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Photoresponsive Multilayer Spiral Nanotubes: Intercalation of Polyfluorinated
Cationic Azobenzene Surfactant into Potassium Niobate
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We will report here the first successful synthesis of photo- ' ' '
responsive multilayer spiral nanotubes by the introduction of
polyfluorinate cationic azobenzene derivativans[2-(2,2,3,3,4,4,4-
heptafluorobutylamino)ethyl|2-[4-(4-hexyphenylazo)-phenoxy]-
ethylt dimethylammonium (abbreviated asFg-Azo™"), into layered
niobate interlayer | by a two-step guegfuest exchange method
using the intercalation compound, methyl viologen (W)/
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K4NbgO17, as precursor.
Nanoscale tubular materials have attracted much attention due
to their potential applications in optoelectronics, biosensors,
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catalysis, drug delivery, electrochemical energy production, and the
separation of chiral compouné®ecause of their unique structural
characteristics, the preparation of nanotubes is relatively difficult, F9ure 1. XRD patterns of the (@) fNbeO173H,0, (b) MV"-KiNbsOxr,
and fewer synthetic techniques have been developed compared t§' nd (¢) GF7-Az0"-K4NDsO17 hybrid nanotubes.
those for other one-dimensional nanostructures, such as nanorods KiNbsO17-3H,O contains octahedral [NePunits forming an
and nanowire8. Currently, there are two major methods for anionic sheet disposed in a stacking arrangerhdrte charge
preparing nanotubes: template-assisted and nontemplate-assisteblalance is maintained by the presence of potassium ions between
approaches. Template-assisted approaches mainly utilize a templatéhe layers. KNbsO17-3H20 has an orthorhombic unit cell with
to induce or confine the crystal growth of one-dimensional hollow dimensionsa = 7.85 A b = 37.67 A, andc = 6.64 A, containing
nanostructure$ Nontemplate-assisted approaches usually exploit two layers in theb-axis. It has two diffferent types of interlayer
the proper control of reaction conditions to achieve nanotfibes. spaces (interlayers | and Il) alternately betweengDif] ~* layers.
The nanotubes have been prepared by arc discharge, laser vaporizdnterlayer | contains potassium ions with water molecules, while
tion, and chemical vapor deposition. In all these approaches, highinterlayer 1l contains unhydrated potassium ions under ambient
temperature is usually required. Recently, Mallouk et al. have conditions® The two types of interlayers exhibit different intercalat-
reported the synthesis of niobate-based nanotubes at low temperaturéng capabilities. The monovalent cations were intercalated into both
by exfoliation of acid-exchanged 4KlbsO17 with tetraq-butyl)- the interlayers, and di- and trivalent cations were exchanged with
ammonium hydroxide in agqueous solutiithe interlayer space  the potassium ions in interlayer | orty.
in the nanotubes was fixed and close to the original spacing in the  The KiNbgO17-3H,0 employed here was prepared by heating a
K4NbgO;17 crystals. 2.1:3.0 molar mixture of KCO; and NBOs at 1100°C for 10 h,
These reports prompted us to examine a preparation of novelfollowing the procedures reported by Nassau €t Bhe obtained
photoresponsive multilayer nanotubes formed by the introduction powder was then identified by powder X-ray diffraction analysis
of polyfluorinated cationic azobenzene derivative and-tians and compared with existing crystallographic data (Figure 1a). A
photoisomerization behavior of polyfluorinated cationic azobenzene typical SEM image of the fNbsO17:3H,O shows two-dimensional
CsF-Azo™ (see Supporting Information) in the interlayer space of niobate sheets in a parallel layered structure (see Supporting
multilayer spiral nanotubes. When methyl viologen (Ri)/ Information). The intercalation compounds of;NbsO17 with
intercalated niobate was adopted as a precursor, the polyfluorinatedpolyfluorinated cationic azobenzene ;f&-Azo™) could not be
CsF7-Azot induced almost quantitative formation of spiral nano- prepared by a direct intercalation reaction. #M\K4NbgO; inter-
tubes from exfoliated nanosheets of niobate by rolling up with a calation compounds were used as the precursor. The intercalation
sandwiched microstructure. The spiral nanotubes exhibited a swift of MV 2" ions into KyNbsO;7 was carried out by treatingKlbsO17*
photoresponse. 3H,0 with an aqueous solution of excess methyl viologen chloride
Polyfluorinated organic compounds are a unique class of organic (MV2*Cl,), then allowed to stand for three weeks at°f@ The
compounds and have been the subject of recent research attivity. intercalation of M\?* into the hybrid was comfirmed by X-ray
Their very weak intermolecular interactions with other molecules diffraction analysis (Figure 1b). The final multilayer spiral nano-
can be exploited for various applications. We have recently found tubes GF-Azo*-K,;NbsO,7 were prepared by the guesjuest ion
that the ammonium cation-type polyfluorinated surfactants are easily exchange of M¥*-K,NbsO;7 with excess @-Azo" in a glass
intercalated into the clay interlayer spaces of sodium saponite to ampule for two weeks at 70C. The multilayer spiral nanotubes
form rigidly packed bilayer structures. CsF-Azo™-K 4NbgO;7 were confirmed by X-ray diffraction analysis
(Figure 1c), atomic force microscope (AFM) images (Figure 2a,b),
and high-resolution transmission electron microscope (HRTEM)
image analysis (Figure 2c,d).
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Figure 3. UV—Visible spectral changes of (a}f&-Azo*-K4NbsO17 hybrid
nanotubes on 365-nm irradiation (2.45 mwWAmand (b) GF-Azo*-
K4NbsO17 hybrid nanotubes on 458-nm irradiation (8.10 m\W#&m

