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Abstract: This paper describes the self-assembly of a heterosupramolecular system consisting of a tripodal
[2]rotaxane adsorbed at the surface of a titanium dioxide nanoparticle. The tripodal [2]rotaxane consists of
a dumbbell-shaped molecule, incorporating two electron-poor viologens, threading an electron-rich crown
ether. The [2]rotaxane also incorporates a bulky tripodal linker group at one end and a bulky stopper group
at the other end. The [2]rotaxane is adsorbed, via the tripodal linker group, at the surface of a titanium
dioxide nanoparticle. The structure and function of the resulting hetero[2]rotaxane have been studied in
detail by *H NMR spectroscopy and cyclic voltammetry. A key finding is that it is possible to electronically
address and switch the above hetero[2]rotaxane.

Introduction dioxide nanoparticle. The rigid tripodal arrangement of these
phosphonate moieties orients the viologens normal to and
displaces them from the surface of the nanopatrticle. The inherent
bulkiness of the tripodal linker reduces the possibility of
pimerization of the reduced viologeisAs a consequence, the
crown ether is free to shuttle between the viologens. The
Structure and function of the resulting hetero[2]rotaxane have
been studied in detail byH NMR spectroscopy and cyclic

A goal shared by researchers in many fields is the bottom-
up assembly of functional nanoscale architectures in solution
and at technologically relevant substrateésxpected benefits
include greater control over material properties and innovative
technologies that address unmet needibe self-assembly of
molecular and nanoscale condensed phase components i
solution and their self-organization at a suitably patterned N o . .
substrate is a possible approdch. voltammetry. A k_ey finding is that it is possible to electronically

In considering what molecular and condensed phase Com_address and switch the above hete.ro_[2]rotaxane. )
ponents might make such an approach posditfieone is It shquld be noted that Galoppini and_ Meyer and th(_alr
attracted to functional supermolecdleand to the rapidly respective co-workers have recently described the synthesis of
growing number of nanoparticles whose properties can be tunedtripodal linkers used to adsorb sensitizer molecules at the surface
by controlling their size and surface compositfolt.is in this of the constituent titanium dioxide nanoparticles of a nano-
context that we have sought to synthesize molecular componentsstructured film forming the anode of a regenerative photoelec-
that are adsorbed at the surface of a nanoparticle; orientatedrochemical cel?
normal to the surface of the nanoparticle; displaced from the It should also be noted that Fitzmaurice and co-workers have
nanoparticle in order to avoid unwanted surface effects; and recently described the synthesis of a tripodal viologen that is
finally, sufficiently bulky to preclude unwanted lateral interac- adsorbed at the surface of a titanium dioxide nanoparticle and
tions. is capable of threading a crown ether to from a hetero[2]-

A class of functional supermolecule that has attracted a greatpseudorotaxan®:14The syntheses of the tripodal viologen and
deal of attention are the rotaxarfes.class of nanoparticle that  related molecular components employed in this study are
has attracted a great deal of attention are metal oXfles. described in the Supporting Informatiéh.

Accordingly, we have designed and synthesized the tripodal  Finally, the findings reported here are also significant in the
[2]rotaxane shown in Scheme 1. The phosphonate moieties ofcontext of the related findings recently reported by Balzani and
the linker group bind the viologen to the surface of a titanium
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Scheme 1. Electronically Addressable and Switchable Hetero[2]rotaxane

Table 1. Proton Nuclear Magnetic Resonance Data
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3
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o

3 2 2 3 3 C

TiO21R 8.85 8.76 871 7.80 7.68 6.44
TiOge1 8.88 8.78 795 7.89 6.24
TiOge2 8.86 8.76 8.58 7.96 7.88
TiO23R

TiO2e3 6.16
TiOxe4

5 6.77

Stoddart and co-workefsand more recently by Heath and
Stoddart and co-workefs,

Results and Discussion

Design and Synthesis of Tripodal [2]Rotaxanes.The
tripodal [2]rotaxanesl(and3) and corresponding tripodal axles
(2 and 4, respectively), along with the crown ethérand
nanoparticle stabilize6 employed in the present study, are
shown in Scheme 2.

The design and synthesis of tripodal [2]pseudorotaxanes that

are capable of being adsorbed normal to and displaced from
the surface of a titanium dioxide nanoparticle have been
described in detail elsewhefeThese design principles and
synthetic strategies have been extended to the preparation o
tripodal [2]rotaxanes (and the corresponding tripodal axle
components), which are also capable of being adsorbed norma
to and displaced from the surface of a titanium dioxide
nanoparticle'

In the case of the tripodal [2]rotaxarie the ester analogue
of the tripodal bis-viologen, the crows and the bulky stopper
were all synthesized as described in the Supporting Informa-
tion.1> These subcomponents were subsequently self-assemble
under ambient conditions to form the ester analogue of the
tripodal [2]rotaxanel in high yield. The ester analogues of the
tripodal [2]rotaxane3 and the corresponding tripodal axle
component® and4, respectively, were prepared using a similar
approach?

The target tripodal [2]rotaxandsor 3 and the corresponding
axle components2(and 4, respectively) were obtained by
hydrolysis of the phosphonic ester groups at the end of the tripod
legs to yield the corresponding phosphonic acid groups.

There are a number of known methods that can be used to
hydrolyze a phosphonic ester to the corresponding phosphonic

(16) Ashton, P. R.; Ballardini, R.; Balzani, V.; Credi, A.; Ruprecht-Dress, K.;
Ishow, E.; Kleverlaan, C.; Kocian, O.; Preece, J.; Spencer, N.; Stoddart, J.
F.; Venturi, M.; Wenger, SChem—Eur. J. 2000 6, 3558.

a7) (a) Collier, C. P Wong, E. W.; Belohradsky, M.; Raymo, F. M.; Stoddart,

. F.; Kuekes P J.; Williams, R S.; Heath, .]SElence’LQQQ 285 391.

