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The so-called slippage methodology has been employed to self-assemble novel [2]-, [3]-, and [4]-rotaxanes
incorporating, respectively, one, two, and three bis-p-phenylene-34-crown-10 macrocyclic components and a
branched “dumbbell Ï component, consisting of three arms containing bipyridinium units attached covalently to
a 1,3,5-trisubstituted benzene central core and each bearing at its other end a substituted tetraarylmethane
stopper. The absorption spectra, luminescence properties, and electrochemical behaviour of the branched
component and its [2]-, [3]-, and [4]-rotaxanes have been investigated and discussed on the basis of the
properties of their chromophoric and electroactive units. Charge- and energy-transfer processes between speciÐc
chromophoric units and the correlations between the unusual redox patterns of the various compounds have
been evidenced and interpreted. The 1H-NMR spectroscopic investigation of the “ free Ï triply-branched
hexacationic core, containing three bipyridinium units, one in each arm and terminated by bulky hydrophobic
tetraarylmethane-based stoppers revealed, in chloroform solution, the formation of aggregatesÈa phenomenon
which has been modeled using force Ðeld calculations. In addition, the formation of a gel was observed after the
slow liquidÈliquid di†usion of hexane into a chloroform solution of the triply-branched compound.
Field-emission scanning electron microscopic investigation of this gel revealed the presence of domains of
regular size. Surface-pressureÈarea measurements demonstrated the formation of stable monolayers by the “ free Ï
backbone and the rotaxanes at an airÈwater interface : two distinct aggregates are formed by each compound.
Interestingly, for the rotaxanes, the measured limiting area per molecule of both aggregates increases with the
number of macrocyclic components which are incorporated within the rotaxane molecule. Atomic force
microscopic analyses of the monolayers transferred onto mica revealed signiÐcant di†erences in their shapes
when the two distinct aggregates formed by the same compound at di†erent pressures were compared. In
particular, the section analyses of the monolayers showed nanosized domains possessing diameters ranging from
approximately 10 to 56 nm.

Rotaxanes and polyrotaxanes (Fig. 1) are molecular com-
pounds composed of a backbone incorporating thread-like
units, encircled by one or more macrocyclic components.2
Bulky groups termed stoppers are attached covalently to one
or both ends of the thread-like units in order to prevent
dethreading of the macrocyclic component. As a result, mecha-
nical bonds are ultimately responsible for holding together
such molecular assemblies. Most of the rotaxanes and poly-
rotaxanes reported in the literature so far incorporate a
dumbbell-shaped backbone (Fig. 1a) composed of a thread-
like unit having stoppers at both ends. However, recently,
several investigators have explored the possibility of gener-
ating rotaxanes and polyrotaxanes incorporating backbones
with di†erent topologies. In particular, a number of side-chain
polyrotaxanes of the type schematically shown in Fig. 1b and
1c have been synthesized by Born and Ritter,3 employing
cyclodextrins as the macrocyclic components. On the other
hand, we have envisaged the possibility of synthesizing
branched rotaxanes (Fig. 1d) with the ultimate goal of gener-

* Fax : ]1310 206 1843 ; E-mail : stoddart=chem.ucla.edu
¤ ““Molecular Meccano,ÏÏ Part 361.
” Present address : Institut de Ciència de Materials e Barcelona
(CSIC), Campus Universitari, 08193-Bellaterra, Spain.
° Present address : Department of Chemistry and Biochemistry, Uni-
versity of California, Los Angeles, 405 Hilgard Avenue, Los Angeles,
CA 90095-1569, USA.

ating dendritic4 polyrotaxanes. The backbones of these rotax-
anes incorporate three thread-like units attached covalently to
a central core and bearing at the other end a bulky stopper.
Thus, when one, two, or all three thread-like units are encir-
cled by a macrocyclic component, a [2]-, a [3]-, or a [4]-
rotaxane, respectively, is obtained. By replacing the stoppers
with appropriate branching points and attaching covalently a
new generation of thread-like units encircled by a macrocyclic
component to them, it should be possible, in principle, to con-

Fig. 1 Schematic representation of (a) main-chain, (b, c) side-chain,
and (d) branched rotaxanes
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struct dendritic structures generation after generationÈ
namely, dendritic polyrotaxanes.

The synthetic strategy we have chosen to self-assemble
branched rotaxanes, such as the one schematically depicted in
Fig. 1d, is that of slippage.5 This simple and appealing, and
also efficient, approach to self-assembling rotaxanes involves
the synthesis (i) of a p-electron rich hydroquinone-based
macrocyclic polyether and (ii) of a p-electron deÐcient
bipyridinium-based triply-branched backbone. The macro-
cycle must possess a cavity large enough to be able to slip
over the stoppers of the backbone under the inÑuence of an
appropriate amount of thermal energy. The noncovalent
bonding interactions between the recognition sites incorpor-
ated by design into the complementary components are
responsible for driving the self-assembly process.6 These inter-
actions are (i) pÈp stacking7 between the complementary bi-
pyridinium and hydroquinone aromatic units, as well as (ii)
hydrogen bonding8 between the polyether oxygen atoms and
the hydrogen atoms in the a-positions with respect to the
nitrogen atoms on the bipyridinium units. Here, we report : (i)
the synthesis of a triply-branched bipyridinium-based hexa-
kis(hexaÑuorophosphate) salt and the self-assembly of
branched [2]-, [3]-, and [4]-rotaxanes incorporating the
triply-branched backbone, encircled by one, two, or three
bis-p-phenylene-34-crown-10 macrocyclic components, respec-
tively, using the slippage approach ; (ii) the formation of
aggregates by the triply-branched bipyridinium-based hexa-
kis(hexaÑuorophosphate) salt in chloroform solution and a
computational analysis of this phenomenon; (iii) the ability of
these molecules to form Langmuir Ðlms at airÈwater interfaces
and their atomic force microscopic analyses ; and (iv) the
investigation of the charge- and energy-transfer processes
occurring between the several chromophoric and electroactive
units incorporated in these molecules, as well as their unusual
redox properties.

Results and Discussion

Synthesis

The hexakis(hexaÑuorophosphate) salt incorporates4 É 6PF6three bipyridinium recognition sites attached to a 1,3,5-tri-

methylenebenzene core and carries, at their termini, bis(4-t-
butylphenyl)-4-methylphenylmethane-based stoppers. This
compound was synthesized5e as illustrated in Scheme 1. Reac-
tion of an excess of 4,4Ï-bipyridine with 1,3,5-tris-
(bromomethyl)benzene 1 in MeCN solution heated under
reÑux over4 d, followed by counter ion exchange, gave the
tris(hexaÑuorophosphate) salt Alkylation of2 É 3PF6 . 2 É 3PF6with the chloride 3 under ultrahigh pressure conditions in
DMF at 40 ¡C over 48 h a†orded the hexakis(hexaÑuorophos-
phate) salt in a yield of 47% after counter ion4 É 6PF6exchange.

In previous work,5a we have demonstrated that the p-
electron rich hydroquinone-based macrocyclic polyether,
bis-p-phenylene-34-crown-10 (BPP34C10), possesses a cavity
large enough to slip over the bis(4-t-butylphenyl)-4-
methylphenylmethane-based stoppers at 50 ¡C in MeCN:
these particular experimental conditions correspond to those
we have employed5 for the self-assembly of simple
[2]rotaxanes by slippage. Thus, by heating an MeCN solution
of the hexakis(hexaÑuorophosphate) salt and 2 mol4 É 6PF6equivalents of BPP34C10 at 50 ¡C over 10 d, the [2]rotaxane

the [3]rotaxane and [4]rotaxane5 É 6PF6 , 6 É 6PF6 , 7 É 6PF6were self-assembled5e (Scheme 2) in yields of 46, 26, and 6%,
respectively. When the reaction was repeated in the presence
of 15 mol equivalents of BPP34C10 under otherwise identical
conditions, corresponding yields were 19, 41, and 22%, respec-
tively. Thus, despite the use of a very large excess of the
macrocycle BPP34C10, the major product of the reaction is
the [3]rotaxane and not the “ fully-occupiedÏ6 É 6PF6[4]rotaxane Presumably, this result is a consequence7 É 6PF6 .
of (i) the steric crowding around the central benzenoid core
and (ii) the “alongside Ï pÈp stacking interactions between the
hydroquinone rings of the two macrocyclic components
already incorporated within the [3]rotaxane and the6 É 6PF6“ free Ï bipyridinium unit. A combination of these two pheno-
mena could result in a negative allosteric e†ect which
enhances the free energy of activation associated with the slip-
page of the third macrocyclic component to a†ord 7 É 6PF6 .

