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Abstract: Investigating through-space electronic communica-
tion between discrete cofacially oriented aromatic p-systems is
fundamental to understanding assemblies as diverse as double-
stranded DNA, organic photovoltaics and thin-film transistors.
A detailed understanding of the electronic interactions
involved rests on making the appropriate molecular com-
pounds with rigid covalent scaffolds and p–p distances in the
range of ca. 3.5 �. Reported herein is an enantiomeric pair of
doubly-bridged naphthalene-1,8:4,5-bis(dicarboximide)
(NDI) cyclophanes and the characterization of four of their
electronic states, namely 1) the ground state, 2) the exciton
coupled singlet excited state, 3) the radical anion with strong
through-space interactions between the redox-active NDI
molecules, and 4) the diamagnetic diradical dianion using
UV/Vis/NIR, EPR and ENDOR spectroscopies in addition to
X-ray crystallography. Despite the unfavorable Coulombic
repulsion, the singlet diradical dianion dimer of NDI shows
a more pronounced intramolecular p–p stacking interaction
when compared with its neutral analog.

Aromatic stacking is ubiquitous in biological systems, where
it plays significant roles, for example, in defining molecular
recognition sites[1] in double-stranded DNA and in enabling
excitonic coupling[2] in photosynthetic systems. In synthetic
materials, such as those used in organic electronic devices,[3]

p-electron delocalization between molecules along aromatic
stacks is responsible[4] for electrical conductivity. An under-
standing of the electronic interactions, which couple cofacially
stacked redox-active p-systems, is therefore desirable for
charge transport optimization in organic electronic and
magnetic materials. The efficiency of intermolecular charge
transport in organic semiconductors is governed[4] by 1)
electronic coupling, which depends on the overlap of molec-

ular orbitals between neighboring molecules, and 2) the total
reorganization energy for charge transport between redox
centers. Both of these factors are closely linked to the relative
orientations and intermolecular distances of the molecules in
the solid state, i.e., the way in which the molecules pack
together.[5] Although the exact structure–performance corre-
lation is still not well understood, considerable efforts[6] are
currently being devoted towards reaching this goal. In
general, the close packing of molecules with significant
intramolecular p-orbital overlap allows for enhanced charge
transport properties.[7] The ability to assemble well-defined
stacks is expected to lead to the development of advanced
organic materials with unprecedented performance.[8] Since
the parallel cofacial organization of aromatic units in register
is not always energetically favorable,[9] the synthesis of
discrete face-to-face aromatic stacks poses a challenge. In
order to confront this challenge, we have designed and
synthesized a discrete covalently linked naphthalene-1,8:4,5-
bis(dicarboximide) (NDI) dimer (Figure 1a) and investigated
the electronic interactions between its two p-aromatic faces.

NDI derivatives[10] are a class of electron-deficient aro-
matic compounds capable, inter alia, of self-assembly,[11]

charge transport,[12] chemosensing,[13] synthetic membrane-
transport,[14] and selective catalysis.[15] Their versatility has
resulted in their extensive use in the construction of
mechanically interlocked molecules[16] with potential appli-
cations in organic electronic devices. These diimides are
neutral, planar, chemically robust, and exhibit a rich redox
chemistry. Although examples of covalently attached NDI
dimers have been reported previously,[17–18] their lack of
rigidity[17] and large interplanar distances[18] of > 4.5 � have
thus far precluded their use as electron transfer mediators in
close-to-ideal aromatic stacks. Herein, we describe an enan-
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tiomeric pair of chiral cyclophanes, (�)- and (+)-2NDI, each
containing two cofacially assembled NDI units, held rigidly at
a p–p distance (Figure 1b) of 3.5 �, similar to the interlayer
distance in graphite.[19] This enforced aromatic stacking brings
about several emergent redox and photophysical properties
that are not observed either in solution or in the solid state for
their monomeric analog Ref-NDI. In solution, strong intra-
molecular electronic coupling gives rise to 1) four singly
accessible redox states with distinct magnetic properties, 2)
electron sharing between the two NDI units, and 3) the
appearance of a long-lived excimer state with emission in the
visible region. Moreover, the extended through-space elec-
tron delocalization between the two aromatic faces reduces
markedly the first two reduction potentials of the 2NDIs on
account of stabilizing charge resonance effects. In particular,
single-electron reduction of the NDI dimer to its radical anion
state results in a species having an electronic spectrum
indicative of mixed-valence character, while the doubly
reduced state is a stabilized radical anion p-dimer at ambient
temperatures. In the solid state, the strong intramolecular
electronic coupling is accompanied by an enhanced inter-
molecular electronic coupling, which promotes the formation
of almost perfect one-dimensional stacks of 2NDI cyclo-
phanes.