(b) CoII|er C. P, Matterstelg G, Wong E. W.; Luo, Y.; Beverly, K,;
Sampaio, J.; Raymo, F. M.; Stoddart, J. F; Heath, JSRenceZOOQ
289 1172.

ALl
ja/ oE A%%w

acid. However, the usefulness of these known methods is limited
in the cases of compoundsto 4. Methods involving base
hydrolysis may not be used, as the viologen moieties are not
stable under these conditions. Methods based on acidic hy-
drolysis at elevated temperatures are not applicable, as the
ethoxyethylene moieties are not stable under these conditions.
For these reasons, a novel method has been developed for this
step that employs trimethylsilyl bromide in 1,4-dioxane at
ambient temperature. Using this method, the ester groups can
be selectively hydrolyze#® The method for separating com-
poundsl to 4 from unwanted side products, formed mainly from
1,4-dioxane, exploits their exceptionally high solubility in
concentrated aqueous HCI.

Adsorption of Tripodal [2]Rotaxanes at the Surface of a
Nanoparticle. A charge stabilized dispersion of titanium dioxide
nanoparticles (6 nm diameter) was prepared by hydrolysis of
titanium orthotetraisopropoxide in water at pHeZI'he tripodal
[2]rotaxanes1 and 3, and the corresponding tripodal axle
componentsq and4, respectively), readily chelate “Ti states
at the surface of the above nanoparticles and are adsorbed. The
number of T#" sites on the surface of each nanoparticle was
estimated, based on literature values for the number of such
states (2x 10 cm~2), to be 226'° An average of 12 tripodal
2]rotaxanes, or the corresponding tripodal axles, were adsorbed

t the surface of each titanium dioxide nanoparticle. Molecular
Imodeling reveals that the footprint of a tripodal linker is 144

A2 and that the area occupied on the surface of a nanoparticle

by 12 adsorbed tripodal viologens is 1728 dbrresponding to
15% of the available surface area. The partially deuterated
stabilizer 6 was adsorbed at the remaining*Tisites on the
surface of each nanoparticlé These nanoparticles were pre-

ipitated from the above aqueous dispersion by addition of

mmonium hexafluorophosphate, washed with dry methanol,
and redispersed in acetonitrile to form a stable optically
transparent dispersion.

Structural Characterization of Tripodal Hetero[2]rotaxanes
by Proton NMR. The!H NMR spectra of TiGel and TiG»2
were recorded with a view to establishing that the tripodal
[2]rotaxanel and the corresponding axle componeéntare
adsorbed normal to and displaced from the surface of the TiO
nanoparticle in Ti1 and TiQe2, respectively. See expanded
aromatic region in Figure 1 and also Scheme 3 and Table 1.

It is concluded, based on the finding that the resonances
assigned to protons of the tripodal linkkerand the viologen
V, adjacent td- in TiOye1 are suppressed, thais adsorbed at
the surface of the titanium dioxide nanoparticle in D
Specifically, it is found that the following resonances are

(1

8) O’'Reagen, B.; Graetzel, MNature 1991, 353 737.
(19

) Finklea, H. O.Semiconductor ElectrodeElsevier: 1988.
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Scheme 2. Molecular Components
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suppressedo 9.1 (2-position ofV,), 8.8 (2-position of V3), orientated normal to and displaced from the surface of the
8.0 (3-position ofV,), 7.9 (3-position ofV3), 7.7 (phosphory- nanoparticle and that, andS of 1 are free to undergo restricted
latedp-phenylenes oL ), 7.6 (phosphorylateg-phenylenes of rotational motion.
L andp-phenylene link tovy), 7.5 (-phenylene ot), 7.3 (- Specifically, it is found that the following proton resonances
phenylene ofL), 4.8 (methylene group adjacent ¥, of are broadeneds 8.9 and 8.8 (2- and'#ositions ofV5,), 7.8
trimethylene bridge linking viologens), and 2.9 (central meth- and 7.7 (3-position oW/,), 7.5 (3-position ofN-benzyl), 7.3
ylene group of trimethylene bridge linking viologens). (phenylenes 0B), 7.2-7.0 (2-position ofN-benzyl and phe-

It is concluded, based on the finding that the resonancesnylenes ofS), 6.8 (2-position of the alkoxyphenylene group
assigned to protons of the bulky stopi@and the viologerV, attached to the ether link), 6.@-fiydroxyphenylene of the crown
adjacent tdS in TiOge1 are broadened, that andV; of 1 are C), 5.7 (methylene oN-benzyl), 4.8 (methylene group adjacent

15492 J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003
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opm Figure 2. H NMR spectra of3' (1.4 x 102 mol dm 2 molecules) in

Figure 1. *H NMR spectra ofl' (1.4 x 1073 mol dm~3 molecules), TiG1

(1.2 x 1074 mol dm 2 particles and 1.4 103 mol dm 3 molecules), and
TiO22 (1.2 x 1074 mol dn13 particles and 1.4 10~3 mol dn13 molecules)

in acetonitrilee; at 30" C. 'H NMR spectra of TiQe1R (1.2 x 10~* mol
dm3 particles and 1.4x 102 mol dm2 molecules) in acetonitrilels at

30 °C was recorded following degassing by bubbling with nitrogen and
reduction addition of zinc metal in the presence of chromium chloride.

