to achieve photoinduced assembly: 1) isopropanol
should be present as a hole scavenger to remove the
photoexcited holes on the valence band (VB) of TiO,;!
2) the dissolved oxygen in the solution should be removed;
3) the system should be kept at around pH 7 because of the
pH-dependent redox potential of the conduction band (CB)
of TiO,, ensuring photoexcited electron transfer to the MV?*"
unit.® Considering these conditions, we propose a possible
mechanism (Figure 3a) for photocontrolled assembly of
MV?*-TiO, NPs. First, upon irradiation with UV light, elec-
trons were excited to the conduction band of TiO,, leaving the
same number of holes in the valence band. In neutral solution,
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the redox potential of the conduction band of TiO, was higher
than that of MV"/MV?", The electron on the conduction
band can transfer to MV?" through the enediol covalent
linker, forming the MV ™ radical cation, where the enediol
linker ensured a high efficiency of electron transfer (ET). As
a result of the lack of dissolved oxygen, the MV* radical
cation formed can dimerize within the cavity of CBJ[8],
leading to the assembly of the TiO, NPs. At the same time, the
presence of isopropanol can remove the holes formed upon
light irradiation, rendering the photoreduction process con-
tinuous.[*

Switchable catalysts whose activity can be switched by an
external stimulus have attracted scientists™! because of their
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Figure 3. a) The mechanism of photocontrolled assembly of MV*'—
TiO, NPs by CB[8]-enhanced radical cation dimerization interactions.
b) RhB decolorization curves (A=absorption intensity) where the
process is catalyzed by disassembled MV**~TiO, NPs (catalyst “on”)
and the assembled MV?"-TiO, precipitate (catalyst “off”). c) Sche-
matic representation showing recycling of the MV?>*—TiO, photocata-
lysts by means of a “clean” photoreduction-induced aggregation
method.

www.angewandte.de

16017


http://www.angewandte.de

Angewandte

16018

Zuschriften

promising application in organic synthesis and even in
biological fields. The controllable self-assembly behavior of
MV?*'—TiO, NPs in response to two types of stimuli can be
used to develop switchable photocatalysis. Rhodamine B
(RhB), with a typical absorption band around 4 =550 nm,
was selected as the dye substrate."!! After degassing a mixture
of RhB, MV*'-TiO,, and isopropanol (in the absence of
CBJ8]) with Ar gas for 30 minutes, the mixture was exposed to
UV light (1=365nm). The dispersed state of MV*"-TiO,
showed an efficient RhB decolorization ability, which relied
on the fact that the produced electrons efficiently converted
RhB into leuco RhB (LRhB) in 30 minutes (representing the
“on” state of the catalyst; Figure 3b). In contrast, the
aggregated TiO, NPs generated by photochemical reduction
exhibited remarkably different photocatalytic activity for the
decolorization of RhB (Figure 3b). In this case, the degree of
decolorization was less than 20 %, representing the “off” state
of catalyst. The remarkable difference in photocatalytic
activity in the two cases can be explained to be as a result
of the decreased specific surface area after TiO, NP aggre-
gation by CB[8]-enhanced radical cation dimerization.

Recycling of TiO, catalysts, especially water-soluble TiO,
catalysts, has proven to be a major challenge.['! The reversible
assembly of nanosized MV**~TiO, NPs into larger microsized
particles was expected to provide a new method to recycle
TiO, NPs. As shown in Figure 3¢, a recycling process for the
MV?* —TiO, catalysts, which had been used for decolorization
of the RhB dye, was performed in a quartz tube. First, the
RhB dye was added into an aqueous solution of MV?*'—
TiO, NPs (Figure 3¢, step I). After complete decolorization
in the presence of excess isopropanol upon irradiation with
UV light (4 =365 nm; step II), CB[8] was added into the
solution of MV?*—TiO, NPs. UV irradiation for 20 minutes
resulted in the aggregation of the TiO, NPs to form a precip-
itate (Figure 3c; step III). Centrifugation was used to sepa-
rate the precipitate and the catalysts were activated by
treatment with a solution of excess H,0,. CB[8] could be then
removed by addition of excess 1-adamantanamine hydro-
chloride (ADA)!""! and Na,S,0, followed by centrifugation
(step IV; see the Supporting Information). In fact, this
reversible supramolecular method changed the water solu-
bility of the TiO, NPs and could be used to successfully
recycle the catalyst.

In summary, we have demonstrated that the self-assembly
of TiO, NPs functionalized with methyl viologen is reversible
and can be controlled either chemically or photochemically
through a CB[8]-enhanced radical cation dimerization pro-
cess. Interestingly, the consequent dual-stimuli-responsive
self-assembly can switch the photocatalytic activity of MV*"—
TiO, NPs. Additionally, the reversible supramolecular
method to aggregate water-soluble NPs can be used to
easily recycle catalysts. The combination of semiconductor
NPs and supramolecular interactions could provide new
means to construct more complicated hybrid materials.
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