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Abstract: The controlled self-assembly of well-defined and
spatially ordered p-systems has attracted considerable interest
because of their potential applications in organic electronics.
An important contemporary pursuit relates to the investigation
of charge transport across noncovalently coupled components
in a stepwise fashion. Dynamic oligorotaxanes, prepared by
template-directed methods, provide a scaffold for directing the
construction of monodisperse one-dimensional assemblies in
which the functional units communicate electronically
through-space by way of p-orbital interactions. Reported
herein is a series of oligorotaxanes containing one, two, three
and four naphthalene diimide (NDI) redox-active units, which
have been shown by cyclic voltammetry, and by EPR and
ENDOR spectroscopies, to share electrons across the NDI
stacks. Thermally driven motions between the neighboring
NDI units in the oligorotaxanes influence the passage of
electrons through the NDI stacks in a manner reminiscent of
the conformationally gated charge transfer observed in DNA.

Electron transport has been shown to play a crucial role in
the functioning of biological systems,[1] light-harvesting cas-
cades,[2] molecular actuators and switches,[3] and polymeric
materials.[4] Understanding how electrons move from one
molecular component to the next over long discrete distances
remains an important goal in the development of nano-
materials for organic molecular electronics. Covalent donor-
bridge-acceptor (D-B-A) systems have been used exten-
sively[5] to 1) demonstrate charge transport in one-dimen-
sional (1D) systems having well-defined D–A distances and
orientations, and 2) expand our knowledge of how molecular
structure and dynamics impact charge-transfer processes.

Electron or hole transport within covalent D-B-A molecules
is most often through-bond,[6] whereas transport in self-
assembled noncovalent D-B-A systems is generally through-
space.[7]

Many approaches[8–12] to the fabrication of through-space
“molecular wire” systems with discrete architectures often
require elegant, multi-step syntheses. Alternative strategies
make use of less complex covalent building blocks that self-
assemble into oligomers having relatively low polydisper-
sities[9] as well as template-directed methods[10] to control the
self-assembly of planar aromatics into 1D architectures.[11] For
example, Wu et al.[12] have used G-quadruplexes to construct
discrete assemblies of electron and hole charge carriers, while
Matile et al.[13] have established a general bottom-up method
for effecting the template-directed, self-organizing surface
initiated polymerization (SOSIP) of functional monomers
into vertical multicomponent photosystems. By relying on
a combination of hydrogen bonding, p–p stacking and
reversible ring-opening polymerization, oriented long-range
photoactive layers can be produced on indium tin oxide (ITO)
surfaces with low polydispersities. Meanwhile, Fujita et al.[14a]

have combined the host-guest chemistry of columnar Pd-
coordination cages with the direct binding nanogap technique
developed by Kiguchi and co-workers[15] in order to obtain
conductance measurements on molecular junctions composed
of discretely assembled p-stacks containing four, five, and six
aromatic units.[14b] In this case, the number of aromatic guests
in the stack is pre-determined by the length and size of the
host, the initial preparation of which is limited by the
availability of appropriately long and/or rigid ligands.
Recently, we capitalized upon a highly efficient template-
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directed clipping strategy[16] utilizing the concept of dynamic
covalent chemistry[17] (DCC) to prepare a series of rigid
oligorotaxanes[18] featuring a precise number of [24]crown-8
rings which encircle an oligoammonium dumbbell containing
x –(CH2CH2NH2

+CH2)– recognition sites spaced 3.4 � apart,
an ideal distance for sustaining p–p stacking interactions.
These oligorotaxanes can be isolated in near quantitative
yields (up to 96%) in < 10 min at room temperature.
Employing this same approach, we envisioned the self-
assembly of redox-active units into ordered 1D arrays for
the systematic investigation of through-space electron trans-
port over well-defined distances. Here we report 1) the
application of DCC in the preparation of n-type single-
molecular arrays, featuring electron-deficient naphthalene
diimides and 2) the utility of mechanically interlocked
architectures in the broader development of organic elec-
tronic materials, while at the same time assessing 3) the
influence of the mechanical bond, that is, the dynamic nature
of the rotaxane components, on electron transfer.