Scheme 3. Notation for NMR Assignments
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to V, of trimethylene bridge linking viologens), 4.0 (ether link
positions adjacent to aryloxy groups), 3.8 (rest of ether link
positions and methylenes i@), 3.6-3.5 (methylene protons
of C), 2.2 (methyl groups o¥,), and 1.2 {ert-butyl groups

of S).

chloroformd and methanotls (20% by vol) at 3C°C and of TiQe4, TiO23

(1.2 x 10~* mol dn3 particles and 1.4 10-3 mol dm2 molecules), and
TiOze4 (1.2 x 10~4mol dn13 particles and 1.4 10-3 mol dm~3 molecules)

in acetonitrileel; at 30°C. IH NMR spectra of TiQe3R (1.2 x 10~4 mol
dm~3 particles and 1.4« 10-3 mol dm23 molecules) in acetonitrilels at

30 °C was recorded following degassing by bubbling with nitrogen and
reduction addition of zinc metal in the presence of chromium chloride.

It is concluded, based on the finding that the resonances
assigned to protons of the bulky stropggiand the viologen
V, adjacent to the bulky stopper in Ti€2 are broadened, that
L andV; of 2 are orientated normal to and displaced from the
surface of the nanoparticle and that and S of 2 are free to
undergo restricted rotational motion. Specifically, it is found
that the following resonances are broadenéd8.9, 8.8, and
8.6 (the 2- and 2positions ofV5); 7.9 and 7.8 (the 3-positions
of V); 7.5 (the 3-position oN-benzyl); 6 7.3 (phenylenes of
S); 7.2—7.0 (2-position ofN-benzyl and phenylenes §); 6.8
(the 2-position of the alkoxyphenylene group §j; 5.7
(methylene oiN-benzyl); 4.8 (methylene group adjacent\g
of trimethylene bridge linking viologens); 4.1 (ether link
positions adjacent to aryloxy groups), 3.8 (rest of ether link
positions); 2.2 (methyl groups &f,); and 1.2 {ert-butyl groups

It is concluded, based on the finding that the resonancesof S).

assigned to protons of tripodal linkerand the viologerV of
TiOge2 are suppressed, thatis adsorbed at the surface of the
titanium dioxide nanopatrticle in Tig@2. Specifically, it is found
that the following resonances are suppresse@:0 (2-position
of V), 8.9 (2-position ofV;), 8.4 (3-position ofV,), 8.3 (3-
position of Vi), 7.7 (phosphorylateg-phenylenes ot.), 7.6
(phosphorylate@-phenylenes of andp-phenylene link to/1),
7.4 (p-phenylene ot.), 7.3 (p-phenylene ot.), 4.7 (methylene
group adjacent t&'; of trimethylene bridge linking viologens),
and 2.9 (central methylene group of trimethylene bridge linking
viologens).

The above findings allow us conclude that bdtland the
corresponding axle componeftare adsorbed normal to but
displaced from the surface of the Ti@anoparticle in TiGe1
and TiGe2, respectively. These findings are consistent with
other recently reported findings:

The 'H NMR spectra of TiQ3 and TiG»4 were recorded
with a view to establishing that the tripodal [2]rotaxahand
the corresponding axle componeéhtvere adsorbed normal to
and displaced from the surface of the }i@anoparticle in
TiO23 and TiQe4, respectively. See expanded aromatic region
in Figure 2 and also Scheme 3 and Table 1.

J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003 15493
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It is concluded, based on the finding that the resonances In the discussion that follows, it is stated tl@is localized
assigned to protons of tripodal linkerand the viologerV of at eitherV; or V,. Such statements are intended to identify the
TiO23 are suppressed, thatis adsorbed at the surface of the thermodynamically favored translational isomer and the most
titanium dioxide nanoparticle in Tig@3. Specifically, it is found probable location o€. They are not intended to suggest that C

that the following resonances are suppresseé:2 (2-position is stationed aV; or V.

of V1), 8.8 (2-position ofV1), 8.2 (3-position ofV4), 7.9 (3- Based on the finding that the resonance assigned to the
position of V), 7.8 (phosphorylateg-phenylenes ot), 7.7 aromatic protons o€ in TiOoe1 is significantly upfield of the
(phosphorylate@-phenylenes of andp-phenylene link td/1), resonance for the same protonssaf solution, it is concluded

7.6 (p-phenylene ofL), 7.5 (the 3-position oN-benzyl), 7.5 that C in TiOl is localized atV; or V,. Specifically, it is
(p-phenylene oL ), and 5.9 N-methylene). found that the broadened resonance assigned to the aromatic

It is concluded, based on the finding that the resonancesprotons ofC is atd 6.2 for TiO1, while it is até 6.8 for5 in

assigned to protons of the bulky stopp8rin TiO2e3 are solution. Based on the finding that the resonances assigned to

broadened, thas is orientated normal to and displaced from the aromatic protons of the violog&fy in TiO2e1 have similar
the surface of the nanoparticle and free to undergo restrictedchemical shifts in Ti@2, it is concluded that that is localized
rotational motion. Specifically, it is found that the following at V3. Specifically, it is found that the broadened resonances
resonances are broadenedl:7.3 (phenylenes 0§), 7.2—7.0 assigned to the 2 and @rotons ofV, are observed ai 8.9,
(phenylenes of), 6.8 (the 2-position of the alkoxyphenylene 8.8, andd 8.6 in both TiQel1 and TiGe2. It is also found that
group of §), 6.2 (p-hyroxy-phenylene of), 4.1 (ether link that the broadened resonances assigned to the 3' gmdt8ns
positions adjacent to aryloxy groups), 3.8 (rest of ether link of V, are observed at 8.0 andd 7.9 in TiOy1 and TiQs2. It

positions and methylenes 6%, 3.6-3.5 (methylene o€), and should be noted that our conclusi@his localized atV; in
1.2 (tert-butyl groups ofS). TiOze1 is consistent with previously report findingsnd with