The two enantiomeric face-to-face (�)- and (+)-2NDI
cyclophanes were obtained (Figure 1a) from two commer-
cially available building blocks—namely, naphthalenetetra-

carboxylic dianhydride and either (RR)- or (SS)-trans-1,2-
cyclohexanediamine in 10% yield. The absolute configura-
tions of the two enantiomers were confirmed by X-ray
diffraction[20] of single crystals obtained by slow vapor
diffusion of hexane into 1mm solutions of (�)- or (+)-2NDI
in CHCl3. The crystal structures (Figure 1 b,c) confirm the
rigid geometries of the cyclophane. The two cofacial NDI
units in both (�)- or (+)-2NDI are separated by an
intermolecular distance of 3.5 �. The 1H NMR spectrum
(see Supporting Information, Figure S1) of (�)-2NDI
revealed only two sets of signals for the eight NDI protons
with a downfield shift of 0.6 ppm compared to the monomeric
analog, Ref-NDI. Such a downfield shift of these signals
correlates with the enforced p–p stacking of the aromatic
rings. This observation is reinforced by the UV-Vis absorption
spectra, which show (Figure 2a) a significant blue-shift of the
absorption maximum from 380 nm for Ref-NDI to 360 nm for
(�)-2NDI, indicating exciton coupling in an H-aggregate
fashion. A weaker yet distinct absorption band (lffi400 nm) is
also observed in the visible spectrum. This unexpected red-
shifted electronic transition, which results in these com-
pounds being slightly yellow, both in solution and in the solid
state, is most likely a consequence of the small twist angle of
98 between the transition dipole of the two NDI units. This
twist renders the formally symmetry-forbidden optical tran-Figure 1. a) Stereospecific synthesis of the rigid cyclophane dimer (�)-

2NDI from (RR)-trans-1,2-cyclohexanediamine and naphthalenetetracar-
boxylic dianhydride. The enantiomer (+)-2NDI was obtained in a sim-
ilar fashion from (SS)-trans-1,2-cyclohexanediamine. Tubular represen-
tations of the b) plan, and c) side-on views of solid-state structures of
(�)-2NDI, showing the close intramolecular distance and twist angle
between the two NDI units.

Figure 2. a) UV/Vis Absorption (black trace) and emission (green
dotted trace) spectra of (�)-2NDI in CH2Cl2 compared with the
absorption spectra of the Ref-NDI (red trace). b) CD Spectra of
(�)-2NDI (black trace) and (+)-2NDI (orange trace) in CH2Cl2 at
298 K and a concentration of 10 mm.
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sition to the lower energy, exciton-
coupled state partially allowed. The
chiral environment, induced by the
diamine linker and the structural
rigidity of the two homochiral (�)-
and (+)-2NDI cyclophanes, also leads
to pronounced chiroptical properties
as revealed (Figure 2b) by their cir-
cular dichroism (CD) spectra.

(�)-2NDI exhibits (Figure 2a)
significantly enhanced[21] fluorescence
(Ffl = 4.7%) centered at 515 nm in
CH2Cl2 solution with 1) a long 20 ns
lifetime, 2) a large Stokes shift, and 3)
a lack of vibronic features[22] (Fig-
ure S5). Pronounced exciton coupling
between the two cofacially stacked
NDI units is apparent from UV/Vis
absorption and CD spectroscopy,
demonstrating that the transition
dipole moment of one NDI is coupled
to that of the second NDI to give rise
to excitonic states.[23] Fluorescence
spectroscopy reveals that an electron,
when photoexcited from the p to p*
molecular orbital, is effectively shared
between the two NDI units, leading to
an emissive excimer-like state, which
is an indication of electron delocali-
zation in the p* orbitals.[24]

The cyclic voltammogram (CV) of
Ref-NDI is characterized (Figure 3a)
by two sequential one-electron catho-
dic waves, observed at �690 mV and
�1130mV vs. Ag/AgCl, correspond-
ing to the formation of the [Ref-
NDI]C� radical anion and the [Ref-
NDI]2� dianion, respectively. By con-
trast, the CV of (�)-2NDI features
four distinct reversible one-electron
waves. The first reduction potential
(E1 =�365mV) is shifted by 325 mV
towards more positive potential com-
pared with that (E1 =�690 mV) of
Ref-NDI, while the second one (E2 =

�605 mV) of 2NDI is shifted by
85mV. Conversely, the last two reduction potentials (E3,
E4 =�1430, �1665mV) of 2NDI are shifted towards more
negative potentials compared to the Ref-NDI. The fact that
splitting of the reduction potentials of 2NDI occurs at more
positive potentials is indicative of electronic communication
between the two equivalent NDI redox centers in the
cyclophane on account of the mixing of their p-orbitals.