Electrospray mass spectrometry

The hexakis(hexaÑuorophosphate) salt and the rotax-4 É 6PF6anes and were characterized5 É 6PF6 , 6 É 6PF6 , 7 É 6PF6

Scheme 1 Synthesis of the hexakis(hexaÑuorophosphate) salt 4 É 6PF6
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Scheme 2 Self-assembly of the [n]rotaxanes and by slippage5 É 6PF6 , 6 É 6PF6 7 É 6PF6

(Table 1) by electrospray (ES) mass spectrometry. The ES
mass spectra of all four compounds showed peaks at m/z
values for corresponding to the loss of two[M [ 2PF6]2`,
hexaÑuorophosphate counter ions. In the case of the
[3]rotaxane and the [4]rotaxane peaks for6 É 6PF6 7 É 6PF6 ,

at m/z 1338 and 1517, respectively, corre-[M[ 3PF6]3`sponding to the loss of three hexaÑuorophosphate counter
ions, were also observed. Furthermore, signals for [2M

at m/z of 2106, 2464 and 2821, corresponding to[ 3PF6]3`the loss of three hexaÑuorophosphate counter ions from
dimeric species, were observed9 for and4 É 6PF6 , 5 É 6PF6 ,

respectively. Presumably, these dimers are formed as6 É 6PF6 ,
a result of intermolecular pÈp stacking interactions.

1H-NMR spectroscopy

The chemical shifts (d) for the hydrogen atoms in the a- and
b-positions with respect to the nitrogen atoms on the bipyri-
dinium units, as well as for the hydrogen atoms attached to
the hydroquinone rings of the macrocyclic polyether com-
ponents in the rotaxanes and are5 É 6PF6 , 6 É 6PF6 7 É 6PF6 ,
listed in Table 2, together with the d values for the corre-
sponding protons of “ free Ï BPP34C10 and the
hexakis(hexaÑuorophosphate) salt The 1H-NMR4 É 6PF6 .
spectrum, recorded in at 25 ¡C of BPP34C10CD3COCD3in its “ free Ï form, shows a singlet centered on d 6.77 for
the protons attached to the hydroquinone rings. For the

[2]rotaxane the [3]rotaxane and the5 É 6PF6 , 6 É 6PF6 ,
[4]rotaxane incorporating one, two and three macro-7 É 6PF6cyclic components, respectively, the hydroquinone rings
protons still resonate as a singlet in each case but their signals
are shifted to d 5.96, 6.05 and 6.15, respectively. The signiÐcant
changes in the chemical shifts are a consequence of the shield-
ing e†ects exerted by the bipyridinium units located “ inside Ï
the cavity of each macrocyclic polyether. In addition, the
[2]rotaxane and the [3]rotaxane incorporate5 É 6PF6 6 É 6PF6two and one “ free Ï bipyridinium units, respectively, which can
sustain “alongside Ï pÈp stacking interactions with the hydro-
quinone rings of the macrocyclic polyether component(s)
already incorporated within the rotaxanes, giving rise to more
pronounced shielding e†ectsÈi.e., higher [*d values. Thus,
the chemical shift change associated with the resonances of the
hydroquinone ring protons is inversely proportional to the
number of macrocyclic components incorporated within the
rotaxane assemblies. Interestingly, a linear correlation (Fig. 2)
is observed between the d values and the number of macro-
cyclic components n [ 1 incorporated within such
[n]rotaxanes.

The 1H-NMR spectrum, recorded in at 25 ¡C,CD3COCD3of the hexakis(hexaÑuorophosphate) salt shows (Fig.4 É 6PF63a) only two doublets of equal intensities centered on d 9.42
and 9.26 for the two sets of hydrogen atoms in the a-positions
with respect to the nitrogen atoms in the bipyridinium units.
By incorporating one macrocyclic component, the sym-C3

Table 1 Electrospray mass spectrometry dataa,b for the hexakis(hexaÑuorophosphate) salt and the rotaxanes and4 É 6PF6 5 É 6PF6 , 6 É 6PF6 ,
7 É 6PF6

Compound Mc [2M[ 3PF6]3` [M[ 2PF6]2` [M[ 3PF6]3`
4 É 6PF6 (3373) 2106 1543 Èe
5 É 6PF6 (3909) 2464 1811 Èe
6 É 6PF6 (4446) 2821 2080 1338
7 É 6PF6 (4982) Èd 2348 1517

a ES-MS spectra were obtained using a VG Prospec triple-focusing magnetic sector instrument operating at 4 kV accelerating voltage and Ðtted
with an electrospray ion source. Solvent delivery to the spraying capillary employed a Jasco HPLC pump operating at a Ñow rate of 40 lL
min~1. Solutions of samples (5È10 pmol lL~1 in MeCN) were introduced into the solvent Ñow via a Rheodyne model 7125 injection valve with a
20 lL loop. b The measured masses correspond to the centroids of the unresolved isotopic distributions for each species. The peaks corresponding
to the molecular ions and species are outside the mass range scanned. c The molecular weights M are listed in parentheses. d Outside[M [ PF6]`the mass range scanned. e Not observed.
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Table 2 Chemical shifts (d) for the hydrogen atoms in the a- and b-positions with respect to the nitrogen atoms on the bipyridinium units and
for the hydrogen atoms attached to the hydroquinone rings incorporated within the macrocyclic components in at 25 ¡CCD3COCD3

Compound a-CH b-CH ArH

BPP34C10 È È 6.77
4 É 6PF6a 9.42, 9,26 8.69, 8.64 È
5 É 6PF6b 9.37, 9.29, 9.09, 9.02 8.59, 8.54, 8.17-8.09 5.96
6 É 6PF6b 9.32, 9.24, 9.15, 9.12 8.52, 8.36, 8.28-8.19 6.05
7 É 6PF6c 9.20, 9.11 8.31, 8.27 6.15

a The 1H-NMR spectrum shows two pairs of doublets for the a- and for the b-protons. b The 1H-NMR spectrum shows four doublets for the a-
and two doublets and one multiplet for the b-protons.

metry is lost and the 1H-NMR spectrum of the [2]rotaxane
shows (Fig. 3b) two doublets integrating each for four5 É 6PF6protons at d 9.37 and 9.29, as well as two more doublets, each

integrating for two protons at d 9.09 and 9.02. The more
intense signals observed at lower Ðelds correspond to the a-
protons on the “ free Ï bipyridinium units, while the a-protons
on the bipyridinium unit encircled by the macrocyclic com-
ponent resonate at higher Ðelds as a result of shielding e†ects
exerted by the sandwiching hydroquinone rings. For the
[3]rotaxane incorporating two macrocyclic com-6 É 6PF6ponents, four doublets for the a-protons are still observed as
shown in Fig. 3(c). However, now the two doublets at lower
Ðelds (d 9.32 and 9.24) are the less intense, integrating each for
two of the four a-protons of the “ free Ï bipyridinium recogni-
tion site, while the two partially overlapping doublets centered
on d 9.09 and 9.02 integrate for a total of eight protonsÈi.e.,
the a-protons of the two “occupiedÏ bipyridinium recognition
sites. In the case of the [4]rotaxane the introduction7 É 6PF6 ,
of a third macrocyclic component onto the hexacationic back-
bone restores the original symmetry and only two doubletsC3of equal intensity are observed. Nonetheless, these signals res-
onate at higher Ðelds (d 9.20 and 9.11) than in the case of the
hexakis(hexaÑuorophosphate) salt once again as a4 É 6PF6 ,
result of the shielding e†ect su†ered by the protons on the
bipyridinium units encircled by the macrocyclic polyether.
Similar changes in the d values and in the number of signals
associated with the b-protons are observed (Table 2) in the
1H-NMR spectra of and of the rotaxanes4 É 6PF6 5 É 6PF6 ,

and as a result of the variation of the sym-6 É 6PF6 7 É 6PF6metry and of the magnitude of the shielding e†ect.
The hexacationic salt possesses a highly-charged4 É 6PF6

