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ABSTRACT: By addressing the challenge of controlling molecular motion, mechanically interlocked
molecular machines are primed for a variety of applications in the field of nanotechnology. Specifically, the
designed manipulation of communication pathways between electron donor and acceptor moieties that are
strategically integrated into dynamic photoactive rotaxanes and catenanes may lead to efficient artificial
photosynthetic devices. In this pursuit, a novel [3]rotaxane molecular shuttle consisting of a four station bis-
naphthalene diimide (NDI) and central Cg, fullerene bis-triazolium axle component and two mechanically
bonded ferrocenyl functionalized -isophthalamide anion binding site-containing macrocycles is constructed
using an anion template synthetic methodology. Dynamic co-conformational anion recognition mediated
shuttling which alters the relative positions of the electron donor and acceptor motifs of the [3]rotaxane’s
macrocycle and axle components is demonstrated initially by '"H NMR spectroscopy. Detailed steady state
and time-resolved UV-Vis-IR absorption and emission spectroscopies as well as electrochemical studies are
employed to further probe the anion dependent positional macrocycle-axle station state of the molecular
shuttle, revealing a striking on/off switchable emission response induced by anion binding. Specifically, the
[3]rotaxane chloride co-conformation, where the ferrocenyl functionalized macrocycles reside at the center of
the axle component, precludes electron transfer to NDI, resulting in the switching-on of emission from the
NDI fluorophore and concommitant formation of a Cg, fullerene-based charge separated state. By stark
contrast, in the absence of chloride as the hexafluorophosphate salt, the ferrocenyl functionalized
macrocycles shuttle to the peripheral NDI axle stations, quenching the NDI emission via formation of a NDI-
containing charge separated state. Such anion mediated control of the photophysical behavior of a rotaxane
through molecular motion is unprecedented.

Introduction

The potential for synthetic molecular machines to fuel the nanotechnological revolution relies upon the
ability of chemists to construct systems in which the motion of individual molecules may be controlled and
directed.” As a consequence, attention has turned towards mechanically interlocked molecules (MIMs) such
as rotaxanes and catenanes in which their inherent dynamic properties are restricted by a mechanical bond.**
Through the biasing of remaining accessible Brownian motions, the MIM may be forced into adopting a well-
defined spatial arrangement of its interlocked components known as a co-conformation.® By careful design,
systems may be constructed that can interconvert between two or more co-conformations; for example the
shuttling of a macrocycle between two stations on an axle in a [2]rotaxane.” " This switching process can be
triggered by a variety of light,"™ redox"*'> or chemical'* based external stimuli. In the latter case, examples
of MIM dynamic behavior controlled by discrete anion recognition are rare."® This is especially so with
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higher-order interlocked structures containing more than two mechanically bonded components where
anion mediated co-conformational switching can induce a variety of large-amplitude molecular motions
including the translation and rotation of macrocyclic rings in a [3]rotaxane® and a [3]catenane respectively.*
Systems of this type, which exhibit excellent positional integrity between co-conformations,”® may be
exploited for the development of photoactive switchable devices,* where electron donor(D)-electron
acceptor(A) communication pathways between appropriately functionalized interlocked components can be
controlled dynamically via anion recognition, resulting in distinct and switchable photophysical behavior.

Figure 1: Schematic showing co-conformational switching in a dynamic D-A four-station Cs, fullerene-containing
[3]rotaxane via anion induced molecular motion of a macrocycle (blue) between stations (green and yellow) along
an axle (red). NDI = naphthalene diimide, T" = triazolium and Fc = ferrocene.

Ce, fullerene™ is an attractive functional building block to incorporate into MIM structural frameworks due to
its ~1 nm size and spherical shape as a sterically bulky stoppering unit for rotaxanes.?* However, to the best
of our knowledge, no higher-order interlocked structures containing fullerenes have been reported.
Importantly, Cg, fullerene also possesses unique redox properties®>* and is a strong electron acceptor (A)*3%
4® which can be used to probe molecular motion in dynamic donor-acceptor-containing MIMs and exploited
to control intramolecular photoinduced charge separation processes>**” that mimic a key step in
photosynthesis.”* For example, the proximity of a ferrocene-containing macrocycle (D) to a Cq, fullerene
stoppered axle component (A) in a bistable [2]rotaxane was controlled by varying the nature of the bulk
solvent, which provided the means to change the lifetime of the charge separated excited state.*