Herein, we describe the synthesis and intramolecular
electron sharing properties of a new series (Scheme 1) of
oligorotaxanes [n]NDIxR featuring one, two, three, and four
rings (i.e., x = 1–4)—functionalized with naphthalene diimide

(NDI)—which encircle oligoammonium dumbbells Dx where
x also represents the number of –(CH2CH2NH2

+CH2)–
recognition sites for the rings. NDI is an attractive functional
unit because of 1) its large p-surface, 2) its propensity to self-
assemble into co-facial stacks, 3) its excellent photochemical/
thermal stability, 4) its predictable n-type redox behavior and
5) its electronic tenability via naphthalene core substitution
methods, making it a suitable candidate for fundamental
investigations of charge and energy transfer processes.[19]

Soluble NDI derivatives are also easily prepared and
modified by attaching substituents to the diimide nitrogens
without affecting their electronic properties.[20] The oligo-
rotaxanes [n]NDIxR were prepared by mixing x equivalents
each of the acyclic precursor 1-NDI and tetraethylene glycol
bis(2-aminophenyl)ether (2) in the presence of 1.0 equiv of
the dumbbell Dx using the clipping procedure.[16, 18] For more
details, see the Experimental Section and Scheme S6 in the
Supporting Information. A control NDI derivative 3 was also
prepared for comparison. All of the compounds were fully
characterized by 1H and 13C NMR spectroscopies, as well as
by high-resolution electron-spray ionization (HR-ESI) mass
spectrometry (Supporting Information, Sections 2 and 3). The
crude 1H NMR spectra (Figure 1) of the [2]-, [3]-, [4]-, and

Scheme 1. Synthesis of the [n]NDIxR series starting from 1.0 equiv of an oligoammonium dumbbell Dx (where x= 1, 2, 3, or 4) and x equiv of
acyclic clipping precursors 1-NDI and 2 to afford the thermodynamically controlled self-assembly of [2]-, [3]-, [4]-, and [5]rotaxanes containing one,
two, three, and four NDI units, respectively. The constitutionally unsymmetrical NDI derivative 3 was prepared to in order to serve as a control
compound.
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[5]rotaxanes reveal that, in all cases, the oligorotaxanes are
formed quantitatively in < 10 min, demonstrating the power
of the clipping methodology for the production of assemblies
with precise control in an efficient manner. The resonances
for the NDI protons, Ha and Hb, in [2]NDI1R appear
(Figure 1a) as a “tight” AB system centered around
8.80 ppm despite the asymmetry of the NDI unit, whereas
for [3]NDI2R, the signals for the same protons separate
(Figure 1b) into a well-defined AX system (d = 8.40,
8.20 ppm) indicative of p–p stacking interactions between
the NDI units. This separation is exaggerated even more so in
the spectra (Figure 1c,d) of [4]NDI3R and [5]NDI4R. In
agreement with the literature[18] the resonances for the imine
and aromatic protons shift towards higher and higher fields as
the number of rings increase.[21]

Since growing single crystals of [n]NDIxR suitable for X-
ray diffraction analysis has so far evaded us,[22] we focused our

attention on quantum mechanical modeling, starting from the
crystal structure (Figure 2a; see also the Supporting Infor-
mation, Section 4) of the related [3]rotaxane[23] [3]Ph2R
which is devoid of NDI units para-substituted on the Ph
rings. Density functional calculations[24, 25] of [3]NDI2R
afforded (Figure 2 b) the two parallel-aligned NDI units
with an average plane-to-plane separation of 3.4 � and an
NDI-C6H4 dihedral angle of 598. Populating the molecule with
an additional single electron to form the mono-reduced
radical anion ([3]NDI2R)C� generates a SOMO (Figure 3)
spanning both NDI units which suggests that the unpaired
electron is shared within the [3]rotaxane. On the other hand,
variable-temperature (VT) 1H NMR spectra (Supporting
Information, Section 3.2) for the [3]-, [4]-, and [5]rotaxanes
show slight broadening of the resonances for the NDI protons
(Ha and Hb) as the temperature is decreased, whereas the
signals for these same protons in the [2]rotaxane [2]NDI1R
remain sharp. This observation implies interconversion
between various co-conformations of the NDI-appended
rings on the 1H NMR timescale at 298 K, as well as an
increase in the population of the co-facial co-conformations at
lower temperatures. Although in solution the rotaxane
components are free to rotate and can still adopt many
different co-conformations, it is not unreasonable to expect

Figure 1. Partial 1H NMR spectra (500 MHz/CD3CN/298 K) of the
[n]NDIxR series. The resonances for the NDI protons Ha and Hb

separate and shift significantly upfield as the number of rings is
increased from one to two in a) [2]NDI1R and b) [3]NDI2R, respectively,
an indication of the existence of p–p interactions between the NDI
units. Two sets of resonances occurring in c) 2:1 and d) 1:1 ratios are
consistent with the constitutionally heterotopic nature of the outer
(blue signals) and inner (red signals) rings of the [4]- and [5]rotaxanes
[4]NDI3R and [5]NDI4R, respectively.