Fig. 2 Plot of the chemical shifts d for the hydrogen atoms attached
to the hydroquinone rings of the macrocyclic polyether components
versus the number of macrocyclic components (n [ 1) incorporated
within the [n]rotaxanes and5 É 6PF6 , 6 É 6PF6 7 É 6PF6

bipyridinium-based hydrophilic core surrounded by hydro-
phobic tetraarylmethane-based stoppers and, as a result of its
amphiphilic nature, it is perhaps not surprising that it forms
aggregates10 in low polarity solvents, such as andCHCl3The 1H-NMR spectra of recorded in eitherCH2Cl2 . 4 É 6PF6 ,

or (Fig. 4a and 4b, respectively) atCD3CN CD3COCD3room temperature, show sharp and well-resolved resonances.
On the contrary, when the relatively low polarity solvent

is employed (Fig. 4c), broad resonances are observedCDCl3over a wide range of concentrations (10~2È10~3 M) and tem-
peratures ([60 to ]30 ¡C). These results suggest that, as a
result of the relatively low degree of solvation achieved in

Fig. 3 Partial 1H-NMR spectra of (a) the hexakis(hexa-
Ñuorophosphate) salt and the [n]rotaxanes (b) (c)4 É 6PF6 5 É 6PF6 ,

and (d) in at room temperature,6 É 6PF6 7 É 6PF6 CD3COCD3showing the resonances for the hydrogen atoms in the a-positions
with respect to the nitrogen atoms on the bipyridinium units
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Fig. 4 Partial 1H-NMR spectra of the hexakis(hexaÑuorophosphate)
salt in (a) (b) (c) (d)4 É 6PF6 CD3CN, CD3COCD3 , CDCl3 ,

(85 : 15), and (e) (70 : 30) atCDCl3ÈCD3COCD3 CDCl3ÈCD3COCD3room temperature, showing the resonances for the hydrogen atoms in
the a-positions and the b-positions with respect to the nitro-(H

a
) (H

b
)

gen atoms on the bipyridinium units

the hexacationic cores of independent molecules ofCDCl3 ,
and their counter ions form aggregates in solution.4 É 6PF6Titration of a solution of (10~3 M) withCDCl3 4 É 6PF6results in gradual sharpening (Fig. 4d) of theCD3COCD3resonances in the 1H-NMR spectra. After the addition of ca.

30% of the aggregates are dismembered andCD3COCD3 ,
sharp resonances are observed as shown in Fig. 4e. The con-
centration dependence of the chemical shift d of the hydrogen
atoms in the a-positions with respect to the nitrogen atomsH

aon the bipyridinium units in (70 : 30) atCDCl3ÈCD3COCD3room temperature is illustrated in Fig. 5. SigniÐcant changes
in the d values are observed at low concentrations (\10~3
M), as a result of the equilibration of in its “ free Ï and4 É 6PF6aggregate forms. On the contrary, full aggregation is achieved
at higher concentrations ([10~3 M) and no relevant changes
in the d values are observed. Optical microscopic investigation
of solutions of of various concentrationsCHCl3 4 É 6PF6(10~2È10~4 M) did not reveal any lyotropic state. Nonethe-
less, the formation of a gel was observed after the slow liquidÈ
liquid di†usion of hexane into a solution ofCHCl3 4 É 6PF6(10~3 M). Examination of the gel formed after slow evapo-
ration of the solvent from a THF solution of by Ðeld-4 É 6PF6emission scanning electron microscopy (FE-SEM) revealed
(Fig. 6) the formation of regular plate-like fragments with a
size of approximately 100È200 nm.

Absorption and luminescence properties

The compounds examined in this paper are particularly inter-
esting species from the viewpoint of absorption and lumines-
cence properties since they contain a number of chromophoric
units. Some of these units are relatively isolated, whereas

Fig. 5 Plot of the chemical shifts (d) corresponding to the center of
the multiplet associated with the hydrogen atoms in the a-H

apositions with respect to the nitrogen atoms on the bipyridinium units
of against the molar concentration in4 É 6PF6 CDCl3ÈCD3COCD3(70 : 30) at room temperature

others interact more or less strongly. In this regard, a com-
parison between the properties of suitable model compounds
for each chromophoric unit and the properties of the triply-
branched compound 46` and its [n]rotaxanes 56`, 66`, and
76` can be enlightening.

The chromophoric units that can be singled out in the
examined compounds are of the following types (Fig. 7) :
methoxybenzene (MB), p-dimethoxybenzene (PDMB), p-
methoxytriphenylmethane derivative stopper (S), and diben-
zylbipyridinium dication (DBV). For example, the [2]rotaxane
56` is composed of a BPP34C10 macrocycle, which contains
two PDMB-type chromophoric groups, and the 46` com-
ponent, which contains three DBV-type, three MB-type and
three S-type units.

The most relevant absorption and emission data are col-
lected in Table 3. The absorption and emission spectra
(MeCN solution, room temperature) of the model
compounds5f,g,11,12 MB, PDMB, DBV and S are shown in
Fig. 8a. The absorption spectrum of the branched compound
46` is compared with the sum of the spectra of its component
units in Fig. 8b, and the spectra of the branched rotaxanes
56`, 66`, and 76` are displayed in Fig. 9. None of the com-
ponent units shows absorption bands above 310 nm. MB,
PDMB and S exhibit a strong Ñuorescence band in the 280È

Fig. 6 Field-emission scanning electron micrograph of the gel
formed by slow evaporation of the solvent from a THF solution of
4 É 6PF6
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Fig. 7 Chromophoric and electroactive units that can be identiÐed
in the [2]rotaxane 56`

360 nm spectral range, whereas DBV does not show any lumi-
nescence. As previously observed,5f,11 the absorption
spectrum of the BPP34C10 macrocycle has the shape expected
for two PDMB units, but it is less intense ; its Ñuorescence
spectrum is identical to that of PDMB, except for a lower (ca.
30%) intensity.

The triply-branched compound 46` contains both electron-
acceptor (DBV) and electron-donor (MB and S) units, as does
the previously investigated thread-type compound formally
derived from 46` by cutting one of its three arms.5f One
could therefore expect the presence of intramolecular charge-
transfer (intra-CT) bands, as is indeed the case [Fig. 8b]. The
broad and weak band in the near-UV region nm),(kmax B 340
which is present also in the bis(p-methoxydibenzyl)bipyridin-
ium dication,5f can be assigned to the interaction between the
directly connected methoxybenzene and bipyridinium units.
From the absorption spectra, nothing can be said about the

Fig. 8 (a) Absorption spectra (MeCN solution, room temperature) of
the model compounds MB (ÈÈÈ), PDMB (É É É É É É É), DBV (ÈÉÈÉÈÉ ),
and S (È È È È) ; the inset shows the emission spectra of MB (ÈÈÈ),
PDMB (É É É É É É É), and S (È È È È) under the same conditions. (b)
Absorption spectrum of the branched compound 46` (ÈÈÈ) com-
pared with the sum of the spectra of its component units (É É É É É É É)

interaction of the stoppers with the bipyridinium units. The
presence of an intra-CT excited state below the luminescent
excited states of the MB-type units of 46` has important con-
sequences on the emission properties, since such a CT state
introduces a fast radiationless deactivation route, thereby

Fig. 9 Absorption spectra of the branched rotaxanes 56` (É É É É É É É),
66` (È È È È), and 76` (ÈÈÈ)

Table 3 Absorption, luminescence, and electrochemical properties

Absorptiona Luminescencea Electrochemistryb

Compound kmax/nm e/M~1 cm~1 kmax/nm ' s/ns E1@2red /V vs. SCE Eox/V vs. SCEc

MBd 277 1400 293 0.10 5.0 È ]1.8
PDMBd 290 2800 320 0.11 2.5 È ]1.3
BPP34C10 290d 5200d 320d 0.08d 2.5d È ]1.28 ;e ]1.37e
Sd 270 2600 314 0.08 4.5 È ]1.5
DBVf 259 18000 È È È -0.35 ; -0.78 È
46` 240 12500 313 O5 ] 10~4 \0.5g -0.32 (3) ; -0.77h B]1.5i

340 2000
56` 250 9000 È È È -0.33 (2) ;j -0.43 ;j ]1.4 ; ]1.5i

440 800 -0.76 (2) ; -0.83h
66` 250 7500 È È È -0.31 ;j -0.43 (2) ;j ]1.4 ; ]1.5i

440 1200 -0.76 (2) ;j -0.86 (2)j
76` 250 8000 È È È -0.42 (3) ; -0.85 (3) ]1.4 ; ]1.6i

440 1600

a MeCN solution, 298 K. b Argon-purged MeCN solution, 298 K; halfwave potential values in V vs. SCE; reversible and monoelectronic pro-
cesses, unless otherwise noted ; for reversible processes, the number of exchanged electrons is indicated in parentheses. c All oxidation processes
are not fully reversible ; potential values estimated from DPV peaks. d Data from ref. 5( f ). e Data from ref. 11. fData from ref. 12. g A long-lived
component (sB 5 ns) is assigned to the presence of an S-type impurity. h A†ected by adsorption phenomena. iOther irreversible waves follow up
to 2.0 V. jPotential values estimated from the DPV scan after deconvolution Ðt of the peak proÐles.13
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quenching the MB-type Ñuorescence (Table 3). Interestingly,
in 46` there is some weak, residual Ñuorescence at 313 nm,
indicating that the strong Ñuorescence of the S units is sub-
stantially, but not completely, quenched.