Herein, we describe the design, synthesis and comprehensive photophysical investigation of a novel
multifunctional dynamic [3]rotaxane. The system is comprised of a four station axle component containing
two peripheral fluorescent electron accepting naphthalene diimide (NDI) units and a centrally positioned
electron deficient Cg, fullerene bis-triazolium motif, and two mechanically bonded ferrocenyl-
isophthalamide anion binding site-containing macrocycles (Figure 1). This D-A molecular shuttle is
demonstrated to adopt two distinct and anion-dependent co-conformations that interconvert via large
amplitude translational motion of both ferrocenyl macrocycle components (D) between the peripheral NDI
(A) and central triazolium-bridged Cs, (A) axle stations. The difference in the photophysical response arising
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from anion recognition changing the spatial separation of the interlocked D-A motifs has been
comprehensively probed and characterized by steady state and time resolved absorption, infrared and
emission spectroscopies. A fullerene containing [3]rotaxane is unprecedented and represents the first
multicomponent MIM system in which photophysical behavior is controlled via anion mediated molecular
motion.

Synthesis of [3]Jrotaxane

The [3]rotaxane was synthesized by a multistep synthetic pathway as detailed in the Supporting Information
(SI). This began with the preparation of the symmetric Cg, fullerene-based four-station axle component
containing two triazolium and two NDI motifs via successive Bingel,”*** copper-catalyzed azide-alkyne
cycloaddition (CuAAC) ‘click’ and alkylation reactions, and isolated as the bis-chloride salt 1-(Cl),. For
mechanical bond formation, the chloride anion template clipping of two bis-vinyl-functionalized 5-
ferrocenyl-isophthalamide macrocycle precursors52 around the axle component by Grubbs’ II catalyzed ring
closing metathesis in dry dichloromethane was employed (Scheme 1). Following purification by preparative
silica thin-layer chromatography the target [3]rotaxane 3-(Cl), was obtained in an isolated yield of 1%
together with the analogous [2]rotaxane 4-(Cl), (15%) and macrocyclic and unreacted axle side products. The
[3]rotaxane 3-(Cl), was anion exchanged to the bis-hexafluorophosphate salt using Amberlite® resin to give
3-(PFs),. Both [3]rotaxane salts were fully characterized by 'H, ®C and two-dimensional 'H ROESY NMR
spectroscopy and matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (see SI).



Grubbs' Il, CH,Cl,,
rt, 2 days

1-(Cl),

o R
> /N N =
e B A o©o o\ _ =
p@x O B.H@. 3 ¢ m\
z o©o o/ T “©

ANV /A

Amberlite®PFg”

95%

)

3-(PFg)2

4-(Cl)2 15%

rotaxanes.

]

[2

Scheme 1. Chloride templated syntheses of the [3] and



*H NMR spectroscopy molecular motion investigations

Initially the dynamic properties of the four-station [3]rotaxane were investigated by determining the co-
conformations of the molecular shuttle as the coordinating (bis-chloride) 3-(Cl), and non-coordinating (bis-
hexafluorophosphate) 3:(PFg), anion salts in CDCl, solution using one- and two-dimensional 'H NMR
spectroscopy.

A comparison of the 'H NMR spectrum of 3-(Cl), with spectra of the Cg, fullerene-containing axle component
1-(Cl), and ferrocenyl-based macrocycle precursor 2 revealed a downfield shift of macrocycle isophthalamide
proton Hg, whilst the axle triazolium signal H,, moved upfield (Figure 2). This is indicative of hydrogen
bonding anion recognition of chloride in each of the interlocked cavities created between the macrocycle
isophthalamide cleft and the axle triazolium station of the orthogonally arranged macrocycle and axle
components. Peaks associated with the macrocycle hydroquinone environments H,, were also significantly
shifted upfield (A8 = 0.40 ppm) in 3-(Cl),, due to ring current effects from the neighboring Cs, fullerene
cage.” Finally, either side of the biphenyl spacer in the multi-station axle, only the H, methylene signal was
found to be perturbed upon formation of the [3]rotaxane. This provided further evidence that under these
conditions the macrocycles reside at the axle triazolium anion recognition sites. As such, strong through-
space couplings between protons associated with the triazolium station (H;;\,) and the proximal macrocyclic
ring (H,, p) were observed in the two-dimensional 'H ROESY NMR spectrum of 3-(Cl), (Figure S2).

Interestingly the 'H NMR spectrum of the analogous [2]rotaxane 4-(Cl), was more complex owing to the fact
the central Cg, fullerene motif sterically restricts macrocycle translocation to each half of the axle (Figure S1).
Therefore, desymmetrization of the axle component in the [2]rotaxane splits proton signals into two distinct
sets arising from the presence or absence of a macrocycle. However, this is only true for proton environments
associated with the triazolium station (e.g. Hy ,,), not NDI (e.g. H), and so further supports a co-
conformation of [3]rotaxane 3-(Cl), in which both macrocycles occupy the axle triazolium stations either side
of the fullerene.

