A\C\S

ARTICLES

Published on Web 12/23/2006

Formation of Water-Dispersible Nanotubular Graphitic
Assembly Decorated with Isothiouronium lon Groups and Its
Supramolecular Functionalization

Guanxin Zhang,™ Wusong Jin," Takanori Fukushima,*™* Atsuko Kosaka,"
Noriyuki Ishii,® and Takuzo Aida* ™+

Contribution from the ERATO-SORST Nanospace Project, Japan Science and Technology
Agency (JST), National Museum of Emerging Science andvétiom, 2-41 Aomi, Koto-ku,
Tokyo 135-0064, Japan, Department of Chemistry and Biotechnology, School of Engineering,
and Center for NanoBio Integration, The Wersity of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
113-8656, Japan, and Biological Information Research Center, National Institute :«@n&dd
Industrial Science and Technology (AIST), Tsukuba Central-6, 1-1-1 Higashi, Tsukuba, Ibaraki
305-8566, Japan

Received October 5, 2006; E-mail: fukushima@nanospace.miraikan.jst.go.jp; aida@macro.t.u-tokyo.ac.jp

Abstract: A newly designed Gemini-shaped hexabenzocoronene amphiphile (1), carrying an isothiouronium
ion-appended side chain, self-assembles in CH,Cl, to form a nanotubular object, whose graphitic wall is
densely covered by a positively charged molecular layer of isothiouronium ion pendants. The graphitic
nanotube can be dispersed uniformly in aqueous media owing to effective hydration as well as electrostatic
repulsion. Post-supramolecular functionalization of the nanotube surface is possible, without disruption of
the tubular morphology, by taking advantage of a specific interaction of the isothiouronium ion pendants
with oxoanion guests. Mixing with sodium poly(4-styrenesulfonate) results in wrapping of the nanotube,
while complexation with an electron-accepting oxoanion such as anthraquinone carboxylate allows
photoinduced electron transfer from the graphitic wall to the bound guest molecules.

Introduction

Self-assembledz-electronic nano-objectswith post-func-
tionalizable surface groups via noncovalent interactions are
expected to serve as potential scaffolds for the ultimate
molecular design of finely integrated electronic and optoelec-
tronic material€. To achieve this goal, the nano-objects must
be sufficiently robust to allow the accommodation of a guest

without structural disruption. Furthermore, proper choice of Figure 1. Schematic illustrations of (a) the graphitic nanotube from HBC

surface groups that enable selective noncovalent interactions isl and (b) its bilayer wall (&; dodecyl chain), and (c) a possible binding
mechanism for the complexation with AQ.

essential. However, suctielectronic molecular assemblies that
fulfill the above requisites are very ratelHere, we report
successful formation of a hexzeri-hexabenzocoronene (HBC)
graphitic nanotuldewith isothiouronium ion surface pendants
(Figure 1) that can be functionalized without disruption by
oxoanion guests via a specific hydrogen-bonding interaétfon.
HBC’ is one of the representatives of polycyclic aromatic
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Scheme 1. Synthesis of Isothiouronium lon-Appended HBC 12
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a(a) 2-[2-(2-Chloroethoxy)ethoxy]ethy-toluenesulfonate, ¥CO;, 18-crown-6, DMF, 60°C, 90%; (b) PdG(PPh),, Cul, DBU, benzene, 60C, 42%;
(c) PhO, reflux, 22%; (d) Nal, acetone, reflux, 86%; (e) Fe@®eNO,, CH,Cly, 25 °C, 46%; (f) 1,3-dimethylthiourea, THF, reflux, 77%.

Scheme 2. Synthesis of Isothiouronium lon-Appended HBC 22
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a(a) FeC, MeNQO,, CHyClp, 25 °C, 61%,; (b) 1,3-dimethylthiourea, THF, reflux, 52%.

pioneers in columnar assemblies of HBC derivatives with (TEG) chains! On the basis of this approach, surface-modified

paraffinic side chairfsthat display anisotropic carrier transport

properties.

graphitic nanotubes are available by self-assembly of HBC
amphiphiles carrying end-functionalized TEG chaifrs.

Recently, we have reported the formation of graphitic However, such a covalent molecular design strategy always
nanotubes by controlled self-assembly of HBC-based nonionic requires time-consuming optimization of self-assembling condi-
amphiphiles, where a graphitic bilayer wall consisting of tions to ensure the formation of nanotubular structures. In this
n-stacked HBC is covered by densely packed triethylene glycol sense, noncovalent, post-functionalization of preformed nano-
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tubes is considered to be more advantageous for diversifying

_<\N—H N-H
s+ I s+ I
1: R'=0Me, R2= 7 3 2: R'=R?="
N-H N-H
Me Me

the range of available functional groups. In the present work,
we designed isothiouronium ion-appended HBC amphipHtiles
and 2, since the guanidinium ion family are known to bind a
variety of oxoanion$:f Fortunately, compoundl formed
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(a