The absorption spectra of the branched rotaxanes 56`, 66`,
and 76` are shown in Fig. 9. In the spectrum of the
[2]rotaxane 56`, the intra-CT band around 340 nm of the 46`
component can no longer be seen because it is covered by a
high intensity tail, and another broad absorption band is
present around 450 nm. Such a band, which is typical of
rotaxanes made of a bipyridinium-type unit surrounded by a
BPP34C10 macrocycle,5f can be assigned to a charge-transfer
transition involving the electron-donor PDMB-type units of
the BPP34C10 macrocycle and the electron-acceptor DBV-
type unit of the 46` component. Such a band and the corre-
sponding electronic transition are indicated by inter-CT to
avoid confusion with the above discussed intra-CT found in
the “ free Ï triply-branched compound 46`.

As far as luminescence is concerned, the spectrum of the
[2]rotaxane 56` di†ers strongly from the sum of the spectra
of its two separated components BPP34C10 and 46` (Table
3). Neither the weak emission band of the S-type unit of 46`,
nor the strong emission band of the BPP34C10 macrocycle
are present. This result can be accounted for by the charge-
transfer interaction, already evidenced by the absorption
spectra, between the macrocycle and the bipyridinium unit of
46`. The inter-CT excited state, in fact, lies below the Ñuores-
cent excited state of S and BPP34C10, and therefore o†ers a
fast radiationless deactivation route to such levels.

The [3]rotaxane 66` and the [4]rotaxane 76` di†er from
the [2]rotaxane 56` because of the additional presence of a
second and, respectively, a third BPP34C10 macrocycle. It is
therefore expected that the inter-CT absorption band becomes
twice and, respectively, three times more intense than that of
56`. Although an increase in the absorption intensity is
clearly observed (Fig. 9), quantitatively the increase is lower
than expected. This result can be accounted for by two di†er-
ent e†ects : (i) in the [2]rotaxane, and, to a lesser extent in the
[3]rotaxane, the bipyridinium units not encircled by a crown
ether can be engaged in “alongside Ï donorÈacceptor inter-
actions with the crown ether encircling another bipyridinium
unit, thereby increasing the intensity of the CT band; (ii) steric
crowding could preclude optimization of the donorÈacceptor
interactions in the [3]- and [4]-rotaxanes, which would imply
a small contribution to the CT band. The Ðrst e†ect is sup-
ported by a comparison with the CT absorption band of a
[2]rotaxane composed of BPP34C10 and a simple thread cor-
responding to one arm of 46`. In such a compound, the inter-
CT absorption band is about 40% less intense than that of
56`. No emission can be observed for 66` and 76` for the
same reason as discussed in the case of 56`.

Electrochemical properties

As with the spectroscopic properties, it is convenient to
discuss the electrochemical properties of the branched com-
pound 46` and its [n]rotaxanes by comparison with the
properties of model compounds of their electroactive units.
Such model compounds are again the previously
studied5f,g,11,12 methoxybenzene (MB), p-dimethoxybenzene
(PDMB), p-methoxytriphenyl-methane derivative stopper (S),
and dibenzylbipyridinium dication (DBV) (Fig. 7). The electro-
chemical properties of the branched compound 46` and the
branched rotaxanes 56`, 66`, and 76` are displayed in Table
3, where the electrochemical properties of the BPP34C10
crown ether and of the model compounds5f,g,11 are also
shown for comparison purposes. In general, the reduction
processes, which involve the bipyridinium-like units, are
reversible, whereas the oxidation processes are not fully
reversible.

The triply-branched compound 46` shows a reversible
three-electron reduction wave at [0.32 V and a following
wave at ca. [0.77 V strongly disturbed by electrode adsorp-
tion. A thread-type compound formally derived from 46` by
cutting one of its three arms was previously shown to exhibit
two reversible bielectronic processes at [0.33 and [0.78 V,
assigned to the simultaneous Ðrst and, respectively, second
reduction of its two bipyridinium units.5f By comparison, the
two processes observed for 46` can therefore be assigned to
the simultaneous Ðrst and, respectively, second reductions of
its three bipyridinium units.

On oxidation, the electroactive units of 46` are expected to
be the three MB- and three S-type units. We have found
several irreversible waves in a very positive range of potential
(the Ðrst wave is at ca. ]1.5 V), where the oxidation of the
MB and S model compounds take place5f (Table 3). SpeciÐc
assignments, however, are precluded by the irreversible nature
of the observed processes.

The branched rotaxanes 56`, 66`, and 76`, besides the elec-
troactive units of the triply-branched backbone 46`, contain
the BPP34C10 macrocycle whose two PDMB-type units are
oxidized at distinct potentials :11 the Ðrst oxidation wave prac-
tically coincides with that of PDMB, whereas the second one
is displaced to a slightly more positive potential. In the
[2]rotaxane 56`, one of the three bipyridinium-type units is
engaged in electron-donorÈacceptor interactions with the
crown ether, and is therefore expected to be reduced at a more
negative potential than the other ones. In accordance with
these expectations, we have found four waves : (i) a bielectron-
ic wave at [0.33 V (i.e., at a potential very close to that found
for the Ðrst reduction of 46`),14 assigned to the simultaneous
reduction of the two “ free Ï bipyridinium-type units ; (ii) a
monoelectronic wave at more negative potential ([0.43 V),
assigned to the Ðrst reduction of the bipyridinium-type unit
encircled by the crown ether ; (iii) a bielectronic wave at [0.76
V, assigned to the simultaneous second reduction of the two
“ free Ï bipyridinium-type units ; (iv) a fourth wave around
[0.83 V, perturbed by adsorption phenomena, which can be
assigned to the second reduction of the bipyridinium-type unit
encircled by the crown ether. The same reduction pattern,
except for the number of exchanged electrons, was observed
for the [2]rotaxane made of a BPP34C10 macrocycle and the
previously mentioned thread-type compound containing only
two electroactive bipyridinium-type units.5f On oxidation, the
[2]rotaxane 56` shows a wave, not present in 46`, at ]1.4 V,
which can be assigned to oxidation of the crown ether.
Because of the charge-transfer interaction, oxidation occurs at
a more positive potential than the Ðrst oxidation wave of the
free crown ether.5f,11 Furthermore, even if the process is not
fully reversible, it seems that oxidation of the two PDMB-type
units of the crown ether occurs at the same potential, contrary
to what is observed for the free crown ether (Table 3). This
di†erent behaviour is most likely due to the fact that the two
PDMB-type units of the crown ether in the [2]rotaxane are
prevented from interacting by the interposed bipyridinium-
type unit. At more positive potentials (P]1.5 V), irreversible
oxidation waves are present, on account of the S- and
MB-type units of the 46` component.

The electrochemical behaviour of [3]rotaxane 66` can be
straightforwardly explained on the basis of the above dis-
cussion. On reduction, a Ðrst monoelectronic wave, assigned
to the Ðrst reduction of the “ free Ï bipyridinium-type unit, is
followed by a bielectronic wave, assigned to the Ðrst reduction
of the two bipyridinium-type units encircled by the crown
ether. Even the second reduction of the three bipyridinium-
type units, which occurs at more negative potentials, takes
place with the same 1 : 2 pattern. On oxidation, the behaviour
of [3]rotaxane 66` is again similar to that of [2]rotaxane 56`,
with a more intense wave in correspondence of oxidation of
the PDMB-type units. In the [4]rotaxane 76`, the three
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bipyridinium-type units are expected to be electrochemically
equivalent since each one is encircled by a crown ether. In
agreement with this expectation, we have found two tri-
electronic waves corresponding to the Ðrst and second
reduction of the bipyridinium-type units, a situation similar to
that observed for the 46` backbone. In the case of the
[4]rotaxane, the waves occur at more negative potentials
because of the CT interaction. As far as oxidation is con-
cerned, the behaviour of 76` is in line with that of 66` and
56`.