Comparison of the '"H NMR spectra of the bis-chloride and bis-hexafluorophosphate salts of the [3]rotaxane
indicated translational motion of both macrocycle components occurs upon anion exchange from chloride to
hexafluorophosphate, triggering the macrocyclic rings to move from the axle triazolium stations to reside at
the peripheral NDI stations (Figure 3). Specifically, anion exchange produced large upfield shifts of
macrocycle hydroquinone H,, (A8 = 0.18 ppm) and axle NDI H, ¢ resonances (A3 = 0.18 ppm) due to the
formation of strong aromatic stacking interactions between the components whilst perturbation of the
nearby methylene peak (Hy) provided further support for this co-conformational change. The removal of
chloride produced diagnostic upfield shifts of acidic protons H,, and Hg, at the anion binding station, albeit
for the latter not back to their original position in macrocycle precursor 2, indicating the possibility of
supplementary hydrogen bonding between the isophthalamide motif of the macrocycle and carbonyl groups
of the NDI stations (Figure 3).*>*° Finally, the appearance of new peaks in the two-dimensional '"H ROESY
NMR spectrum of 3-(PFg), indicated the proximity of protons on the macrocyclic wheels (H,,, ) to those
associated with the NDI stations (H,,..) (Figure S3).

oyy

In order to quantitatively assess the anion-induced co-conformational change exhibited by the [3]rotaxane,
the percentage of macrocycles occupying the triazolium or NDI stations was calculated for both bis-
hexafluorophosphate and bis-chloride salts in CDCl, (Figure 4). Since the dynamic behavior of the
[3]rotaxanes was fast on the 'H NMR timescale this was achieved by comparing the chemical shift of NDI
station protons H, . of [3]rotaxanes 3-(A), with that of the same signals in axle component 1-(A), and a model
NDI-only-containing [2]rotaxane which characterize the two extremes of macrocycle-station occupancy, 0%
and 100% respectively (see SI Section 3).”® These studies revealed an excellent positional integrity between
macrocycle sites in each of the anion states with anion exchange between bis-chloride and bis-
hexafluorophosphate salts stimulating 80% of the rings to shuttle between triazolium and NDI stations
(Figure 4). In summary, [3]rotaxane 3-(A), exhibits anion controlled, reversible and large-amplitude
translational motion of both ferrocenyl macrocycle components along the Cg, and NDI-containing four-
station axle component in CHCI, solution. With NMR characterization of the dynamic properties of this
higher order interlocked structure in hand, attention turned towards investigating the effect of these co-
conformational changes on the photophysical properties of the system.
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Figure 2. Comparison of 'H NMR spectra of a) axle component 1-(Cl), , b) [3]rotaxane 3-(Cl), and c) ferrocenyl-
isophthalamide macrocycle precursor 2 provides evidence for the dominant co-conformation of [3]rotaxane 3-(Cl),
as depicted above (CDCl;, 298 K, 400 MHz). Additional proton signals: St = axle stopper, EG = macrocycle ethylene
glycol and * = trace residual solvent.



Figure 3. Comparison of '"H NMR spectra of the [3]rotaxane 3-(A), as the a) bis-hexafluorophosphate and b) bis-
chloride salt reveals co-conformational change via translational motion of ferrocenyl macrocycle components
(CDCl,;, 298 K, 400 MHz). Additional proton signals: St = axle stopper, EG = macrocycle ethylene glycol and * =
trace residual solvent.
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Figure 4. Estimated macrocycle-station occupancies of [3]rotaxane 3:-(A), as the bis-hexafluorphosphate and bis-
chloride salt as determined by 'H NMR spectroscopy in CDCL, solution. T* = triazolium.