Figure 2. a) Structural formula and single-crystal X-ray structure of the
related [3]rotaxane [3]Ph2R. Hydrogen atoms have been omitted for the
sake of clarity. The solid-state structure of [3]Ph2R shows a co-facial
arrangement of the phenyl groups yet negligible p–p interactions as
a consequence of the slipped-stack relationship between the rings
which creates a 5.4 � centroid-to-centroid distance between them.
b) Structural formula and graphical representation of the DFT-calcu-
lated (B3LYP-D3/6-31G**) geometry-optimized structure of [3]NDI2R,
which was constructed from the solid-state structure obtained for
[3]Ph2R. Inset: A plan view of the geometry-optimized structure of
[3]NDI2R superimposed upon the corresponding space-filling represen-
tation depicting 1) a 598 twist between the NDI units and phenylene
rings and 2) the two co-facial NDI units at a 3.4 � plane-to-plane
distance apart.
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the proximate NDI units to favor co-facial p-interactions
based on the available data.[23,24, 26]

In order to examine the interactions between the NDI
units in the [n]NDIxR series, we directed our attention
towards investigating their redox properties by cyclic voltam-
metry (CV) in solution. We also performed CV experiments
(Supporting Information, Figure S28) on 1-NDI and the
control compound 3 to probe the effects of the mechanical
bond on the reduction potential of the NDI units. The
[2]rotaxane (Figure S29) [2]NDI1R exhibits two one-electron
reductions at �0.73 and �1.20 V corresponding[19, 20] to the
generation of NDIC� and NDI2�, respectively. On scanning at
even more negative potentials, a third one-electron process is
observed at �1.44 V. This redox process is also evident in the
CV of 1-NDI, but not in the control 3, leading us to associate
this feature with the reduction of the pyridine ring.[27]

Figure 4, which illustrates the first-wave reductions of the
[n]NDIxR series of oligorotaxanes, reveals a separation of the
first one-electron process observed (Figure 4a) in the case of
[2]NDI1R into x discrete one-electron steps as a result of the
electronic communication between the NDI units in the
arrays as the number of NDI units is increased. The first
reduction (�0.67 V) of [3]NDI2R is easier to perform (Fig-
ure 4b) than that (�0.73 V) of [2]NDI1R owing to the
favorable interactions between the two electron-deficient
NDI units. On the other hand, the fact that the second NDI
reduction (�0.88 V) of [3]NDI2R to is more difficult to
achieve on account of the destabilizing interactions present in
the electron-rich system. Similar trends are observed (Fig-
ure 4c) for [4]NDI3R where three reductions (�0.59, �0.73,
and �0.85 V) are observed for the generation one, two, and
three NDIC� in the [4]rotaxane, respectively. Indeed, the NDI
geometries and rotaxane co-conformations adopted by
[5]NDI4R become increasingly more complex and less well-
defined (Figure 4d) as it is reduced at �0.57 V down to
�0.97 V from the mono-reduced species to the tetra-anion.
Nevertheless, in each of these examples, the emergence of
x discrete redox processes suggests that, even when up to four
electrons are introduced into an array like [5]NDI4R,
communication between the NDI units is preserved despite
the potential for unfavorable charge repulsion to occur.

Electron paramagnetic resonance (EPR) spectroscopy at
X-band (9.5 GHz) was used to explore (Figure 5) electron
sharing within the singly reduced ([n]NDIxR)C� series at
270 K. Specifically, if an electron is being shared across
identical NDI monomers on the timescale of the NDIC�

monomer electron-nuclear hyperfine couplings (ca. 107 s�1),
then a narrowing of the spectral width proportional to the
square root of the number of monomers should be
observed.[28] Although this spectral narrowing was not
observed for ([3]NDI2R)C� when compared with
([2]NDI1R)C� and the control 3C� , partial narrowing is
apparent in the spectra of ([4]NDI3R)C� and ([5]NDI4R)C� .
The EPR spectra (Figure 5) of ([n]NDIxR)C� at 270 K inFigure 3. Graphical representation of the DFT-calculated (B3LYP-D3/6-

31G** level of theory) singly occupied molecular orbital (SOMO) of
([3]NDI2R)C� . Orbital isosurfaces are illustrated at 0.015 electrons
Bohr�1.