The correlation of the electrochemical properties of 46` and
its [2]-, [3]-, and [4]-rotaxanes is nicely illustrated by Fig. 10,
where the DPV peaks corresponding to the Ðrst reduction of
the bipyridinium-type units are shown. In going from 46` to
76`, the areas of the peak at [0.32 V decrease with a decreas-
ing number of free bipyridinium-type units and, in parallel, the
areas of the peak at [0.42 V increase with an increasing
number of encircled bipyridinium-type units. It should also be
noted that the DPV peak of 76` is broader than that of 46`,
presumably because in 76` the single [2]rotaxane subunits
may have slightly di†erent equilibrium conformations because
of steric constraints, in agreement with the observation made
above on the relative intensity of the inter-CT band of the
[n]rotaxanes. Correlations for the other electrochemical pro-
cesses are made difficult by the lack of full reversibility and/or
presence of electrode adsorption phenomena.

Molecular modeling

In order to visualize the tridimensional structures of the
rotaxanes 56`, 66`, and 76` and to explain the formation of
aggregates for the triply-branched backbone 46` in low
polarity solvents, a molecular modeling investigation was per-
formed. In particular, the rotaxanes were subjected individ-
ually to simulated annealing employing the AMBER* force
Ðeld and the GB/SA solvation model for as implementedH2Oin Macromodel 5.0.15 A space-Ðlling representation of the
global minimum found for the [4]rotaxane 76` is shown in
Fig. 11.

For the triply-branched backbone 46`, a dimeric aggregate
incorporating twelve acetate16 counter ions was constructed
manually in the input mode of Macromodel 5.0. The dimer
was subjected to simulated annealing employing the
AMBER* force Ðeld and the GB/SA solvation model for

In the resulting global minimum, the polycationicCHCl3 .
core of the two individual monomers and their associated
counter ions are stacked (Fig. 12) to a†ord a highly localized
polar central region, while the polyether chains and appended
tetraarylmethane groups extend into the bulk solvent. On the
contrary, when the simulated annealing was repeated employ-
ing the GB/SA solvation model for a global minimumH2O,

Fig. 10 DPV peaks corresponding to the Ðrst reduction of 46` and
its [2]-, [3]-, and [4]-rotaxanes. The circles indicate the number of
electrons exchanged. The current intensity has been corrected to take
into account di†erences in di†usion coefficients

Fig. 11 Space-Ðlling representation of the global minimum found for
the [4]rotaxane 76` after simulated annealing

with the two triply-branched molecules well separated from
each other was obtained.

Langmuir Ðlms17

Despite the absence of long alkyl chains, the triply-branched
compound and the rotaxanes and4 É 6PF6 5 É 6PF6 , 6 É 6PF6form stable Langmuir monolayer Ðlms at the airÈ7 É 6PF6water interface. The surface-pressureÈarea (pÈA) isotherms of
the monolayers revealed (Fig. 13) two steps in all casesÈi.e.,
each of the four compounds generates two di†erent types of
aggregate. Presumably, the transition from the Ðrst to the
second aggregate is a result of conformational changes which
lead from “expandedÏ to relatively “compact Ï and more
densely packed molecules. For a value of the limiting4 É 6PF6 ,
area per molecule of 580 was measured (Table 4) for theA� 2
Ðrst step. By increasing the pressure, a second step was
observed corresponding to a more densely packed monolayer
with an associated limiting area per molecule of 370 ForA� 2.

Fig. 12 Space-Ðlling representation of the global minimum found for
a dimeric aggregate of 4 É 6AcO after simulated annealing performed
employing the GB/SA solvation model for CHCl3
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Fig. 13 Surface-pressureÈarea (pÈA) isotherms measured for the
“ free Ï backbone and for the rotaxanes and4 É 6PF6 5 É 6PF6 , 6 É 6PF67 É 6PF6

the rotaxanes, the values of the limiting area per molecule
associated with the Ðrst step (370, 550 and 810 forA� 2

and respectively) and those associ-5 É 6PF6 , 6 É 6PF6 7 É 6PF6 ,
ated with the second step (230, 370 and 410 forA� 2 5 É 6PF6 ,

Table 4 Values of the limiting area per molecule measured for the
Langmuir Ðlms associated with the hexakis(hexaÑuorophosphate) salt

and the rotaxanes and at airÈ4 É 6PF6 5 É 6PF6 , 6 É 6PF6 7 É 6PF6water interface

Compound A1a/A� 2 A2b/A� 2 *Ac/A� 2
4 É 6PF6 580 370 210
5 É 6PF6 370 230 140
6 É 6PF6 550 370 180
7 É 6PF6 810 410 400

a Limiting area per molecule associated with the Ðrst step observed
(Fig. 13) in the surface-pressureÈarea (pÈA) isotherms. b Limiting area
per molecule associated with the second step observed in the pÈA
isotherms. c Di†erence between the values of the limiting area per
molecule measured for the Ðrst and second steps of the pÈA isotherms
(*A\A1[ A2).

Fig. 14 Atomic force micrographs of the (a) Ðrst and (b) second
monolayers (area per molecule 580 and 370 respectively) formedA� 2,
by the “ free Ï backbone 4 É 6PF6

and respectively) increase with the number6 É 6PF6 7 É 6PF6 ,
of macrocyclic components incorporated within the rotaxane.
A similar trend is observed (Table 4) for the di†erences
between the values of the limiting area per molecule associ-
ated with the Ðrst step and those associated with the second
which, again, increase with the number of macrocyclic com-
ponents incorporated within the rotaxane. These results
suggest that the higher the number of macrocyclic com-
ponents (i) the more “expandedÏ the geometries of the individ-
ual rotaxane molecules are within the monolayers, as a result
of steric congestion, and (ii) the more signiÐcant the di†er-
ences between the geometries adopted by each rotaxane in the
Ðrst and second step are. In addition, presumably as a result
of intermolecular pÈp stacking interactions involving the two
“ free Ï bipyridinium recognition sites and the “outer faces Ï of
the two hydroquinone rings incorporated within the macro-
cyclic component, the two distinct monolayers formed by the
[2]rotaxane are more densely packed than those5 É 6PF6associated with the less bulky “ free Ï backbone compound

which behaves instead in a manner that is extremely4 É 6PF6reminiscent of the [3]rotaxane 6 É 6PF6 .

Atomic force microscopy

The two distinct monolayers associated with each of the com-
pounds and at the airÈ4 É 6PF6 , 5 É 6PF6 , 6 É 6PF6 7 É 6PF6water interface were transferred onto freshly cleaved mica
while the surface pressure was maintained at 15 and 30 mN
m~1 and then analyzed by atomic force microscopy (AFM).
In the “ free Ï backbone compound the AFM micro-4 É 6PF6 ,
graphs showed (Fig. 14) a marked di†erence in the shape of its
two monolayers. The Ðrst monolayer (limiting area per mol-
ecule 580 in the surface-pressureÈarea (pÈA) isotherm pos-A� 2)
sesses well-deÐned domainsÈi.e., “hills ÏÈwith diameters of ca.
55.6 nm, as revealed (Table 5) by its section analysis. On the
contrary, in the second monolayer (limiting area per molecule
370 in the pÈA isotherm, the diameter of the “hills Ï shrinksA� 2)
to ca. 15.8 nm. In the [2]rotaxane where the di†er-5 É 6PF6 ,
ence in the values of the limiting area per molecule of the Ðrst
and second steps in the pÈA isotherm is only 140 theA� 2,
changes in the shapes of its Ðrst and second monolayers are
(Fig. 15) less evident. Again, the section analysis revealed an
irregular proÐle with the diameter of the “hills Ï and the

Fig. 15 Atomic force micrographs of the (a) Ðrst and (b) second
monolayers (area per molecule 370 and 230 respectively) formedA� 2,
by the [2]rotaxane 5 É 6PF6
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Table 5 Values of the heights and diameters of the “hills Ï and “valleys Ï associated with the section proÐle of the Ðrst and second monolayers of
the hexakis(hexaÑuorophosphate) salt and of the rotaxanes and4 É 6PF6 5 É 6PF6 , 6 É 6PF6 7 É 6PF6