Steady state absorption and infrared spectroscopy

Steady state absorption spectra of [3]rotaxane salts 3:(Cl), and 3:(PFs), were recorded in CHCl; (10 uM)
(Figure S8). Both exhibited strong, structured absorptions in the UV region (360 nm: 3-(Cl),, € = 20,310 M™
cm’™; 3-(PFs),, € = 17,200 M™ cm™), characteristic of an NDI derivative” whilst the typical absorption signature
of C¢, methanofullerene, namely a small shoulder at 425 nm,>** was also evident. Similar absorptions for
NDI and Cg, motifs were also present in the UV-Vis spectra of the analogous salts of the axle component,
1-(Cl), and 1-(PFs), (Figure Sg). The ratio of peaks in the vibronic fine structure of the NDI absorption band
differed very slightly on comparison of each axle to its corresponding [3]rotaxane salt, suggestive of only a
small degree of electronic communication between the mechanically interlocked components in the
[3]rotaxane. As a consequence, only a small difference was observed on comparison of the absorption spectra
of [3]rotaxanes 3-(Cl), and 3-(PFs),, namely a slight broadening of each NDI feature in the spectrum of the
latter, indicative of intramolecular charge transfer involving the NDI unit® caused by aromatic stacking
interactions with the macrocycle hydroquinone groups.” However, in general these observations indicate that
changing the nature of the counter anion has only a minor influence on the electronic ground state of the
[3]rotaxane despite significantly altering the co-conformation. These conclusions were supported by
electrochemical studies (vide infra).

The steady state infrared (IR) spectra recorded in dichloromethane® revealed multiple IR bands in the
fingerprint region, including those of v(CO) of the NDI (1706 and 1666 ¢cm™), C4,-linked malonate group (a
broad band at 1740 cm™), v(CO) of the macrocyclic amide group of the rotaxane, at approx. 1645 cm™, a band
at 1585 cm™ (the naphthalene core of the NDI) and bands at 1550 and 1505 cm™ which are assigned to the axle
biphenyl moieties (Figure Si0). Interestingly, the ratio of the NDI carbonyl absorption bands differed
between the [3]rotaxane anion salts, consistent with the 'H NMR spectroscopic evidence of hydrogen
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bonding interactions between these groups and the isophthalamide clefts of the macrocycle components
when the rings occupy the axle NDI stations in 3-(PFs), (Figure 3).>*°

Electrochemical characterization

Cyclic voltammograms of both [3]rotaxane salts, as well as all of the individual building blocks, were recorded
in dimethylformamide containing 0.2 M ["Bu,N][BF,] or LiCl as supporting electrolytes for compounds
containing non-coordinating or coordinating anion salts respectively (Table 1 and SI Section 5).°*%

Table 1. Electrochemical data of the rotaxane samples 3-(Cl), and 3-(PFs), and the corresponding building
blocks recorded in DMF/LiCl or DMF/["Bu,N][BF,] respectively. All electrochemical potentials quoted vs.
Fc'/Fc redox couple.

Salt  Compound E,, Ox * E,red, E,red, E,.red, E,.red, E,,red, E,.red,
(Fe), V (Ce), V. (NDI),V  (Cs), V. (NDI),V  (Ce), V (Trz.), vV
NDI - - -0.94 - -1.35 - -
C¢, malonate - -0.80 - -1.27 - - -
Triazolium - - - - - - -2.09
a Axle 1-(Cl), - -0.80 -0.94 -1.26 -1.32 - -
Fc macrocycle
+0.02 - - - - - -
precursor 2
[3]Rotaxane, 64
+0.0 -0.82 -0.96 -1.2 -1.32 -
3(C), ’ i 7 ’
NDI - - -0.93 - -1.43 - -
Cs, malonate - -0.80 - -1.26 - -1.84 -
Axle, 1-(PF), - -0.80 -0.95 -1.23 -1.42 -1.79 -
PF,
Fc macrocycle
+0.06 - - - - - -
precursor 2
[3]Rotaxane,
+0.0 -0.81 -0.96 -1.2 -1.41 -1.82 -
3+(PFy). 7 ? > 4

* Potentials (E,;, = (E," + E,°)/2) in V quoted to the nearest o.01 V. All potentials are reported against the
Fc'/Fc couple for 0.5 - 1.0 mM solutions in DMF containing 0.2 M of the corresponding supporting
electrolyte. The structures of compounds containing only NDI, triazolium (Trz.) or C4, malonate derivatives
are shown in the SI Section 5.



Ceo/Ceo |
NDI’/NPI
NDIZ’/NQI’

Ceo>/Ceo”

|
NDI2-/NDI
20 -15 10 05 00 05
Potential vs. Fc'/Fc, V

Figure 5. Cyclic voltammograms of 3-(Cl), (top) and 3-(PFg), (bottom) recorded in DMF containing either 0.2 M
LiCl or ["Bu,N][BF,] respectively as supporting electrolyte at 0.1 V/s. Solid lines indicate the E,, of the fullerene-
based redox processes, dashed lines indicate the E,;, position of the NDI-centered redox processes, and the dash-dot
line shows the E,, of ferrocene oxidation in both samples.