It is concluded, based on the finding that the resonancesthe fact that the affinity ofC for V1 is an order of magnitude
assigned to protons of tripodal linkerand the viologerV; of greater than fol/,.16

TiOoe4 are suppressed, thatis adsorbed at the surface of the Having established th&t is initially localized atVy in TiO1,
titanium dioxide nanoparticle in Tig4. Specifically, it is found our interest turns to what happens when the violoygnis
that the following resonances are suppressef:0 (2-position selectively chemically reduced to form TiQR. It might have

of V1), 8.9 (2-position ofV;), 8.5 (3-position ofV3), 8.4 (3- been expected, based on previously reported findifiggat C
position ofV;), 7.8 (phosphorylateg-phenylenes ot.), 7.7 would localize atv,, specifically, that the affinity ofC for V,
(phosphorylate@-phenylenes of andp-phenylene link to/1), would be greater than for the radical cation\6f.
7.6 (p-phenylene ofL), 7.5 (the 3-position oN-benzyl), 7.5 Based on the finding that the resonance assigned to the
(p-phenylene ol ), and 5.7 -methylene). aromatic protons of in TiOx1R is significantly upfield of

It is concluded, based on the finding that the resonancesthe same resonance ®fn solution and significantly downfield
assigned to protons of the stopper gro8pin TiO.e4 are of the same resonance in TiQ, it is concluded tha€ in TiOy1

broadened, that is orientated normal to and displaced from is either localized &V or, as a result 0¥/, having been reduced,

the surface of the nanoparticle and free to undergo restrictedis interacting less strongly with the radical cation .

rotational motion. Specifically, it is found that the following  Specifically, it is found that the broadened resonance assigned

resonances are broadened:7.3 (phenylenes 08), 7.2-7.0 to the aromatic protons o is atd 6.4 for TiO»1R, while it

(phenylenes oB), 6.8 (the 2-position of the alkoxyphenylene is atd 6.2 for C in TiOz1 and atd 6.8 for 5 in solution.

group ofS), 4.1 (ether link positions adjacent to aryloxy groups),  Based on the finding that the resonances assigned to the 2

3.8 (rest of ether link positions), and 1. it-butyl groups of and 2 and the 3 and'3protons of the viologeV; in TiO21R

S). are not and are, respectively, shifted upfield with respect to the
The above findings allow us conclude that b&tand the corresponding resonances in p¥Dand TiQe2, it is concluded

corresponding axle compone#tare adsorbed normal to but thatC in TiO2e1R is interacting withV>. Specifically, it is found

displaced from the surface of the Ti@anoparticle in TiG3 that the broadened resonances assigned to the 2' gmdté@ns

and TiQe4, respectively. These findings are consistent with of V; are observed at 8.9,0 8.8, and) 8.6 in TiOp»1R, TiOz1,

other recently reported findingg- 14 and TiQwe2. It is also found that that the broadened resonances
Dynamic Characterization of Tripodal Hetero[2]rotaxanes assigned to the 3 and Brotons ofV are observed ab 7.8

by Proton NMR. Shown in Figure 1 are thé NMR spectra ~ @nd o 7.7 in TiO»1R and atd 8.0 andd 7.9 in TiO»1 and

of 1' in solution, the ester analogue bf TiOze1, and TiQs2. TiO2e2.

Also shown is the spectrum of Tiel following degassing by These findings permit the conclusion thatin TiO2e1R is

bubbling with nitrogen and reduction by addition of zinc metal interacting to a greater extent wilf, following reduction of

in the presence of chromium chlori@®?! denoted TiGe1R. V1. These findings, however, do not permit the conclusion that

Given in Table 1, where resolved, are the chemical shifts of C is localized onV; and not interacting with;. In support of

the aromatic proton resonances\bf andV; and ofC. this view, and as discussed in detail below, a dynamic

characterization of this system by cyclic voltammetry suggests

(20) Evans, A. G.; Evans, J. C.; Baker, M. \l..Chem. Soc., Perkin Trans. 2 that C still interacts with the radical cation &f; in TiO21R.

21) e L. Ashton, P. R. Ballardini, R.: Balzani, V. Delgado, v, 't Should be noted that this finding is not unexpected for the
Gandolfi, M. T.; Goodnow, T. T.; Kaifer, A. E.; Philp, D.; Pietraszkiewicz, ~ following reason: While the association constant for formation
M.; Prodi, L.; Reddington, M. V.; Slavin, A. M. Z.; Spencer, N.; Stoddart, ¢ 5 complex betwee@ andV/; is an order of magnitude smaller

J. F.; Vincenti, C.; Williams, D. JJ. Am. Chem. S0od992 114, 193- o .
218. than the association constant for formation of a complex between
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Table 2. Cyclic Voltammetry Data
V12+ﬁ V1+- V1+.ﬁ Vl" V22+_, V2+- V2+.ﬁ Vz.. VZ" — V2+. V2+- — V22+ Vl.. — V1+. V1+- — V12+
TiO2e1 —0.756 —1.057 —1.182 —1.469 —1.309 —1.060 —0.947 —0.647
TiO2e2 —0.646 —0.975 —1.145 —1.468 —1.355 —1.064 —0.975 —0.600
A —0.110 —0.082 —0.037 —0.001 +0.044 +0.004 +0.028 —0.047
TiO2e3 —0.699 -1.112 —1.065 —0.666
TiO2e4 —0.614 —1.012 —0.963 —0.579
A —0.085 —0.100 —0.102 —0.087