A mixed-valence[25] [2NDI]C� species (Figure 3 b) can be
generated in quantitative yield upon monoreduction of 2NDI
either chemically with 1 equiv of a chemical reductant such as
cobaltocene (CoCp2) or electrochemically at �0.5 V, as
evidenced (Figure 3c,d) by UV/Vis/NIR and electron para-
magnetic resonance (EPR) spectroscopies. Solution phase

EPR and electron-nuclear double resonance (ENDOR)
studies of the monoreduced radical anion [2NDI]C� provide
evidence for electron sharing in the radical anion. EPR
spectra reveal (Figure 3d) a linewidth of ca. 4 G for [2NDI]C�

compared with one of 5.7 G observed for [Ref-NDI]C� .[26]

Moreover, the ENDOR spectrum of [2NDI]C� reveals (Fig-
ure S9) a close to half reduction in the magnitude of the
electron-nuclear hyperfine coupling constants (HFCCs) rel-
ative to the monomer [Ref-NDI]C� . These results are con-
sistent with complete sharing of the electron between the two
NDI units in the cyclophane radical anion [2NDI]C� on the
EPR timescale.[27]

Figure 3. a) Cyclic voltammograms of Ref-NDI (red curve) and (�)-2NDI (blue curve) recorded
(scan rate 50 mVs�1) using a glassy carbon working electrode. All the experiments were performed
at 298 K in Ar-purged CH2Cl2 solution (0.5 mm) with 0.1m [Bu4N][PF6] as the supporting electrolyte.
b) Schematic representation of the distinct reduction steps exhibited by 2NDI. The two one-
electron reductions lead, first of all, to the formation of the mixed-valence dimer [2NDI]C� , and
then to the radical-anion dimer [2NDI]2�. c) UV/Vis/NIR Absorption spectra of 2NDI and its
reduced states arising from the electrochemical reduction by setting the potentials at �0.5 V (blue
trace) and �1.0 V (green trace). The insets show the mixing of the MOs localized on individual
NDI units and the lowest energy electronic transitions for [2NDI]C� (blue) and [2NDI]2� (green).
d) EPR Spectra of (�)-2NDI after reduction with 1 equiv (blue trace) and 2 equiv (green trace) of
[CoCp2]. The EPR spectrum of Ref-NDI after reduction with 1 equiv of [CoCp2] is shown for
comparison (red trace). All spectra were recorded in Ar-purged CH2Cl2 solution (0.3 mm) at 290 K.
The reduction of the EPR-linewidth for (�)-2NDI by a factor of

ffiffiffi

2
p

indicates delocalization of the
unpaired electron over both NDI units.
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In order to address the degree of unpaired electron
delocalization in the [2NDI]C� mixed-valence state, measure-
ments were performed (Figure 3c) on the intervalence charge
transfer (IVCT) transitions[28] by UV/Vis/NIR spectroelec-
trochemistry. Changes in absorption were monitored during
the electrochemical reduction of 2NDI at different applied
potentials using an optically transparent thin-layer spectro-
electrochemical cell. The spectral progression accompanying
the one-electron reduction at �0.5 V reveals the appearance
of a new band in the NIR region[29] centered at 1750 nm which
can be assigned to the IVCT transition. The intensity of this
new band decreased as the potential was increased to �1.0 V
and another band appeared at around 1000 nm which can be
assigned to the doubly reduced [2NDI]2�—namely, the
covalently linked radical anion dimer (Figure 3b) of NDIC�

which was also identified (Figure 3d) by the disappearance of
the EPR signal as a consequence of strong electron spin
pairing within the [2NDI]2� cyclophane. No evidence for
a ground-state triplet was observed in the CW-EPR spectrum
at 77 K. Upon resetting the applied electrical potential to
0.0 V, the neutral dimer was regenerated in > 85 % yield. The
IVCT band-shape analysis, based on the Marcus–Hush two-
mode model,[28, 30] gave the electronic coupling parameters,
eIVCT = 1350m�1 cm�1, HAB = 1900 cm�1. In particular, the
experimental bandwidth (Dn1/2 = 1420 cm�1) of IVCT band
is narrower than the theoretical one (Dn81/2 = 3629 cm�1 at
298 K) calculated using Hush�s theory.[30] This result indicates
that [2NDI]C� exhibits a high electronic delocalization, typical
of Robin–Day Class II–III compounds,[31] in good agreement
with the large splitting in the reduction potential revealed by
cyclic voltammetry and the change in absorption of [2NDI]C�

compared to [Ref-NDI]C� in the UV/Vis region, an observa-
tion which is also indicative of electron delocalization on the
fast timescale (1014 Hz) of electronic spectroscopy (Fig-
ure S4).