Both [3]rotaxanes 3-(Cl), and 3-(PF¢), exhibited a similar voltammographic response (Figure 5). A number of
closely spaced reduction processes were observed in each case, corresponding to sequential addition of an
electron on either a Cg, fullerene or NDI moiety. Square wave voltammetry was used to determine the redox
potential values for closely overlapping peaks (Figures Su and Si12). Careful comparison of the observed
reduction potentials with those measured in the corresponding building block compounds, as well as closely
related structures reported in the literature, permitted assignment of processes at —-0.81 V (-0.82), -1.25 V
(127 V)** and -1.82 V as fullerene Cg, /Coo, Coo” /Coo and Cg,>"/Cs,”” redox couples for non-coordinating (and
coordinating) anion salts respectively.® Similarly, peaks at —0.96 V and -1.41 V (-1.32 V) were assigned as
NDI"/NDI and NDI*"/NDI" redox couples,” whilst the single oxidation process observed at +0.07 V (+0.03 V)
was associated with the Fc'/Fc redox couple of the ferrocenyl macrocycle components. Importantly, the
oxidation of NDI, biphenyl or hydroquinone units was not observed, and the triazolium unit reduction was
only observed at —2.09 V which is a significantly more cathodic potential value than the 3 reduction
potential of the fullerene cage.

The potential of each redox couple in the [3]rotaxanes was largely unperturbed in comparison to the
individual methanofullerene, NDI and ferrocene building blocks such that the voltammographic response
was in general a superposition of the redox processes of the individual donor/acceptor components (Table 1
and ESI). Furthermore, comparison of each redox couple in the [3]rotaxane with the corresponding axle or
macrocycle component redox couple values also revealed only small cathodic or anodic shifts for the
reduction or oxidation processes, respectively (Table 1). Therefore, consistent with observations from steady
state absorption spectroscopy (vide supra), this confirms the presence of only a weak ground state electronic
interaction between interlocked components within the [3]rotaxane.

As expected from 'H NMR spectroscopy (vide supra), a 40 mV cathodic shift of the Fc'/Fc redox couple from
3-(PFs), versus 3-(Cl), was exhibited due to chloride halide binding in the conjugated ferrocenyl-
isophthalamide-containing cavity of the macrocycle.”® However, since anion recognition does not occur
directly at any of the acceptor Cg, fullerene and NDI motifs, anion exchange of [3]rotaxane 3-(A), produced
only a minor difference in the redox potential position of the first and second reduction processes,
confirming that anion exchange induces only a small effect on the ground state electronic structure of the
system.

The potentials of each redox couple allowed the HOMO-LUMO gap and the energies of other frontier
orbitals to be estimated for [3]rotaxanes 3-(Cl), and 3-(PFs),. For both salts, the LUMO is localized on Cg,
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fullerene, however the first reduction processes of the C4, and NDI are very close in energy, and separated by
only ~o0.15 eV. Therefore, both [3]rotaxanes can be considered as a donor-acceptor-stronger acceptor system.
The small HOMO (ferrocene)-LUMO gaps of 0.85 eV (3-(Cl),) and 0.88 eV (3:(PFs),) indicated that excited
state charge-transfer processes were energetically favorable over formation of >Cy, (1.5 €V);* with the lowest
energy charge-separated state being [Cs, -Fc*]. However, electron transfer to the NDI was also possible;
with [NDI"-Fc”*] being marginally higher in energy (0.99 eV for 3-(Cl), and 1.o4 eV for 3-(PFs),). This
suggested the possibility of competitive photoinduced electron transfer processes within the system, as well
as consecutive electron transfer to form charge separated states of differing nature and composition.*’
Therefore, the effect of the co-conformational change on the photophysical behavior of the [3]rotaxane was
investigated via a diverse set of time-resolved methods (vide infra).

Fluorescence spectroscopy

Initially, fluorescence spectroscopy was used to probe the effect of anion induced co-conformational
switching on the excited state of the [3]rotaxane. Emission spectra were recorded for each salt 3-(Cl), and
3:(PFs), in CHCL, (50 uM) upon excitation at 300-500 nm to study both NDI*” and Cs, fullerene® electron-
deficient fluorophores in the system (Figures 6, S13 and Si4). Most notably a strong emission band was
observed for 3-(Cl), centered at 435 nm with vibrational progression characteristic of a non-core
functionalized NDI derivative (Figure 6b).57:6869 By stark contrast, the same NDI emission band was
significantly quenched in 3-(PFs), (Figure 6b). Therefore, chloride induced co-conformational switching in
the [3]rotaxane elicited a greater than three-fold enhancement in the fluorescence quantum yield that was
large enough to be visible to the naked-eye (Figure 6b and SI Section 7).” Control fluorescence spectroscopic
studies with axle components 1-(Cl), and 1-(PFs), revealed a negligible anion dependence to the emission
spectra (Figure Si5) indicating that the controlled, reversible and large-amplitude anion-induced
translational motion of the ferrocene-based macrocycle components is integral in defining the distinct ‘on-
off fluorescence response of the [3]rotaxane shuttle (Figure 6a).