C, it may be comparable to that for the formation of a complex
betweenC and the radical cation of; and C.16
Further insights are gained by undertaking a similar analysis
of the hetero[2]rotaxane Ti#B3 and the corresponding axle
component Ti@4, both incorporating a single viologew.
Shown in Figure 2 are th NMR spectra of3' in solution,
the ester analogue 8f TiO,3, and TiGe4. Also shown is the
spectrum of TiQe3 following degassing by bubbling with
nitrogen and reduction by addition of zinc metal in the presence
of chromium chloride, denoted TieBR. Given in Table 1,
where resolved, are the chemical shifts of the aromatic proton
resonances 0¥, and the aromatic proton resonance<Cof
Based on the finding that the resonance assigned to the
aromatic protons o€ in TiO23 is significantly upfield of the
same resonance bfin solution, it is concluded that in TiO2e3
is localized atV;. Specifically, it is found that the broadened
resonance assigned to the aromatic protorS ixfato 6.2 for
TiO5e3, while it is ato 6.8 for5 in solution. As discussed above,

the resonances assigned to the aromatic protons of the viologen

V; are not observed due to its proximity to the surface of the
TiO, nanoparticle.

Having established tha is localized atV; in TiO2e3, our
interest again turns to what happens when the viologers
selectively chemically reduced to form Ti&3R. It might have
been expected, based on previous repérteat C would no
longer be localized a¥;. In practice, it is found that the
resonance assigned to the aromatic proton€ @ no longer
observed®2! On this basis, it is concluded th& remains
associated witV; following its one-electron reduction. It should
be noted that this does not preclude the possibility thas
more loosely associated with the radical catioivefIt should
also be noted that these findings are consistent with those
recently reported by us for a related hetero[2]pseudorotdXane
and with those reported below for the electrochemical charac-
terization of TiQe3.

Dynamic Characterization of Tripodal Hetero[2]rotaxanes
by Cyclic Voltammetry. Shown in Figure 3 are the cyclic
voltammograms (CVs) of the tripodal hetero[2]rotaxane 410

J

N

Tio, e 2

VST )
2 2 Vit FRECAS Vst

18 -16 -14 -12 -10 -08 -06 -04
Potential (V)

Figure 3. Cyclic voltammograms of nanostructured Fifdim (geometric
area of 0.8 ¢ surface roughness of 1000) modified by adsorptior of
(5 x 10'® molecules) an@ (5 x 10'® molecules) recorded in acetonitrile
containing added TBAP (0.1 mol drf) at 25°C.
the singly reduced viologe¥;. This accounts for the fact that
the radical cation ofV; undergoes a second one-electron
reduction at more negative potentials than the same viologen
in the corresponding axle Tie?.

This finding suggests that the affinity &ffor V, is less than
or similar to the affinity ofC for the radical cation o¥/; and
that C continues to interact witlv, even after this viologen
has been reduced. This is perhaps not surprising when one takes

and the corresponding axle component adsorbed at the surfacénto account that the affinity of for V, is 10 times lower than

of a TiO, nanoparticle Ti@2. The first and second peak
reduction and peak reoxidation potentiald/afandV; are given
in Table 2.

It is found that the first and second reduction potentials of
V are shifted to more negative values by 110 mV and 82 mV,
respectively, due to the presence®in TiOel. It is also found
that the first and second reduction potentials/gfare shifted
to more negative values by 37 mV and 1 mV, respectively.

On this basis, it is concluded that initially interacts with
V1 in TiOz1. Accordingly,V; undergoes a first one-electron
reduction to form the corresponding radical cation at more
negative potentials than in the corresponding axle,d200n
this basis, it is also concluded th@tcontinues to interact with

its affinity for V1.16 It was nevertheless expected that, following
the two successive one-electron reductions piin TiO2e1, that

C would favor interaction with the doubly positively charged
viologen V..

Consistent with this expectation is the finding that the first
reduction potential o¥/, in TiO,e1 is shifted to more negative
potentials than the same reduction in the corresponding axle
component Ti@2. An interesting finding is that the second
reduction ofV; is, within experimental error, at the same
potential in TiQel and in TiGe2. On this basis, it is concluded
that C is not localized at the radical cation of.

This finding suggests that the affinity & for the singly
reduced form oW is not sufficient to localize the crown ether
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VAR A Scheme 4. Electrodynamics of Hetero[2]rotaxane
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Figure 4. Cyclic voltammograms of nanostructured ifdm (geometric
area of 0.8 crfy surface roughness of 1000) modified by adsorptio (&
x 10'® molecules) andt (5 x 10'® molecules) recorded in acetonitrile @ Q@

containing added TBAP (0.1 mol drf) at 25°C.

at this viologen. AccordinglyC may be in motion along the
entire length of the axle.

Further insight is provided by considering the difference in
the reoxidation potentials of the viologens in éDand TiGe2.
Itis found that the first and second reoxidation potential¥ of
are shifted to more positive potentials by 44 mV and 4 mV,
respectively, due to the presencd®in TiOyel. It is also found
that the first and second reoxidation potential¥efare shifted

to more positive values by 28 mV and more negative values by

47 mV, respectively.
On this basis, it has been concluded t@ais not localized
at V, when this viologen is in either doubly or singly reduced

state; otherwise it would be expected that the first and second
reoxidation potentials would be shifted to more negative values.