(b) Compoundl, a new class of ionically charged amphiphilic
- HBC, showed a much different solubility from previously
reported nonionic versions. After many trials, we succeeded in
obtaining a nanotubular object frofhin CH,Cl,, which is a
good solvent for other amphiphilic HBCsThus, a CHCI,
suspension of (1 mg/mL) was once heated to reflux, and the
resulting hot solution was allowed to cool to 25, whereupon
a yellow suspension resulted (Figure 2a). Electronic absorption
300 400 500 600 spectroscopy of an air-dried suspension showed a main absorp-
Wavelength (nm) tion band at 366 nm with red-shifted absorption bands at 427
Figure 2. (a) Photograph of a C¥Cl, suspension (left) and a water and 459 nm (Figure 2b), characteristic of tubularly assembled
dispersion (right) of tubularly assemblid(b) Electronic absorption spectra  HBCs* SEM and TEM micrographs revealed the formation of
at 25°C of an aif-dsfied CHCI, suspension (broken curve) and a water g nanotubular assembly with a uniform diameter of 18 nm and
3\)25):?3&22"'25:3 dl(; 4"3;75[‘1)';2 curve) of tubularly assembléd The spectra 5 \y | thickness of 3 nm (Figure 3a,b). The observed dimensions
of the nanotube are quite similar to those of previously reported
nanotubular objects from nonionic HBC amphiphitdsfrared
spectroscopy of a cast film of the nanotubes displayed CH
stretching vibration bands at 2917 and 2848 cm? (vsym),*°
Results and Discussion indicating that the dodecyl chains @fare stretched to form a
crystalline domain by interdigitation. Moreover, a solid sample
of tubularly assembled exhibited an X-ray diffraction peak at
20 = 25.8,10 assignable to a regularly stacked HBC witll a

ry
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o

nanotubes that were highly dispersible in water, necessary for
the uniform surface functionalization.

Isothiouronium ion-appended HBC amphiphilevas syn-
thesized over six steps according to Schem¥ 2:[2-(2-
Chloroethoxy)ethoxy]ethyp-toluenesulfonate was allowed to .
react with3 in DMF in the presence of ¥COs/18-crown-6- spacing of 3.45 A o )
ether, yielding4 in 90%. Sonogashira coupling reaction4f [N contrast with 1, HBC amphiphile 2 possessing two
with biphenylacetylen& using PAGI(PPh,),/Cul/DBU afforded |soth|ouron|um.groups has an extremely low solub|!|ty. It was
6 in 42% yield. The resultant unsymmetrical alkyne was hardly soluble in CHCl, even upon heating. Exceptionally, a

subjected to DielsAlder reaction with cyclopentadienone Not water/THF mixture (1:1 v/v) was able to solubilize

derivative 7,%° giving hexaphenylbenzen8 in 22% yield. However, cooling of this hot solution resulted in the formation
Compound8 was converted by the reaction with Nal into the of nontubular, ill-defined fibrous aggregates (Figure 3c,d).
corresponding iodid® in 86% yield. Oxidative cyclization of Of interest, tubularly assembleblwas finely dispersed in

9 by FeChMeNG; in CH,Cl, resulted in the formation of HBC ~ water at 25°C, where componertt, in contrast, was insoluble
derivativel0in 46% yield. This substance was allowed to react even under reflux. Thus, a GBI, suspension of the nanotubes
with 1,3-dimethylthiourea in THF, affording target compound (1 mg/mL, 1 mL) was centrifuged at 2%, and the resulting
1in 77% yield. Likewise, HBC amphiphil2 was prepared over  solid substance was subjected to immersion in MeCN (2 mL)
two steps from hexaphenylbenzene derivati# (Scheme 2}° followed by centrifugation. After the repetition of this solvent-

50 nm

200 nm (SRR . i . 3

Figure 3. (a) SEM and (b) TEM micrographs of an air-dried &H, suspension of tubularly assembléd(c) SEM and (d) TEM micrographs of an
air-dried suspension, formed upon cooling a hot water/THF (1:1 v/v) soluti@froim 60 to 25°C. (e) SEM and (f) TEM micrographs of an air-dried water
dispersion of tubularly assemblédbtained by solvent exchange of &, with water. (g) TEM micrograph of an air-dried suspension, formed by mixing
tubularly assembled and PSS at a ratidl[/[SOs™] of 1:2 in water. (h) TEM micrograph of an air-dried sample of a water/MeCN (1:1 v/v) dispersion of
tubularly assembled containing AQ at a ratio1]/[AQ] of 1:6.
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(a) - (b) 8 no longer soluble in common organic solvents including GHCI
l m@g‘;&,a . } and THF, where unstitched nanotubes are readily disrupted by
® Without dissociation. The successful noncovalent stitching is due to a
- 64 PhCO,Na multivalent interaction of the isothiouronium ion-appended
3 N nanotube with PSS.
5 1 4] Not only such a polymeric compound with multiple oxoanion
g l \S/ringo N = ° groups but also guest molecules with a single oxoanion
= 2 functionality such as sodium anthraquinone-2-carboxylate (AQ;
2-:' Figure 1c) are able to bind to the nanotube surface. As observed
With by TEM microscopy (Figure 3h), the nanotubular morphology
j PhCONa remained unchanged upon complexation with AQ. Excitation
500 550 600 650 0 0 1¢0 3‘0 go 40 of the nanotubes (1.% 1075 M) in water/MeCN (1:1 v/iv}2 at