The efficient quenching of the NDI fluorescence emission in the co-conformer of 3-(PFs), may be explained
by photoinduced electron transfer (PET) from a ferrocenyl donor group to the proximal NDI acceptor station
at which the macrocycle resides. Whilst electrochemical analysis of the donor and acceptor components
showed that PET was thermodynamically favorable in the [3]rotaxane, the formation of such charge-
separated states has been previously reported in Fc-NDI donor-acceptor systems.””” The characteristic
charge-transfer-to-NDI emission is typically observed as a featureless band centered at ~550 nm,” and
indeed such a peak was observed for 3-(PFs), upon excitation (A, = 400-500 nm, Figure Si4). By contrast, the
co-conformation of bis-chloride salt 3-(Cl), results in each Fc donor-containing macrocycle being spatially
removed from the peripheral NDI axle stations making a long distance through-space electron transfer and
quenching of the photoexcited NDI kinetically disfavored relative to PET to the nearby Cs, fullerene
acceptor.” Furthermore, an additional thermodynamic driving force for the latter process exists on account
of C¢, being a stronger acceptor than NDI (vide supra). A variety of transient spectroscopic techniques were
thus employed to probe the role of Cg, fullerene and delve further into the mechanisms behind the distinct
photophysical behavior of the multicomponent [3]rotaxane shuttle in each anion state.

]

Normalised Intensity / a.u.

0.0

460 " p-(PF s +3-(Cl),

Figure 6. a) Fluorescence spectra for 3:(Cl), and 3:(PFg), in CHCl,, 50 pM, A, = 300 nm showing the NDI-
specific emission. b) Switching-on of fluorescent response is visible to the naked-eye in CHCL,, 50 pM, A =
400 nm with a laser.
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Transient absorption spectroscopy

To elucidate the photoinduced processes in these systems, transient absorption spectroscopy (TA) in visible
and near-infrared (NIR) regions was used. Transient absorption spectra of 3-(Cl), and 3-(PFs), were recorded
in dichloromethane solution upon 400 nm, ~50 fs excitation at various time delays (Figures 7 and SI Section
8). Global fit analysis of the TA spectra of 3-(Cl), and 3-(PF¢), showed several components for both
[3]rotaxane salts, however the contribution of each component to the overall decay was dictated by the anion
dependent co-conformation. The first component in each case is ultrafast (~o0.5 ps, and most likely
corresponds to the formation of 'NDI* (3.22 eV) or 'Cs,* (1.80 €V), convolved with coherent processes, and
will not be discussed further).

At early time delays of a few picoseconds, the spectrum of 3-(PFg), in the visible region is consistent with the
formation of NDI”, showing characteristic bands at 470 and 610 nm (Figure 7a, black line).” These features
are short lived (~8 ps), and most likely correspond to the formation of [NDI™-Fc™] charge separated state
(1.04 eV). This supports the fluorescence spectroscopy observations, which indicated quenching of the NDI
emission due to PET (vide supra). The absorption signature of the Fc™* within the detection window is at ca.
620 nm, although is known to have a low extinction coefficient (~500 M"cm™)” and is therefore masked by a
strong-absorbing NDI™ when the latter is present. However, clearly evident is the fact that the intensity of the
~620 nm band at early time delays is higher than would be expected from the NDI~ spectrum, indicating that
the Fc¢™ was indeed evolved.