Hills Valleys

Compound Aa/A� 2 h1b/nm d1b/nm h2b/nm d2b/nm

4 É 6PF6 Monolayer I 580 4.31 55.6
Monolayer II 370 4.32 15.8

5 É 6PF6 Monolayer I 370 3.70 15.6 2.65 12.7
Monolayer II 230 1.56 9.6 3.06 6.72

6 É 6PF6 Monolayer Ic 550 2.22 21.1
1.18 11.9

Monolayer II 370 2.98 13.7
7 É 6PF6 Monolayer I 810 3.04 23.4

Monolayer IId 410 4.35 8.3

a Limiting area per molecule associated with the Ðrst and second monolayers of each compound, as determined (Fig. 13) from the surface-
pressureÈarea (pÈA) isotherms. b The heights and and the half-height diameters and are illustrated schematically in the diagram andh1 h2 d1 d2were determined by the section analyses of the atomic force micrographs. c In the Ðrst monolayer on the pÈA isotherm of the [3]rotaxane

two di†erent types of “valleys Ï are observed. d The diameter of the “craters Ï of the “volcanoes Ï characterizing this monolayer is approx-6 É 6PF6 ,
imately 22.4 nm.

“valleys Ï decreasing from ca. 15.6 and 12.7 to ca. 9.6 and 6.7,
respectively, on going from the Ðrst (limiting area per mol-
ecule 370 to the second (limiting area per molecule 230A� 2)

monolayer. In the [3]rotaxane the di†erenceA� 2) 6 É 6PF6 ,
between the shapes of the Ðrst (limiting area per molecule 550

and second (limiting area per molecule 370 mono-A� 2) A� 2)
layers are (Fig. 16) again very pronounced. The section
analysis of the Ðrst monolayer revealed two types of “valleys Ï
having diameters of ca. 21.2 and 11.9 nm. On the contrary, the
section analysis of the second monolayer showed only one
type of “valley Ï with a diameter of ca. 13.7 nm. A much more
signiÐcant di†erence was observed (Fig. 17) between the
shapes of the Ðrst and second monolayers of the [4]rotaxane

where the di†erence in the values of the limiting area7 É 6PF6per molecule associated with its two monolayers is as high as
400 Indeed, while the Ðrst monolayer (limiting area perA� 2.

Fig. 16 Atomic force micrographs of the (a) Ðrst and (b) second
monolayers (area per molecule 550 and 370 respectively) formedA� 2,
by the [3]rotaxane 6 É 6PF6

molecule 810 shows only “hills Ï with a diameter of ca. 23.4A� 2)
nm the second one (limiting area per molecule 410 pos-A� 2)
sesses “volcanoes Ï with “craters Ï having a diameter of ca. 22.4
nm and walls ca. 8.3 nm thick. Thus, the second monolayer
includes morphologically well-deÐned nanometre-sized aggre-
gates formed by the self-organization of self-assembled
[4]rotaxanes.

Conclusions
Three novel [n]rotaxanes, incorporating a triply-branched
bipyridinium-based backbone encircled by one, two, or three
hydroquinone-based macrocyclic polyether components, have
been self-assembled in good yields using the so-called slippage
procedure. The methodology relies on (i) the size complemen-
tarity between the macrocyclic components and the bulky

Fig. 17 Atomic force micrographs of the (a) Ðrst and (b) second
monolayers (area per molecule 810 and 410 respectively) formedA� 2,
by the [3]rotaxane 7 É 6PF6
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tetraarylmethane-based stoppers attached at the periphery of
the p-electron deÐcient backbone, as well as on (ii) cooperative
noncovalent bonding interactions, such as pÈp stacking
between the complementary aromatic units and hydrogen
bonding between the polyether oxygen atoms and the acidic
bipyridinium hydrogen atoms. The characterization of these
molecular compounds was achieved by employing spectro-
scopic and electrochemical techniques. The triply-branched
backbone compound 46` and its [2]-, [3]-, and [4]-rotaxanes
are composed of several chromophoric and electroactive units
and therefore show very interesting spectroscopic and electro-
chemical properties. Charge-transfer and energy-transfer pro-
cesses involving di†erent units have been investigated by
absorption and luminescence experiments. Correlations
among the redox potentials of the various compounds have
allowed the assignment of the reduction and oxidation pro-
cesses to speciÐc electroactive units. An 1H-NMR spectro-
scopic investigation of the hexacationic triply-branched
backbone in its “ free Ï form revealed the formation of aggre-
gates in solution when low polarity solvents, such as CHCl3or are employed. These results are consistent withCH2Cl2 ,
molecular modeling studies showing the formation of aggre-
gates in not in In addition, the formationCHCl3Èbut H2O.
of a gel occurs after the slow liquidÈliquid di†usion of hexane
into a solution of the triply-branched hexacationicCHCl3salt. Field-emission scanning electron microscopic investiga-
tion of the gel revealed the presence of regular sized domains.
Stable Langmuir monolayer Ðlms of the triply-branched hexa-
cationic salt and of the rotaxanes were generated at the airÈ
water interface. The surface-pressureÈarea isotherms revealed
two steps corresponding to the formation of two distinct
monolayers in each case. Consistently, atomic force micro-
scopic analyses of the two distinct monolayers formed by each
compound performed after transferring the monolayers onto
mica surfaces revealed signiÐcant di†erences in their shapes.
Furthermore, the values of the limiting area per molecule
measured for the rotaxanes in both steps of the pÈA isotherms
increase with the number of macrocyclic components incorp-
orated within the rotaxanes, presumably as a result of steric
congestion.

The multicomponent self-assembly of the branched
[n]rotaxanes in good yields demonstrates the potential of slip-
page to generate precisely and efficiently wholly-synthetic
interlocked molecular compounds. The relative simplicity of
this procedure suggests the possibility of constructing more
complex macromolecular systems such as main-, side-chain,
and dendritic oligo- and poly-rotaxanes. Furthermore, not
only the forms but also the functions of the resulting molecu-
lar structures and supramolecular superstructures can be engi-
neered and controlled by introducing electrochemically-
and/or photochemically-active subunits in order to generate
functioning nanometre-sized molecular and supramolecular
device-like systems.18

Experimental

General methods

Chemicals were purchased from Aldrich and used as received.
Solvents were dried [MeCN (from DMF (fromP2O5), CaH2)]according to literature procedures.19 The macrocyclic poly-
ether BPP34C10,11 the tribromide 1,20 and the
tetraarylmethane-based chloride 35f were prepared according
to published procedures. Reactions requiring ultra-high pres-
sures were carried out in TeÑon vessels using a custom-built
ultra-high pressure reactor manufactured by PSIKA Pressure
Systems Limited of Glossop, UK. Thin layer chromatography
(TLC) was carried out on aluminium sheets coated with silica-
gel 60 (Merck 5554), and column chromatography on silica-
gel 60 (Merck 9385, 230-400 mesh). Melting points were

determined on an Electrothermal 9200 melting point appar-
atus and are uncorrected. Microanalyses (in %) were per-
formed by the University of Birmingham Microanalytical
Services. Liquid secondary ion mass spectrometry (LSI-MS),
in conjunction with a 3-nitrobenzyl alcohol or 2-
nitrophenyloctyl ether matrix, was performed on a VG
Zabspec instrument. Electrospray mass spectra (ES-MS) were
measured on a VG Prospec mass spectrometer. 1H-NMR
Spectra were recorded on a Bruker AC300 (300 MHz) spectro-
meter, and 13C-NMR spectra on a Bruker AC300 (75 MHz)
spectrometer.