Figure 4. Cyclic voltammograms (CVs) of the [n]NDIxR series (scan
rate 50 mVs�1) depicting successive first-electron reductions of one,
two, three, and four NDI units in a) [2]-, b) [3]-, c) [4]-, and d) [5]rotax-
anes, respectively. All the experiments were performed at 298 K in Ar-
purged CH2Cl2 solutions (1.0 mm) with 0.1m TBAPF6 as the support-
ing electrolyte. The splitting of first-wave reductions into x one-electron
steps is a clear indication of electronic coupling between NDI units in
the arrays.
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CH2Cl2 are inhomogenously broadened relative (Figure 5 a)
to the control 3C� because of the slower molecular tumbling
rates for the larger compounds, as well as a loss in resolution
of the hyperfine splitting resulting from electron sharing,
except for the spectra (Figure 5b,c) of ([2]NDI1R)C� and
([3]NDI2R)C� in which the hyperfine splittings are still
partially resolved. The spectra (Figure 5d,e) of
([4]NDI3R)C� and ([5]NDI4R)C� exhibit a single unresolved
line. The lack of significant spectral narrowing in the case of
([3]NDI2R)C� led us to hypothesize that there are a number of
internal nuclear reorganization events—such as intramolec-
ular rotation of the ring around the dumbbell inducing NDI
motion—which create a high barrier to electron sharing on
the timescale of the EPR experiment. We attempted to limit
intramolecular motions by lowering the temperature of
([3]NDI2R)C� to 200 K; however, no change in EPR linewidth
was observed (Figure S30). For the remaining oligorotaxanes,
linewidth analysis using Equation (1) in Ref. [28] gives values
for NS of 2.21 and 1.83 for ([4]NDI3R)C� and ([5]NDI4R)C� ,
respectively, providing conclusive evidence that, although the
electron can be shared across these higher order rotaxanes on

this timescale, perfect sharing is likely to be hindered by the
distribution of different co-conformations.

Continuous-wave electron-nuclear double resonance
(ENDOR) spectroscopy (Figure 6) allows for the detection
of unresolved hyperfine couplings in the EPR spectra of
radicals,[29] thus providing higher resolution data on electron
sharing. On account of the flexible nature of the NDIs in the
oligorotaxanes, we hypothesized that a larger extent of
electron sharing might be observable with ENDOR spectros-
copy. Isotropic hyperfine coupling constants (hfccs) for the
singly reduced ([n]NDIxR)C� series were measured in CH2Cl2

at 270 K (Table 1) and follow the resonance condition
v�ENDOR ¼ vn � aH=2ð Þj j, where v�ENDOR is the ENDOR tran-
sition frequency and nn is the proton Larmor frequency. The
ENDOR spectrum (Figure 6b) of ([2]NDI1R)C� shows the
expected ENDOR signal consistent with previously assigned
spectra of NDIC� derivatives with an unsubstituted core.[19,30]

The ENDOR spectrum (Figure 6c) of ([3]NDI2R)C� shows
a near-perfect one-half reduction of the hfccs established by
([2]NDI1R)C� compared to those calculated for the asym-
metrically substituted control 3C� . This observation provides
conclusive evidence that the unpaired electron is being fully
shared across two NDI units on a timescale � 107 s�1.
The ENDOR spectra (Figure 6d,e) of ([4]NDI3R)C� and
([5]NDI4R)C� appear to exhibit fractional sharing in which the
broader linewidths provide evidence of several populations
that we suspect arise from dynamic motions taking place
between the NDI units and the partial disruption of p-orbital
overlap. The spectra, however, are narrowed still further as
a result of the increased probability that any two NDI units

Figure 5. EPR Spectra of a) 3C� and b–e) the ([n]NDIxR)C� series after
reduction with 1.0 equiv of CoCp2. All spectra were recorded in Ar-
purged CH2Cl2 solutions (0.75 mm) at 270 K at X-band (9.5 GHz) with
0.020 mT modulation amplitude. The hyperfine splitting of
b) ([2]NDI1R)C� and c) ([3]NDI2R)C� remain partially resolved, whereas
the spectra for d) ([4]NDI3R)C� and e) ([5]NDI4R)C� reveal a featureless
signal. Inhomogenous broadening of the EPR spectra relative to (a)
monomeric NDI 3 is attributed to the slower molecular tumbling rate
of the larger oligorotaxanes.