This is consistent with the findings above tiaais not localized

at either singly or doubly reduced,. What was not expected
is the magnitude of the observed shifts in the first and secon
reoxidation potentials to more positive values. To account for

these findings, we propose that there is a conformational chang

associated with the hetero[2]rotaxane FDwhen both violo-

gens are in their doubly reduced state and the crown is free to
move along the axle. This conformational change is currently
the subject of a detailed study whose findings will be reported

in due cours@?
On this basis, it has also been concluded t@ats not
localized onV; when it is in its doubly reduced state but is

when it is in its singly reduced state. This accounts for the fact

that the first reoxidation potential is shifted to more positive

potentials, while the second reoxidation potential is shifted to

nanopatrticle td/1 to form the corresponding radical cation does
not result inC being completely dissociated from;. These
findings are as expected and consistent with those reported above
and elsewhere for a closely related systém.

Conclusions

It is concluded that it is possible to electronically address

d and switch the hetero[2]rotaxane shown in Scheme 1. Specif-

ically, by applying a suitable potential, it is possible to transfer
between one and four electrons from the conduction band of

€

the TiO, nanoparticle td/1 adjacent td andV; adjacent td5
of the [2]rotaxane component. As a resdaltis localized at either
V1 or theVo.

More specifically, and as shown in SchemeCis initially
localized onV; adjacent toL. Following transfer of a single
electron toV4, to form the corresponding radical catidd,is
no longer localized oV, and interacts with botlvV; andV;
adjacent tdS. Transfer of a second electron¥q, to form the
corresponding diradical, leads @ being localized orV».

Following transfer of a single electron ¥,, to form the

more negative values. This conclusion is also consistent with CoTresponding radical catio; is no longer localized o>

that arrived at based on an analysis of the corresponding

reduction potentials.

Shown in Figure 4 are the CVs of the tripodal hetero-
[2]rotaxane TiQe3 and the corresponding axle component
adsorbed at the surface of a Bianoparticle Ti@4. It is found
that the first and second reduction potentials/afare shifted
to more negative values by 85 mV and 100 mV, respectively,
in the presence oE. It is also found that the first and second
reoxidation potentials d¥, are shifted to more negative values
by 102 mV and 87 mV in the presence of addedOn this
basis, it is concluded that transfer of an electron from the; TiO

(22) Lestini, E.; Nikitin, K.; Fitzmaurice, D. Manuscript in preparation.
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and does not interact strongly with eithér or V,. Transfer of

a second electron 1@, to form the corresponding diradical, is
accompanied by a conformational change. This change in con-
formation is possibly a folding of the fully reduced [2]rotaxane
and a stacking of the diradicals ¥f, andV, andC.

As a consequence of this conformational change, a signifi-
cantly more positive potential than might have otherwise have
been expected, is required to remove the first electron from the
fully reduced [2]rotaxane. The subsequent removal of three
electrons leads to the localization &, first on V, and
subsequently iV; as shown in Scheme 4.

These findings point the way to the preparation and charac-
terization of a related family of hetero[2]rotaxanes and related
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nanoscale components that can be both electronically and(d, 2H,J = 7 Hz), 9.20 (d, 2HJ = 7 Hz), 8.76 (d, 2HJ = 7 Hz),
optically addressed and switched. These nanoscale component8.65 (d, 2H,J =7 Hz), 7.8 (m, 8 H), 7.65 (m, 6H), 7.57 (m, 6H), 7.4
offer potentially significant advantages over purely condensed (M, 8H), 7.18 (d, 6HJ = 9 Hz), 7.0 (m, 12 H), 6.72 (d, 2 HI = 9

phase or molecular components.

Experimental Section

Synthesis of Molecular Components.Synthesis of the ester
analogues and immediate precursors of the molecular compohents
to 4 shown in Scheme 2 has been described in detail elsewh&he
molecular componentkto 4 were obtained from their ester precursors
as follows: bromotrimethylsilane (0.05 mL) in dioxane (0.25 mL) was
added to the ester ¢@nol) in dry 1,4-dioxane (1.00 mL). The resulting

Hz), 5.80 (s, 2H), 4.1 (m, 4 H), 3.8 (m, 4H), 1.22 (s, 27 MP NMR
0 18.4 (s); MS (wz) 1080 (Mt — 2H).

Compound 5. Bis-paraphenylene-34-crown-10 was prepared ac-
cording to a known procedure as a white sdfigdnp 90°C (lit.? mp
88 °C);*H NMR (CDsCN) 6 6.63 (s, 8H), 3.75 (m, 8H), 3.6 (m, 8H),
3.5 (m, 16 H).

Compound 6.1-Phosphonoethylperdeuteriopyridinium bromide was
obtained as a white solid (yield 80%9)mp 154°C; *H NMR (CDs-
OD) ¢ 9.09 (trace), 8.67 (trace), 8.16 (trace), 4.92 (q, 25 7 Hz),

4.8 (s, 2H), 2.6 (m, 2H)*%P NMR (CD;OD) ¢ 22.1 (s). Anal. Calcd

mixture was kept at room temperature for 20 h and extracted with for C;HsDsBrNOsP: C, 30.79; H, 5.90; N, 5.13; Br, 29.26. Found: C,

concentrated HCI, and the extract was washed with ether 22mL)

31.15; H, 5.96; N, 5.17; Br, 29.08.

and concentrated under reduced pressure to give the acid as a glassy Preparation of Titanium Dioxide Nanoparticle Aqueous Disper-

solid (3umol, 100%). The crown ethés was synthesized following
literature method3! The stabilizer6 was synthesized as described in
detail elsewher&®

sions. An aqueous dispersion of titanium dioxide nanoparticles was
prepared by the hydrolysis of titanium tetraisopropoxide at pH 2 as
described in detail elsewhef&Refluxing the initially formed dispersion

The results of the characterization of these compounds are givenat 80°C for 8 h evaporates the principal side product 2-propanol and
below. Melting points were estimated using a Gallenkamp melting point prom(_)tes crystalllgatlon of the nano_partlcles. The average diameter of
device and were not corrected. NMR spectra were recorded using Varianthe TiO: nanoparticles was determined by TEM to be 6 nm. X-ray

Inova 300 and 500 spectrometers in the indicated solvent &C30

diffraction confirmed their crystal structure to be anatase. The final

Proton NMR spectra were recorded at 299.89 and 499.82 MHz, and concentration of Ti@ nanoparticles was determined by dry weight
phosphorus NMR spectra, at 121.39 MHz. Mass spectra were recordedféasurements to be 3.2% wi/w.

on a Micromass LCT KC 420 mass spectrometer.