nanotubes (4.2 nm) corresponds well with the X-ray diffraction
data (Figure 1c). This observation strongly suggests that, unlike
carbon nanotubes, thefG-Azo*-K4NbsO;7 hybrid nanotubes have
a multilayer spiral nanotube structure.
Figure 3 shows the change in the absorption spectra of e C
Figure 2. (a), (b) AFM images of gF7-Azo*-K4NbsO17 hybrid nanotubes. Az0"-K4NbgO;7 nanotubes upon UV light (365 nm, 2.45 mWAmM
(¢), (d) TEM and HRTEM image of §-Az0"-KaNbsO17 hybrid nanotubes. irradiation. After UV irradiation, the band due to the trans isomer
(at around 357 nm) decreased (the spectrum in Figure 3a was
The X-ray diffraction patterns of £7-Azo*-K4NbgOy7are shown  recorded after 50 min UV irradiation, indicating trans-to-cis
in Figure 1c, together with M¥-K4NbsOy7 (Figure 1b) and  jsomerization. UV irradiation for a longer period did not cause a
K4NbgO17-3H,0 (Figure 1a). The (@) reflection peaks showed  further spectral change. The absorption band ascribable to the cis
marked changes after the guegtiest ion exchange, while keeping  jsomer appeared at 449 nm. The 449 peak is ascribed to #tfe n-
the whole profiles of the reflection patterns unchanged. The 2 transition of the cis isomer. Upon visible light (458 nm, 8.10 mw/
angle of the (020) diffraction peaks of MY-K4NbsO17 and GF- cn®) irradiation, the absorption spectrum almost recovered to the
Az0"-K4NbsO;7 were smaller than that of the untreategNf6O, 7 starting one (Figure 3b shows the absorption spectrum recorded
3H:0. These observations confirm that the interlayer spacings of after visible light irradiation). Obviously, the cis-to-trans isomer-
K4NbsO,73H,0 topochemically expand from the starting 1.88 nm  jzation was much more reactive than the trans-to-cis conversion.

to 2.26 and 4.20 nm by its reaction with MVand GF-Azo*, The reversible spectral change could be repeated many times over.
respectively. Thedgyo values corresponding to the sum of two

adjacent interlayer spacings are regarded as the basal spacing. The Supporting Information Available: = Synthesis of GF--Azo"Br, a
adjacent two interlayers are different from each other due to the typlcal SEM image of the ¥NbeO,73H,0, and the AFM image of the
adsorption of guest molecules situating only in interlayer I. The MV*'-KaNbsO7 hybrid. This material is available free of charge via
interlayer expansion was determined to be 2.97 nm by subtractingthe Internet at http://pubs.acs.org.

the sum of thickness of the interlayer Il and niobate layer of
K4NbgO1723H,0 (1.23 nm) from the observed basal spacing (4.20
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