The stacking of the 2NDI molecules in the solid-state
superstructure (Figure 4a) imposes a cofacial arrangement
upon neighboring cyclophanes in a close-to-ideal alignment of
their p-systems. These rigid superstructures provide an
optimal arrangement of the NDI molecular orbitals for
studying exciton interactions and electron delocalization
along their p-systems in the solid state. The packing is
characterized by an array of 2NDI molecules in a slightly
slipped p–p stack with the shortest interplanar distance being
only 3.25 � and with close naphthalene-imide [H···O] con-
tacts of 2.4 � between the arrays of p–p stacks (Figure S3).
The considerable p–p overlap in this motif may result in
enhanced charge transport properties in the solid state.[8] An
unexpected emission, which is detected (Figure 4b) from
single crystals of 2NDI, represents a rare example of photo-
luminescent single crystals made up entirely of NDI units. The
time-resolved photoluminescence of these single crystals
shows (Figure 4c) a clear decrease, compared with measure-
ments in solution, of excimer like emission lifetimes in
keeping with intermolecular electronic communication in the
p–p stacks in the solid state. By contrast, when (�)-2NDI is
doubly reduced in CHCl3 solution with 2 equiv of CoCp2 in
the presence of 2 equiv of Bu4NPF6, the resulting single
crystals of (�)-[2NDI]2�·2Bu4N

+, on examination (Figure 5)

Figure 4. a) A progression from a tubular to a space-filling representa-
tion of the solid-state superstructure of (�)-2NDI, showing the slightly
slipped face-to-face one-dimensional p–p stacks of the NDI units and
the intra- and intermolecular distances between them of 3.5 and 3.3 �,
respectively. b) A fluorescence microscope image of a representative
single crystal of (�)-2NDI, illuminated with a diode laser at 405 nm.
c) The decays in photoluminescence of (�)-2NDI in CH2Cl2 solution
(10 mm) (red trace) and in a single crystal (green trace), showing the
decrease in excimer-like emission lifetimes on going from solution to
the solid state.

Figure 5. A space-filling representation of the solid-state superstructure
of [(�)-2NDI]2�·2 Bu4N

+ in which the radical anion dimer is illustrated
in pink while the two tetrabutylammonium ions are illustrated in blue.
A tubular representation (pale pink and dark blue) of the same solid-
state structure, which shows the intramolecular p–p stacking distance
between the two NDIC� radical anions, is superimposed upon the
space-filling representation. Note that there are [C�H···p] interactions
between the NDIC� radical anions and the Bu4N

+ cations. The
calculated structure (dark pink tubular skeleton) of [(�)-2NDI]2� is
overlaid with the solid-state structure of the cyclophane for compar-
ison.
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produce a discrete superstructure[20] devoid of intermolecular
p–p stacking interactions. In the case of (�)-[2N-
DI]2�·2 Bu4N

+, intermolecular interactions between the rad-
ical anion dimer and the tetrabutylammonium ions disrupt
further p–p stacking interactions beyond the molecule.
Analysis of the solid-state structure of (�)-[2NDI]2� demon-
strates that its two NDI units are drawn closer together
(3.3 �) and orient themselves more closely in register, as
indicated by the decrease in the twist angle between them
from 9.08 to 7.58. This observation indicates that a stabilizing
interaction must be present from the electron delocalization
and spin-pairing of NDI radical anions, an interaction that
prevails over the Coulombic repulsion arising from their
dimerization.[32]

We have demonstrated efficient p-orbital overlap leading
to complete through-space electron delocalization between
two rigid cofacial NDI units, covalently linked within a rigid
cyclophane scaffold. Cyclic voltammetry reveals that the
enforced electronic interaction leads to four individually
accessible redox states, which can be isolated and character-
ized in solution and in the solid state. The neutral state is
strongly exciton coupled and has sufficient electronic cou-
pling between the p-systems to produce a long-lived emissive
excited state indicative of extensive electron delocalization
between the two NDI units. The solid-state superstructure
found in the single crystal shows a nearly perfect alignment of
the NDI moieties, indicating strong intermolecular p-orbital
overlap. The monoreduced radical anion [2NDI]C� , which is
paramagnetic, is a mixed-valence species. The Gaussian-
shaped absorption band centered at 1750 nm for this radical
anion state has been used to calculate the electronic coupling
matrix element HAB by applying Marcus-Hush theory. Line-
shape analysis points to a highly delocalized class II–III
system, in agreement with experimental evidence. On the
other hand, the radical anion dimer (�)-[2NDI]2� is diamag-
netic. The crystal structure of this radical anion dimer
confirms and highlights, with crystallographic precision,
extensive p-electron delocalization interaction between two
NDIC� radical anions upon spin-pairing. The fundamental
understanding and distinction, at the molecular level, of the
subtle balance between the through-space charge resonance
interaction in the radical-neutral mixed-valence p-stacks and
the competitive diamagnetic radical-dimerization of the p-
stacks, is essential for the development of more efficient
organic electronic devices.[33]
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