Wavelength (nm) [AQ] (uM) 427 nm resulted in a fluorescence emission at 526 nm with a

Figure 4. Fluorescence quenching of tubularly assemilétil «M) upon shoulder at 562 n,m' Or? the other hand, upon titration with AQ, .

titration with AQ in water/MeCN (1:1 v/v) at 25C. (a) Fluorescence  the fluorescence intensity of the nanotubes decreased monotoni-

spectral changes and (b) their Stelfolmer plots upon excitation at 427 cally at the initial stage and leveled off later (Figure 4a). This

nm in the absence ([AQF 0, 0.02,0.03, 0.07,0.10, 0.17,0.21, 0.35,0.49,  ghservation indicates the occurrence of a static quenching as

0.63, 0.97, 1.5, 1.9, 4.4, 9.7, 19, 29, 391) and presence ([AQF O, 10, .

20, 30, 40, 5:M) of sodium benzoate (220M). the consequence of a long-range photoinduced electron transfer
from the HBC units in the graphitic tubular wall to surface-

h ireat t deionized water (2 mL dded to th bound AQ molecules. The StetiVolmer constant Ksy), as
exchange treatment, deionized water (2 mL) was added to €determined from the initial fluorescence intensity change at 526

residue, whereupon a yellow-colored, transparent solution nm, was 3.3x 10° M-! (Figure 4b). As expected, the

resulted (Figure 2a). Electronic absorption spectroscopy of this g, s ance quenching by AO was sianificantly less explicit
solution showed red-shifted absorption bands due-$tacked (Key = 3.7 x q103 M—l)%n :/he Qpresenceg of a Iar)g;e excesz of

H: Cs (glfguri 2b), Wht? S? ma>c<j|r_na areBthe samef _aI_SEl\;hosesodium benzoate (20 equiv) as a competitive oxoanion without
observed for the nanotube formed in L. By means o electron-accepting capability (Figure 4). While the guanidinium

m|crosct:)op_y (Figure 3f), Wei f.czjund. th?t thﬁ dlmerglorésEtl\)/T the ion family in aqueous media hardly forms stable 1:1 complexes
nanotube in water are nearly identical to those in.Chl with oxoanions, those aligned on vesicular surfaces or liquid

microscopy of an air-dried water dispersion clearly displayed liquid interfaces have been reported to capture oxoanions
that the individual nanotubes are well separated from one another,

. idering the fact that all th q b strongly?® Thus, the notably largKsy value in the absence of
(Figure 3?)' _ConS| ering e "?‘C” atallthe prece ent nanotubesy i m penzoate justifies our expectation that AQ molecules
from nonionic HBC amphiphiles tend to form thick bundfes,

X T - ' can be tightly trapped on the nanotube surface by the densely
this observation is remarkable and indicates that effective

. L aligned isothiouronium ion groups.
hydration of the positively charged surface pendants as well as g group
their electrostatic repulsion should play an essential role in the Conclusions

dispersion of the nanotubes in water. In conclusion, incorporation of an isothiouronium ion end
By taking advantage of a specific interaction of the isothiou- group into one of the TEG chains of the amphiphilic HBC did
ronium ion pendants with oxoanioh$8,post surface function-  not hamper its nanotubular self-assembly. The resultant nanotube
alization of the uniformly dispersed nanotubes is possible. For was highly dispersible in water and displayed a sufficient
example, by using a polymer having multiple oxoanion groups structural robustness despite possible electrostatic repulsions
such as sodium poly(4-styrenesulfonate) (PSS), we demonstrateimong the surface pendants. Therefore, this new graphitic

noncovalent surface stitchiffg’ of tubularly assembled. Thus, nanotube may serve as a promising electroactive nanoscaffold
an aqueous dispersion of the nanotube (2.50°° M, 80 mL) via post-functionalization with a wide variety of oxoanion
was mixed with an aqueous solution of PSS (54073 M, guests.

0.74 mL), whereupon a yellow precipitate formed. TEM ) i ) ) ) .

microscopy of an air-dried suspension revealed that the included  SUPPOrting Information Available: - Details of synthesis and

nanotubes preserve their morphology without disruption (Figure Characterization of and2, infrared spectra, and X-ray diffrac-

3g). Even though the precipitate, collected by filtration, was tion pattern. This material is available free of charge via the

washed thoroughly with water, a good solvent for PSS, the Internet at http://pubs.acs.org.

resulting solid still contained PSS. Infrared spectrosédpy JA0671518

showed vibration bands characteristic of phenyl sulfonate at

1038 and 1008 cmi 1t along with those due to tubularly (11) Weiss, R. A;; Sen, A.; Willis, C. L.; Pottick, L. Aolymer1991, 32, 1867
: 1874

assembled.. The PSS/nanotube composite, thus formed, was (12) To avoid solubility problems of AQ and the resulting composite, water/
MeCN (1:1 v/v) was employed in place of water.
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