Compound 1. 1{4-[Tris{4-(4-dihydrophosphonophenyl)-phény
methyl]pheny}-1'-(3-[3,3-dimethyl-1-(4-[bis{ 4-tert-butylpheny} -4-
ethylphenylmethyl]phenoxyethoxyethoxyphenylmethyl)-bipyridyl-
1-yl]propyl)-4,4-bipyridinium 34-crown-10 tetrachloride!H NMR
(CDsOD) ¢ 9.34 (s, 1H), 9.33 (d, 2H) = 7 Hz), 9.15 (d, 2HJ =7
Hz), 9.15 (d, 1HJ) = 7 Hz), 9.10 (s, 1H), 8.90 (d, 1H,= 7 Hz), 8.34
(d, 2H,J = 7 Hz), 8.13 (d, 1HJ = 7 Hz), 8.11 (d, 2HJ = 7 Hz),
8.05 (d, 1H,J =7 Hz), 7.90 (d, 1HJ = 7 Hz), 7.8 (m, 10 H), 7.65
(m, 6H), 7.55 (d, 6HJ) = 9 Hz), 7.38 (d, 6HJ = 9 Hz), 7.15 (d, 4H,
J=9Hz), 7.0 (m, 14H), 6.69 (d, 2 H = 9 Hz), 6.20 (s, 8 H), 5.75
(s, 2H), 5.1 (m, 4 Hz), 4.1 (m, 4 H), 3.8 (m, 4H), 3.6 (m, 24H), 3.5
(m, 8H), 3.1 (m, 2H), 2.50 (q, 2Hl = 7 Hz), 2.32 (s, 6H), 1.20 (s, 18
H), 1.12 (t, 3H,J = 7 Hz); 3'P NMR 6 18.4 (s); MS (z) 2468
(MCIg?H).

Compound 2. 1{4-[Tris{4-(4-dihydrophosphonophenyl)phgny
methyl]pheny}-1'-(3-[3,3-dimethyl-1-(4-[bis{ 4-tert-butylpheny} -4-
ethylphenylmethyl]phenoxyethoxyethoxyphenylmethyl)-bipyridyl-
1-yllpropyl)-4,4-bipyridinium tetrachloride:'H NMR (CDsOD) ¢ 9.53
(d, 2H,3 =7 Hz), 9.38 (d, 2HJ = 7 Hz), 9.36 (s, 1H), 9.20 (d, 1H,
J =17 Hz), 9.10 (s, 1H), 8.89 (d, 1Hl =7 Hz), 8.79 (d, 2HJ =7
Hz), 8.65 (d, 2H, 7 Hz), 8.07 (d, 1HlL = 7 Hz), 7.91(d, 1HJ =7
Hz), 7.8 (m, 10 H), 7.65 (m, 6H), 7.58 (m, 681= 9 Hz), 7.38 (d, 6H,
J=9Hz), 7.18 (d, 4H) =9 Hz), 7.0 (m, 14H), 6.72 (d, 2HI =9
Hz), 5.77 (s, 2H), 5.1 (t, 2H) = 6 Hz), 5.00 (t, 2HJ = 6 Hz), 4.1
(m, 4 H), 3.8 (m, 4H), 2.95 (m, 2H), 2. 55 (q, 2Bl= 7 Hz), 2.29 (s,
6H), 1.22 (s, 18 H), 1.20 (t, 3H = 7 Hz); 3P NMR 6 18.4 (s); MS
(m/2) 1929 (MCE" — H).

Compound 3. 1{4-[Tris{4-(4-dihydrophosphonophenyl)phgny
methyl]pheny}-1'-4-(4-[tris{ 4-tert-butylpheny} methyl)phenoxymethyl)-
phenylmethyl)-4,4bipyridinium bis-paraphenylene-34-crown-10 dichlo-
ride: *H NMR (CDsOD) ¢ 9.36 (d, 2H,J = 7 Hz), 8.86 (d, 2HJ =
7 Hz), 8.36 (d, 2HJ = 7 Hz), 8.11 (d, 2H) = 7 Hz), 7.8 (m, 8 H),
7.65 (m, 8H), 7.58 (m, 6H), 7.45 (m, 6H), 7.18 (d, 6H= 9 Hz), 7.0
(m, 12 H), 6.70 (d, 2 HJ = 9 Hz), 6.10 (s, 8H), 5.86 (s, 2H), 4.1 (m,
4 H), 3.8 (m, 4H), 3.5 (m, 16H), 3.4 (m, 8H), 1.22 (s, 27 Fp NMR
0 18.4 (s); MS (W2) 1622 (M — 2H).

