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One of the most promising applications of supramolecular
chemistry has been the selective binding, transport, and detection
of molecular and ionic specié€. Cyclodextrins, calixarenes,
cryptands, and crown ethers received the bulk of attention, while
the chemistry of fully encapsulating molecular containers (hemi-
carcerands) remains little explored in this context. Cram-type
encapsulating hostguest complexes (hemicarceplexes) were used
in the past to study fundamental aspects of electron and excitation
transfer processéds® as well as to isolate reactive intermediates.
Hemicarceplexes made it possible to map out the Marcus inverted
region in triplet energy transfer and to analyze the dependence of
energy transfer on the internal reorganization eneigy, of the
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In this report we describe a novel hybrid system consisting of
amphiphilic host-guest complex (hemicarceplek)bound to the
surface of metal oxide nanoparticles. The presence of eight
carboxylic groups on the periphery of the molecular container
(hemicarcerand} serves a dual function: (1) renders it water-
soluble under pH from 7.5 upward and (2) enables attachment to
metal oxides such as the wide band gap semiconductoy. Ti@
water-soluble host encapsulates a hydrophobic guest in a highly
size-selective manner and delivers it to the surface of a semicon-

hemicarceplext monitored by UV~vis spectroscopy at 2¢C.

minutes to hours, indicating the presence of a high activation barrier
associated with the ingress and egress from the. dadgethermo-
dynamic stability ofl is determined by the hydrophobicity of the
guest and its size. For large nonpolar guests such as naphthalene,
ferrocene, and azulene that match well #+200 A3 internal volume
of the host, the binding constants exceeck LC® M1, with the
corresponding free energies in excess-a2 kcal/mol*2 1H NMR
and UV—vis spectroscopy show that upon addition of solid azulene
to aqueous solution of empty octacarboxyhemicarcerand, the nor-
mally insoluble azulene enters the hydrophobic interior of the cage
to form a 1:1 hostguest compleX. The kinetics of the encapsula-
tion process has been fully characterized (Figure 1).

Upon photoexcitation at 345 nm hemicarceplerxhibits the

ductor nanoparticle. Azulene was selected as the guest chromophoreharacteristic 5 S, fluorescence of azulene (Figure 2a). When a

because of its compatibility with the size of the molecular container
and favorable photoredox properties (strong-S, absorption in
the near-UV and low oxidation potential). The formation of the

2 x 1074 M solution of 1 is mixed wit a 1 g/L solution of TiQ
nanoparticles with average radius of 10 nm, nearly total (90%)
quenching of emission takes place, indicating that efficient pho-

complete ternary assembly and the presence of the encapsulatetbinduced electron transfer from the Sate of encapsulated azulene
guest were sensed by electron transfer (ET) fluorescence quenchingto the conduction band of TiQtakes place. Similar behavior is

In aqueous solution the insertion of the hydrophobic guest into the
lipophilic cavity of the host is spontaneous and occurs within

T Rutgers.
* Genentech.
§ImClone.

9888 m J. AM. CHEM. SOC. 2004, 126, 9888—9889

observed when 1-carboxy- or 2-carboxyazulene is directly bound
to the surface of colloidal Ti@(Figure 2b). Considering the 1.3
ns lifetime of the $ state of azulené& this reduction of emission
yield corresponds to the electron injection taking place with a time
constant of 140 ps. While this rate of transferring an electron across

10.1021/ja0475252 CCC: $27.50 © 2004 American Chemical Society
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B reproduced by a single exponential (Figure 3) with 44.2 ns+
a @ in solution 5%. This is in sharp contrast with any other charge recombination

processes on Ti&which exhibit complex multiexponential behav-

ior.1> For example, in the case of 1-carboxy- and 2-carboxyazulene
surface bound bound directly to the surface of TiGhe recombination has major
components ranging from a few picoseconds to tens and hundreds
of picoseconds (Figure 3, inset). The homogeneous recombination
kinetics strongly suggests that the tunneling of the electron through
/\/JJ/\\M the wall of the hemicarcerand back to the radical cation of azulene
is the rate-limiting step of the process. The slow tunneling through
the wall appears to average out the wide distribution of rates that
normally results from inhomogeneity of binding and the presence

w1 b of surface traps. While the precise binding geometrg oh TiO,
cannot be readily determined, the three-dimensional (3D) arrange-
\ ,}‘QQ in solution ment of the eight-COOH groups on its periphery suggests that
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from one to four of them can be involved in binding to a
nanoparticle. The possible distribution in the number of surface
linkages is not reflected in the monoexponential recombination
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e kinetics, reinforcing the notion that tunneling through the cage
_M_Hm surface bound | material is indeed the rate-limiting step in the return of the electron.
° R In summary, we have demonstrated that water-soluble hemicar-
#svelengih [om] cerands can be used to intercept hydrophobic molecules and bind

Figure 2. (a) Electron-transfer quenching of the-S5 fluorescence of them to the surface of semiconductor nanoparticles. The presence
azulene encapsulated within the octacarboxyhemicarcerand upon bindingof the incarcerated chromophore can be detected by fluorescence
1o TiOy; (b) corresponding quenching of the, S5 fluorescence of — q,anching. Hemicarceplexes similaritaan also be bound to thin
2-carboxyazulene directly bound Ti@anoparticles. Excitation at 345 nm, fil £ Ti lid ducti | hi

canuiene= 5 x 10° ML L%, emission intensities corrected for light scattering  11MS Of TiO2 on solid support, e.g., conducting glass. In this case,
and absorption by Ti© the sensing of the sequestered guest can be accomplished through
the measurement of the generated photocurrent, in a fashion
analogous to the dye-sensitized @ed cell!® This approach is

currently being explored.
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