1,3,5-Tris(4-pyridylpyridiniummethyl)benzene
tris(hexaÑuorophosphate) 2 Æ 3PF

6

1,3,5-Tris(bromomethyl)benzene 1 (0.890 g, 2.50 mmol) was
added as a solid portionwise over 24 h to a reÑuxing solution
of 4,4Ï-bipyridine (11.47 g, 73.4 mmol) in dry MeCN (200 mL).
The reaction mixture was heated under reÑux for a further 3
d. After allowing it to cool down to room temperature, the
reaction mixture was Ðltered and the solid residue was washed
with MeCN (100 mL), followed by (100 mL) and thenEt2Odissolved in (400 mL). The resulting solution was ÐlteredH2Oand then extracted with (2 ] 200 mL). The addition ofCHCl3a saturated aqueous solution of to the aqueous layerNH4PF6a†orded a precipitate, which was Ðltered o† and puriÐed by
column chromatography [SiO2,MeOHÈNH4Cl(2M)ÈMeNO2,7 : 2 : 1]. The resulting solid was dissolved in (200 mL)H2Oand a saturated solution of was added to a†ord aNH4PF6white precipitate, which was Ðltered o† to yield (1.542 É 3PF6g, 61%) : mp 240 ¡C (decomposition) ; LSI-MS: m/z 875 [M

729 1H-NMR d 9.25[ PF6]`, [M [ 2PF6]` ; (CD3COCD3) :(6H, d, J \ 7 Hz), 8.87È8.82 (6H, m), 8.60 (6H, d, J \ 7 Hz),
8.09 (3H, s), 7.95È7.90 (6H, m), 6.17 (6H, m) ; 13C-NMR

d 155.7, 152.1, 146.0, 141.8, 136.1, 131.9, 127.1,(CD3CN) :
122.6, 63.9. Anal. calcd for C 45.90, H 3.26,C39H33F18N6P3 :
N 8.23 ; found C 46.00, H 3.27, N 8.44.

Hexakis(hexaÑuorophosphate) salt 4 Æ 6PF
6

A solution of (245 mg, 0.2 mmol) and the freshly pre-2 É 3PF6pared chloride 3 (1.400 g, 2.0 mmol) in dry DMF (10 mL) was
subjected to a pressure of 15 kbar at 40 ¡C for 48 h. The
solvent was removed in vacuo and the solid residue was
washed with (60 mL) before being dissolved inEt2O(1 : 1, v/v, 200 mL). An aqueous solution ofH2OÈ(Me)2CO

was added and, after the evaporation of aNH4PF6 Me2CO,
white solid precipitated. The solid was Ðltered o†, washed
with (50 mL) and puriÐed by column chromatographyH2O0.08 M in to yield (372 mg,(SiO2 , NH4PF6 Me2CO) 4 É 6PF647%) : mp 225 ¡C (decomposition) ; ES-MS: m/z 2106 [2M

1543 1H-NMR d[ 3PF6]3`, [M [ 2PF6]2` ; (CD3COCD3) :9.42 (6H, d, J \ 7 Hz), 9.26 (6H, d, J \ 7 Hz), 8.69 (6H, d,
J \ 7 Hz), 8.64 (6H, d, J \ 7 Hz), 8.04 (3H, s), 7.63 (6H, d,
J \ 9 Hz), 7.30 (12H, d, J \ 9 Hz), 7.15È7.04 (36H, m), 6.83
(6H, d, J \ 9 Hz), 6.14 (6H, s), 6.09 (6H, s), 4.23È4.17 (6H, m),
4.16È4.09 (6H, m), 3.93È3.64 (12H, m), 2.28 (9H, s), 1.29 (54H,
s) ; 13C-NMR d 161.2, 157.7, 151.5, 151.2, 149.1,(CD3CN) :
146.7, 146.4, 145.3, 145.2, 140.3, 136.3, 135.9, 132.7, 132.1,
131.6, 131.3, 128.8, 128.4, 128.2, 125.7, 125.0, 116.3, 114.0, 70.4,
70.2, 68.5, 68.1, 65.4, 64.6, 63.9, 34.7, 31.6, 20.8. Anal. calcd for

C 61.92, H 5.55, N 2.49 ; foundC174H186F36N6O9P6 É 2H2O:
C 61.26, H 5.61, N 2.46.

[2 ]Rotaxane [3 ]rotaxane and [4 ]rotaxane5 Æ 6PF
6
, 6 Æ 6PF

6
,

7 Æ 6PF
6

Method A. A solution of (169.0 mg, 0.05 mmol) and4 É 6PF6BPP34C10 (54.0 mg, 0.10 mmol) in dry MeCN (1.6 mL) was
stirred at 50 ¡C for 10 d. The solvent was removed in vacuo
and the solid residue was puriÐed by preparative TLC [SiO2 ,

M), 140 : 32 : 18 : 10] toMeOHÈCH2Cl2ÈMeNO2ÈNH4Cl(2
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give, after counter ion exchange saturated(Me2COÈH2O,
aqueous solution of in order of elution, theNH4PF6),[4]rotaxane [3]rotaxane and a red solid,7 É 6PF6 , 6 É 6PF6which was puriÐed further by column chromatography [SiO2 ,

M), 8 : 8 : 1.5] to give theMeOHÈCH2Cl2ÈNH4Cl(2
[2]rotaxane after counter ion exchange5 É 6PF6 ,

saturated aqueous solution of(Me2COÈH2O, NH4PF6).(90.2 mg, 46%) : mp 207 ¡C (decomposition) ; ES-MS:5 É 6PF6m/z 2464 1811 1H-NMR[2M [ 3PF6]3`, [M[ 2PF6]2` ;
d 9.37 (4H, d, J \ 7 Hz), 9.29 (4H, d, J \ 7(CD3COCD3) :Hz), 9.09 (2H, d, J \ 7 Hz), 9.02 (2H, d, J \ 7 Hz), 8.59 (4H, d,

J \ 7 Hz), 8.54 (4H, d, J \ 7 Hz), 8.17È8.09 (7H, m), 7.69 (2H,
d, J \ 9 Hz), 7.62 (4H, d, J \ 9 Hz), 7.32È7.27 (12H, m), 7.15È
7.05 (36H, m), 6.87È6.76 (6H, m), 6.22 (4H, s), 6.16 (2H, s), 6.05
(4H, s), 5.99 (2H, s), 5.96 (8H, s), 4.25È4.17 (6H, m), 4.16È4.08
(6H, m), 3.93È3.85 (12H, m), 3.84È3.55 (32H, m), 2.28 (9H, s),
1.29 (54H, s) ; 13C-NMR d 161.3, 157.7, 152.8, 151.4,(CD3CN) :
149.5, 146.8, 146.7, 146.2, 145.6, 145.5, 140.7, 136.4, 135.9,
132.8, 132.5, 132.3, 131.5, 131.3, 129.2, 128.4, 128.1, 125.4,
116.5, 116.4, 115.7, 114.4, 71.3, 71.2, 70.6, 70.5, 70.3, 68.8, 68.4,
65.4, 64.9, 64.1, 35.0, 31.6, 29.7, 20.9. Anal. calcd for

C 62.02, H 5.82, N 2.15 ; found CC202H226F36N6O19P6 :
62.15, H 5.93, N 2.16. (56.1 mg, 26%) : mp 189 ¡C6 É 6PF6(decomposition) ; ES-MS: m/z 2821 2080 [M[2M [ 3PF6]3`,