Compound 4. 1{4-[Tris{4-(4-dihydrophosphonophenyl)phgny
methyl]pheny} -1'-4-(4-[tris{ 4-tert-butylpheny} methylJphenoxymethyl)-
phenylmethyl)-4,4bipyridinium dichloride: *H NMR (CDsOD) ¢ 9.36

Preparation of Modified Nanoparticles. An aqueous dispersion
of TiOz nanoparticles (1 mL) was transferred to a glass centrifuge tube
and was diluted with methanol (to 10 mL) yielding a dispersion of a
known particle concentration (1:2 10-°> mol dn13). A known amount
(1.5 x 10 mol) of the tripodal [2]rotaxani or 3 (or the corresponding
tripodal axle2 or 4) was dissolved in CHGIMeOH (1:1 by vol) and
added dropwise to the above dispersion of Ji@noparticles while
stirring vigorously. Stirring was continued for 10 min. A known weight
(2.4 x 105 mol) of the stabilize6 was dissolved in MeOH (1 mL)
and added dropwise to the above stirring dispersion. Stirring was
continued for 1 h. To induce counterion exchange and precipitation of
the modified nanoparticles, NRFs was added in large excess (x0
102 mol). The precipitate was centrifuged and washed with dry MeOH
(5 mL). The last step was repeated 3 times to remove all the residual
water. Finally the precipitate was sonicated in acetonitrile (3 mL) for
1 h to redisperse the nanoparticles. The resulting dispersion was
optically transparent.

Preparation of Transparent Nanostructured TiO; Films. Trans-
parent nanostructured Ti@ilms were deposited on F-doped tin oxide
glass substrates (12 units, 0.5um thick, supplied by Glastron).
Specifically, an aqueous colloidal dispersion of Tias prepared as
described above and autoclaved at 20Gor 12 h to yield a dispersion
of 12 nm diameter nanocrystafConcentration of this dispersion (160
g L1 and addition of Carbowax 20000 (40 wt % equiv of F)@ields
a viscous paste. This paste was spread using a glass rod on the
conducting glass substrate masked by scotch tape. Following drying
in air for 1 h, the film was fired, also in air at 45@€ for 12 h. The
resulting transparent nanostructured electrodes ane 4hick.

Modification of Transparent Nanostructured TiO, Films. A
transparent nanostructured Bifdm was immersed in a dry acetonitrilic
solution (1 x 1072 mol dm3) of the tripodal [2] rotaxand. or 3 (or
the corresponding axle componéntr 4, respectively) fol h atroom
temperature. The modified film was removed from the above solution
and washed thoroughly with dry ethanol. The modified films were dried
using a hot air gun (at approximately 8G) before being stored in a
desiccator until required for use. The active area of the film is 0.8 cm
(geometric areax 1000 (surface roughness), which is 800%cithe
density of sites at which a phosponate linker may be adsorbeckis 2
10" cm™2.1% On this basis, it is estimated that there are approximately
5 x 10 tripodal [2]rotaxanes (or the corresponding axle components)
adsorbed at the surface of the Bi@im.
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Paramagnetic Suppression Nuclear Magnetic Resonance Spec- electrode (WE) was an isolated platinum wire. The counter electrode
troscopy. To measure a PASSY (paramagnetic suppression) NMR (CE) was isolated platinum gauze. The reference electrode (RE) was a
spectrum of a solution of a given molecular component in acetorfitrile, nonaqueous Ag/Af electrode filled with 10 mM AgN® in the
a known volume of the sample (1 mL), was first deoxygenated by electrolyte solution. The electrolyte solution was tetrabutylammonium
bubbling with nitrogen. Zinc metal powder (200 mesh, 10 mg) was perchiorate (TBAP, 0.1 mol dmd) in dry acetonitrile. All solutions
then added?2?! The sample continued to be degassed by bubbling with \yare pubbled with argon gas for 20 min prior to measurement. All
nitrogen. After 30 min, the dispersion became deeply colored indicating cyclic voltammograms were recorded on a Solartron SI 1287 poten-

formation of a radical cation of the viologen, and the proton NMR tiostat controlled by a LabView program running on a Machintosh

spectrum was measured. .
. . Power PC at a scan rate of 20 mV*aunless otherwise stated.
To measure a PASSY (paramagnetic suppression) NMR spectrum

of a dispersion of modified nanoparticles in acetonitti@ known All CVs were recorded for nanostructured Ei@ms under the
volume of the sample (1 mL) was first deoxygenated by bubbling with following conditions: The WE was a nanostructured 7im. The
nitrogen. Chromium trichloride (0.2 mg) was then added and solubilized CE was isolated platinum gauze. The RE was a nonaqueous Ag/Ag
by sonication for 30 min, followed by Zn metal powder (200 mesh, 10 electrode filled with 10 mM AgN@®@in the electrolyte solution. The
mg)2%2t The sample continued to be degassed by bubbling with electrolyte solution was TBAP (0.1 mol dr) in dry acetonitrile. All
nitrogen. After 30 min, the dispersion became deeply colored indicating solutions were bubbled with argon gas for 20 min prior to measurement.
formation of a radical cation of the viologen, and the proton NMR  As above all CVs were recorded on a Solartron S| 1287 potentiostat

spectrum was measured. controlled by a LabView program running on a Machintosh Power PC
Optical Absorption Spectroscopy.All optical absorption spectra 4t 5 scan rate of 20 mV-5 unless otherwise stated.
were recorded at 28C using a Hewlett-Packard 8452A diode array

spectrometer controlled by a LabView program running on a Macintosh Supporting Information Available: Syntheses of the tripodal
Power PC. All samples were contained in a 1.0 cm quartz cuvette.

Cyclic Voltammetry. All cyclic voltammograms (CVs) were viologen find relgteq mole_cular components employed in this
recorded in solution under the following conditions: The working Study. This material is available free of charge via the Internet
at http://pubs.acs.org.

(23) Carrington, A.; McLachlan, A. Dintroduction to Magnetic Resonance
Harper and Row: New York, 1967. JA037592G
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