Table 1: Hyperfine coupling constants (hfccs) obtained from electron-
nuclear double resonance (ENDOR) spectra.

Compound Hyperfine coupling constants[a] (hfccs) [MHz]

3C� (theor.)[b] 5.27 4.84 0.75
3C� (expt.) 5.34 – 0.43
([2]NDI1R)C�[c,d] 5.85 4.76 0.56
([3]NDI2R)C�[c,e] 3.05 2.49 0.28
([4]NDI3R)C�[f ] 3.82 3.11 0.90
([5]NDI4R)C�[f ] 2.39 – 1.02

[a] hfcc values reflect coupling of the unpaired electron to either the
asymmetric protons on the NDI core or the sp3 hybridized methylene
protons nearest the imide nitrogen atom. Calculations show that the
naphthalene protons closest to the phenyl substituent are more strongly
coupled, that is, exhibit higher hfccs, than those protons near the hexyl
chain. [b] Theoretical hfccs for the control 3C� were calculated at the
UB3LYP/EPR-II level of theory. [c] The differences in hfccs are resolved for
molecules ([2]NDI1R)C� and ([3]NDI2R

)C� . The weaker hyperfine coupling
constant observed below 1.0 MHz is a result of the interactions between
the unpaired electron and the protons of the methylene nearest the imide
nitrogen atom. [d] The experimental hfccs determined for ([2]NDI1R)C�

are in agreement with the theoretical and experimental hfccs recorded for
the control 3C� . [e] Reduction of all hfccs for ([3]NDI2R)C� relative to
([2]NDI1R)C� by a factor of two demonstrates sharing of the electron
between two identical NDI units in the [3]rotaxane. [f ] Although
substantial reduction of the hfccs is also apparent for ([4]NDI3R)C� and
([5]NDI4R)C� , the extent of electron sharing (or efficiency of p-orbital
overlap) between the NDI units is ultimately impacted by the various
NDI geometries and rotaxane co-conformations that can be adopted,
which makes it difficult to assign the 0.90 and 1.02 MHz couplings.
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are within a favorable geometry for electron sharing to occur.
In short, the ENDOR data suggests that, while each and every
NDI unit in the array is involved in mediating an electron
through the array, their p-orbitals may not be perfectly
aligned into active electron sharing domains at all times. This
idea is consistent with previous reports in the literature[31] on
non-mechanically interlocked assemblies where electron
sharing is only observed to occur through a fraction of the
system and can be attributed to the concept of conformational
gating.[32] In this case, electron sharing is mediated by the
thermally driven intramolecular motions which enable the
alignment of NDI p-orbitals within the oligorotaxane. Indeed,
the degree of p-orbital overlap between co-facial NDI units
could be limited certainly by the slipped-stacked and twisted

nature of NDI units on the ring, leading to imperfect stacking.
Furthermore, the flexible nature of the rotaxane components
resulting from the mechanical bond enables other modes of
disorder.

In summary, we have demonstrated through-space elec-
tron sharing in a series of mechanically interlocked molecules
featuring single-molecular 1D arrays of NDIs, capable of
forming co-facial stacks. In contrast with previous approaches
to preparing through-space molecular wires where non-trivial
syntheses and uncontrolled assembly of molecular compo-
nents can limit the size of a system and produce ambiguous
results, we have been able to control sequentially 1) the
number of NDI units and 2) their relative dispositions
employing a template-assisted strategy and mechanical bond-
ing. As a result, we have been able to show in a systematic
fashion the through-space delocalization of an electron
through co-facial stacks of NDIs with only a moderate loss
in transport as the length of the array is increased. The present
data suggests that the electron sharing process is conforma-
tionally gated by the relative motions of NDI units within the
stack as a consequence of the mechanical bond, which allows
individual rotaxane components to move in and out of active
electron sharing domains. Strategies to attenuate and control
these degrees of freedom in order to elucidate and improve
electron transport in these materials are currently in progress
in our laboratories. These experimental results demonstrate
the untapped utility of mechanically interlocked molecules in
constructing functional organic motifs, which may serve to
enhance our understanding of organic electronics in the
future.
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