At longer time-delays a new excited state develops with a lifetime of >400 ps® (Figure 7a, blue line).
Comparison of the evolved spectral shape with the Decay Associated Spectra (DAS) reported for a similar
covalently linked Cg,—~NDI-Fc triad suggests electron shift from NDI™ to a stronger Cg, fullerene acceptor and
concomitant formation of a new [Cg, -Fc'] charge-separated state (0.88 eV).** Analysis of the spectral
changes in the NIR region supports this assumption (Figure 7d). Cq, fullerene radical-anion (Cg,”) is known
to possess a characteristic NIR signature absorption, the position of which changes depending on the type of
functionalization of the cage from -~1010 nm in fulleropyrrolidine®® to -~1040-1050 nm in
methanofullerenes®*** and ~1080 nm in pristine Cq,.*®” In 3:-(PFg), a clear NIR absorption is detected at 1050
nm at later delay times, consistent with the radical-anion of a methanofullerene (Figure 7b, blue line), which
is also present, but less pronounced at early time delays (Figure 7b, black line). This confirms the initial
formation of NDI~ followed by an electron shift to C¢, fullerene and generation of Cg,”. The fact the NIR
absorption signature of Cg,~ was also observed at very early time delays suggests two independent channels
populating C4,”. Indeed, 400 nm excitation may result in excitation of either NDI or Cg4, acceptors, yielding
either 'NDI* or 'Cg,*, both of which could lead to formation of Cq,".

Global fit analysis of the [3]rotaxane bis-chloride salt dynamics also reveal the presence of several
components. The spectrum corresponding to the fast decay component in 3-(Cl), is different from that in
3-(PFs), (Figure 7¢, blue line). In the fast component (~5 ps) the presence of the NDI” absorption signature is
not observed, implying that the NDI is not involved in any charge transfer processes. This supports the
steady-state fluorescence spectroscopy observations (vide supra), in which 3-(Cl), exhibited strong, structured
fluorescence of NDI (Figure 6b). At later times the spectral shape evolves (Figure 7c, red line), and is nearly
identical to the slow component in 3-(PF),, implying electron transfer from the ferrocene donor to C,
occurs to form a [Ce, ~Fc™] charge-separated state (0.85 eV). Consequently the NIR region also shows
evolution of the peak at 1050 nm characteristic of a methanofullerene Cq,~ (Figure 7d, blue line) which, by
contrast to 3-(PFg),, is distinct from early time delays. The transient absorption spectra of both [3]rotaxanes
at late times (> 50 ps) are very similar to one another, indicating that the lowest energy excited state is the
same in both cases.
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Figure 7. Electronic transient absorption spectra of solutions of 3-(PFs), (top) and 3-(Cl), (bottom) in
dichloromethane at r.t., in visible and NIR regions, recorded at indicated time delays upon excitation with
~50 fs, 400 nm laser pulse.

Time-resolved infrared spectroscopy

The photoinduced processes in the two [3]rotaxane salts were also probed by time-resolved infrared
spectroscopy (TRIR) upon excitation with ~40 fs, 400 nm laser pulse in dichloromethane (Figure 8 and SI
Section 9). The ground state IR spectra of all compounds are shown in the SI (Figure S10). Early time delay
spectra of both 3-(PF), and 3-(Cl), show bleach of 1706 cm™and 1666 cm™, 1740 cm™, and 1645 cm™ indicating
that 400 nm excitation affects both C4, and NDI moieties, however, the spectral shape and spectral dynamics
are strongly dependent on the counterion and thus co-conformation of the system.

For 3-(PFg),, transient bands are observed at 1516, 1576 and 1623 cm™, all characteristic of the NDI radical-
anion (NDI"),” as well as an intense band centered at ~1500 cm™ which is composed of several overlapping
vibrational transitions (Figure 8a). This transient band overlaps with a 1500 cm™ bleach of a vibration
localized on a phenyl ring. The spectrum decays synchronously across the probed region, with the exception
of a small evolution at ~1585 cm™ and which may be attributed to minor changes of electron density
distribution on NDI. This supports the TA and fluorescence spectroscopy data, in which charge transfer and
formation of NDI” was observed (vide supra). For 3-(Cl),, a large positive signal of the IR absorbance of Cg,~
was observed since early times, indicating the charge-transfer to fullerene and formation of a charge
separated state (Figure 8b).*®
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Overall, the TRIR results unequivocally confirm electron transfer to NDI and Cs, in case of 3(PFs), and 3(Cl),
respectively. This is in direct agreement with conclusions from fluorescence emission and TA spectroscopy in
which the hexafluorophosphate co-conformation of the [3]rotaxane (3(PFg),) results in formation of an
excited state containing NDI” and Fc¢™ but by contrast the contribution of this channel is <5% when the anion
is switched to chloride. Importantly, this is consistent with the 5% occupancy of the ferrocenyl-containing
macrocycles at the NDI stations in 3(Cl), obtained previously by '"H NMR spectroscopy (Figure 4).
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Figure 8. TRIR spectral changes in a) 3-(Cl), and b) 3-(PFg), recorded in 0.1 mM dichloromethane solutions
upon excitation with ~40 fs, 400 nm laser pulse at specified time delays. The bottom panel in (a) also shows
an FTIR spectrum of 3-(Cl), (red) and an N,N-dioctyl-NDI***® (black).
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Figure 9. a) Schematic of the dynamic D-A four-station Cg, fullerene-containing [3]rotaxane and NDI
fluorescence response and electron transfer processes switchable via anion induced molecular motion.
Proposed energy level diagrams of the photoinduced processes in b) 3-(PFg), and ¢) 3-(Cl),. NDI =
naphthalene diimide, T" = triazolium, Fc = ferrocene, CR = charge recombination and eT = electron transfer.