1338 1H-NMR d[ 2PF6]2`, [M [ 3PF6]3` ; (CD3COCD3) :9.32 (2H, d, J \ 7 Hz), 9.24 (2H, d, J \ 7 Hz), 9.15 (4H, d,
J \ 7 Hz), 9.12 (4H, d, J \ 7 Hz), 8.52 (2H, d, J \ 7 Hz), 8.36
(2H, d, J \ 7 Hz), 8.28È8.19 (8H, m), 8.11 (3H, s), 7.71 (4H, d,
J \ 9 Hz), 7.60 (2H, d, J \ 9 Hz), 7.30 (12H, d, J \ 9 Hz),
7.15È7.05 (36H, m), 6.82 (6H, d, J \ 9 Hz), 6.27 (6H, s), 6.05
(16H, s), 6.02 (4H, s), 6.01 (2H, s), 4.25È4.17 (6H, m), 4.15È4.07
(6H, m), 3.92È3.84 (12H, m), 3.83È3.60 (64H, m), 2.28 (9H, s),
1.29 (54H, s) ; 13C-NMR d 161.3, 157.8, 153.1, 149.6,(CD3CN) :
147.7, 146.8, 146.5, 146.2, 145.7, 145.6, 140.9, 136.7, 136.5,
132.9, 132.6, 132.4, 131.7, 131.4, 129.3, 128.4, 128.1, 126.4,
126.1, 125.5, 116.6, 116.5, 115.9, 114.5, 71.5, 71.3, 70.8, 70.6,
70.5, 68.9, 68.6, 68.5, 65.1, 64.4, 64.2, 35.1, 31.7, 21.0. Anal.
calcd for C 62.10, H 6.03, N 1.89 ;C230H266F36N6O29P6 :
found C 62.02, H 6.20, N 1.86. (13.0 mg, 6%) : mp7 É 6PF6168 ¡C (decomposition) ; ES-MS: m/z 2348 [M[ 2PF6]2`,
1517 1H-NMR d 9.20 (6H, d,[M [ 3PF6]3` ; (CD3COCD3) :J \ 7 Hz), 9.11 (6H, d, J \ 7 Hz), 8.31 (6H, d, J \ 7 Hz), 8.27
(6H, d, J \ 7 Hz), 8.12 (3H, s), 7.74 (6H, d, J \ 9 Hz), 7.29
(12H, d, J \ 9 Hz), 7.16È7.04 (36H, m), 6.82 (6H, d, J \ 9 Hz),
6.33 (6H, s), 6.15 (24H, s), 6.06 (6H, s), 4.21 (6H, t, J \ 5 Hz),
4.11 (6H, t, J \ 5 Hz), 3.93È3.63 (108H, m), 2.28 (9H, s), 1.28
(54H, s) ; 13C-NMR d 161.2, 157.7, 153.0, 149.5,(CD3CN) :
146.8, 146.5, 145.6, 145.5, 140.7, 136.4, 132.8, 132.6, 131.5,
131.3, 129.2, 126.5, 126.1, 126.0, 125.6, 125.4, 116.4, 116.3,
115.8, 114.4, 71.3, 71.2, 70.7, 70.5, 70.3, 68.8, 68.6, 68.4,
65.1, 64.3, 64.1, 35.0, 31.6, 20.9 ; Anal. calcd for

C 62.16, H 6.19, N 1.68 ; C 62.10,C258H306 F36N6O39P6 :
H 6.56, N 1.73.

Method B. A solution of (86.0 mg, 0.02 mmol) and4 É 6PF6BPP34C10 (175.0 mg, 0.30 mmol) in dry MeCN (1.6 mL) was
stirred at 50 ¡C for 10 d. The solvent was removed in vacuo
and the solid residue puriÐed by preparative TLC [SiO2 ,

M), 140 : 32 : 18 : 10] toMeOHÈCH2Cl2ÈMeNO2ÈNH4Cl(2
give, after counter ion exchange saturated(Me2COÈH2O,
aqueous solution of in order of elution,NH4PF6), 7 É 6PF6(28.0 mg, 22%), (45.3 mg, 41%), and a red solid, which6 É 6PF6was puriÐed further by column chromatography [SiO2 ,

M), 8 : 8 : 1.5], to a†ordMeOHÈCH2Cl2ÈNH4Cl(2 5 É 6PF6(17.2 mg, 19%), after counter ion exchange (Me2COÈH2O,
saturated aqueous solution of NH4PF6).

Absorption and luminescence measurements

Room temperature experiments were carried out in MeCN
solutions. Electronic absorption spectra were recorded with a

Perkin-Elmer k6 spectrophotometer, emission spectra with a
Perkin-Elmer LS50 spectroÑuorimeter. Fluorescence quantum
yields were determined using naphthalene in degassed cyclo-
hexane as a standard ('\ 0.23).21 Lifetime measurements
were performed with a previously described Edinburgh single-
photon counting equipment.22 Experimental errors : absorp-
tion maxima, ^2 nm; emission maxima, ^2 nm; excited-state
lifetimes, ^10%; Ñuorescence quantum yields, ^20%.

Electrochemical measurements

Electrochemical experiments were carried out in argon-purged
acetonitrile solution with a Princeton Applied Research 273
multipurpose instrument interfaced to a personal computer,
using cyclic voltammetry (CV) and di†erential pulse voltam-
metry (DPV) techniques. The working electrode was a glassy
carbon electrode (0.08 cm2, Amel) ; its surface was routinely
polished with a 0.05 lm aluminaÈwater slurry on a felt surface
immediately prior to use. The counter electrode was a Pt wire
and the reference electrode was a saturated calomel electrode
(SCE) separated with a Ðne glass frit. The concentration of the
examined compounds was 5.0] 10~4 M; 0.05 M tetra-
ethylammonium hexaÑuorophosphate was added as support-
ing electrolyte. Cyclic voltammograms were obtained at sweep
rates of 20, 50, 200 and 500 mV s~1 ; DPV experiments were
performed with a scan rate of 20 or 4 mV s~1, a pulse height
of 75 or 10 mV, and a duration of 40 ms. For reversible pro-
cesses, the same halfwave potential values are obtained from
the DPV peaks and from an average of the cathodic and
anodic cyclic voltammetric peaks. For irreversible processes,
the reported potential values are those evaluated from the
DPV peaks. Both CV and DPV techniques have been used to
measure the number of the exchanged electrons in each redox
process ;23 since the results obtained for irreversible processes
can be unreliable, no quantitative conclusions have been
drawn on the number of electrons exchanged in the oxidation
processes. To establish the reversibility of a process, we used
the criteria of (i) separation of 60 mV between cathodic and
anodic peaks, (ii) close to unity ratio of the intensities of the
cathodic and anodic currents, and (iii) constancy of the peak
potential on changing sweep rate in the cyclic voltam-
mograms. The experimental error on the potential values was
estimated to be ^10 mV.

Field-emission scanning electron microscopy

A solution of in THF (100 lL) was dropped onto a4 É 6PF6glass plate. After the slow evaporation of the solvent, the plate
was placed in a vacuum chamber equipped with a pair of
planar electrodes. In order to render the surface of the sample
conductive, was added into the chamber and poly-OsO4merized by applying a direct current voltage of 1.0 kV. The
resulting sample was analyzed by employing a TOPCON
DS-720 Ðeld-emission scanning electron microscope (FE-
SEM) with an acceleration voltage of 15 kV.

Molecular modeling

The rotaxanes were constructed within the input mode of
Macromodel 5.015 and then the geometries were optimized by
energy minimization performed employing the PolakÈRibiere
conjugate gradient (PRCG) method24 in conjunction with the
AMBER* force Ðeld.25 The resulting structures were subjected
individually to simulated annealing performed employing the
AMBER* force Ðeld, the generalized-Born surface area
(GB/SA) solvation model26 for and the PRCG mini-H2O,
mization algorithm. The temperature was gradually decreased
from 500 to 50 K in ten consecutive molecular dynamics steps
of 20.0 ps each. The bath constant and the time-step were
mantained at 5.0 ps and 1.5 fs, respectively, in all steps. The
dimeric aggregate of the triply branched compound 46` was
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constructed within the input mode of Macromodel 5.0 and the
geometry was optimized by PRCG minimization performed
employing the AMBER* force Ðeld. The resulting structure
was subjected to simulated annealing performed as described
for the rotaxanes in conjunction with the GB/SA solvation
model for either orCHCl3 H2O.

Surface-pressure–area measurements

Surface-pressureÈarea isotherms were measured with a Lang-
muir Ðlm balance (Nippon Laser & Electronics Lab., NL-LB-
240-MWC). A TeÑon trough was Ðlled with Milli-Q treated
and doubly distilled and spectroscopic grade THF wasH2Oused as the spreading solvent. A measured amount of a solu-
tion of the compound (0.2 mg mL~1) was delivered to the

surface by employing a microsyringe. The temperature ofH2Othe subphase was maintained at 25 ¡C and the surface pressure
was increased to the desired value and maintained constant
while the surface area changes were recorded continuously.
The microscopic observation of the monolayers at the airÈ
water interface was carried out with a Brewster angle micro-
scope (Nippon Laser & Electronic Lab., NL-EMM633). This
microscopic technique is essentially an ellipsometry27 and
hence a monolayer image arises from the refractive index dif-
ference between the monolayer and the subphase.

Atomic force microscopy

The shape of the monolayers were observed with an atomic
force microscope (Digital Instruments, Inc., Nanoscope IIIa)
in the tapping mode.28 The monolayers were transferred onto
freshly cleaved mica by a horizontal lifting method while the
surface pressure was maintained at 15 or 30 mN m~1 : the
transfer ratios were 1.0È1.2. Atomic force images were produc-
ed in the “height Ï mode using Nanoscope silicon cantilevers
(125 mm, tip radius 5È10 mm) at a scan speed of 1 mm s~1.
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