Figure g shows the proposed energy level diagrams of the photoinduced processes in [3]rotaxanes 3-(PF),
and 3-(Cl), highlighting the effect of large-amplitude anion mediated co-conformational change via
translational motion on the photophysical response of the system. The final charge separated state, namely
[Cso"-Fc™], is the same in nature in both salts and the lifetimes differ slightly, however, the dynamics are
different, and the energy redistribution pathway upon photoexcitation varies drastically. Therefore, in
3-(PFs), both NDI and C, act as electron acceptors, resulting in efficient quenching of the NDI fluorescence
and initial formation of NDI ", followed by an electron shift to Cg, fullerene. The spatial proximity of the Fc
donor and NDI acceptor thus allows formation of the higher energy charge separated state [NDI"-Fc™]. By
contrast, in 3-(Cl), the NDI moiety does not participate in electron transfer, and PET results in generation of
the lowest energy Cq, fullerene-based charge separated state [C4, ~Fc”], comparable to a ‘thermodynamic’
product. Critically, such contrasting photophysical behavior is mediated by anion induced co-
conformational change of the multicomponent [3]rotaxane molecular shuttle via translational motion of the
electron donating macrocycles between the electron accepting stations of the axle component.

15



Conclusions

In the pursuit of artificial, switchable photoactive devices**°°™ we have designed a novel, multicomponent
[3]rotaxane molecular shuttle consisting of a four station bis-naphthalene diimide and Cg, fullerene bis-
triazolium axle component, and two mechanically bonded ferrocenyl-isophthalamide anion binding site-
containing macrocycles, prepared via an anion template synthetic methodology. The [3]rotaxane was isolated
as its coordinating (chloride) and non-coordinating (hexafluorophosphate) salts, each with a discrete
interlocked co-conformation which serves to change the positions of the electron donor and acceptor motifs
incorporated into the mechanically bonded macrocycle and axle components. Comprehensive one- and two-
dimensional 'H NMR spectroscopy was used to characterize the large-amplitude anion-mediated
translational motion of the macrocycle components that interconverts these co-conformations with high
positional integrity. This was critical if each co-conformational state was to exhibit distinct photophysical
behavior.

As such, anion exchange of the [3]rotaxane triggered a naked-eye on/off switch of the fluorescence response
which, via electrochemical analysis and absorption and emission spectroscopies, could be rationalized by
distant-dependent photo-induced electron transfer from the ferrocenyl donor group of a macrocyclic ring to
an NDI acceptor station of the axle component. Detailed time-resolved UV-Vis absorption and infrared
spectroscopies were employed to probe each co-conformation of the [3]rotaxane shuttle and elucidate
pathways by which the excited state decays in each case. These studies clearly demonstrated that the
[3]rotaxane chloride co-conformation, in which the macrocycles reside at the center of the axle component,
precludes electron transfer to NDI, resulting in the switching-on of emission from the NDI fluorophore and
concommitant formation of a Cg, fullerene-based charge separated state. By stark contrast, in the absence of
chloride as the hexafluorophosphate salt, the macrocycles to shuttle to the peripheral NDI stations,
quenching NDI emission via formation of an NDI-containing charge separated state. Importantly, in this co-
conformation, the [NDI™-Fc™] charge separated state is accessible and initially populated, even though it is
higher in energy than the alternative [C4, ~Fc™] species. Therefore, selectivity between the initially populated
charge separated state in the [3]rotaxane shuttle is enabled by anion induced co-conformational switching
and alteration of communication pathways operating between electron donor and acceptor motifs. To the
best of our knowledge, control over the photophysical behavior of a higher-order mechanically interlocked
molecular machine in this fashion is unprecedented. Such dynamic MIM systems of this design will further
stimulate their exploitation both as components in artificial photosynthetic devices and as next generation
photoactive anion sensors.

Associated Content

Further details of synthetic procedures, characterization, electrochemical and spectroscopic data, including
Figures S1 - S20, are included in the Supporting Information.
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