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Abstract: Understanding electronic communication among
multiple chromophoric and redox units requires construction
of well-defined molecular architectures. Herein, we report the
modular synthesis of a shape-persistent chiral organic square
composed of four naphthalene-1,8:4,5-bis(dicarboximide)
(NDI) sides and four trans-1,2-cyclohexanediamine corners.
Single crystal X-ray diffraction reveals some distortion of the
cyclohexane chair conformation in the solid state. Analysis of
the packing of the molecular squares reveals the formation of
highly ordered, one-dimensional tubular superstructures, held
together by means of multiple [C¢H···O=C] hydrogen-bond-
ing interactions. Steady-state and time-resolved electronic
spectroscopies show strong excited-state interactions in both
the singlet and triplet manifolds. Electron paramagnetic
resonance (EPR) and electron-nuclear double resonance
(ENDOR) spectroscopies on the monoreduced state reveal
electron sharing between all four NDI subunits comprising the
molecular square.

Construction of ordered organic molecular architectures
capable of delocalization or fast hopping of charge among
neighboring units is a prerequisite for organic electronics and
photovoltaics.[1] Extensive experimental effort has been made
by us[2] and others[3] to develop multichromophoric systems
capable of significant charge delocalization. While hole
hopping between up to seven porphyrins has been observed[3a]

in multiporphyrinic assemblies by using electron paramag-
netic resonance (EPR) spectroscopy, the direct observation of
electron sharing over more than three aromatic units is
unprecedented.

Naphthalene-1,8:4,5-bis(dicarboximide) (NDI)
(Scheme 1) and its derivatives[4] have attracted considerable
attention as n-type electroactive materials in organic field-
effect transistors[5] (OFETs) and photovoltaics[6] (OPVs).
NDIs can also be used 1) as versatile units for molecular
recognition,[7] 2) as electron acceptors for photoinduced
charge- and energy-transfer studies,[8] and 3) as platforms
for organocatalysis.[9] Recently, we have reported two pairs of

enantiomerically pure cyclic oligomers of NDI—namely, (¢)-
and (++)-3NDI (trimer)[10a] and (¢)- and (++)-2NDI
(dimer)[10b]—and investigated their electronic and magnetic
properties. The p systems of these units in the macrocycles
interact strongly. Their one-electron chemical reduction
results in stable radical anions in which the electron is
shared fully between the NDI units. In the quest to advance
our understanding of how molecular geometry affects
through-space orbital overlap and electron sharing, we have
designed and developed a modular synthesis (Scheme 1) of
a pair of chiral shape-persistent[11] macrocyclic diimide
squares[12]—namely, (¢) and (++)-4NDI. In the present
work, we have investigated the photophysical and magnetic
properties of 4NDI and compared them with those of the
smaller macrocycles—namely, 2NDI and 3NDI—as well as
with a monomeric reference compound Ref-NDI. 4NDI has
has been characterized by 1) high-resolution mass spectrom-
etry in the gas phase, 2) 1D and 2D NMR spectroscopies, as
well as 3) optical spectroscopies in the solution phase, and
4) single-crystal X-ray diffraction in the solid state. Further-
more, we show by means of electronic spectroscopy and cyclic
voltammetry how the excitonic and electronic interactions
between neighboring chromophores are strongly dependent
on their relative orientations and center-to-center distances.
We have employed ultrafast transient absorption spectrosco-
py to reveal how the excited-state dynamics in these non-
conjugated multichromophoric architectures also depends on
conformation. Finally, we established, by means of electron
paramagnetic resonance (EPR) and electron-nuclear double
resonance (ENDOR) spectroscopies, that electron sharing
occurs between all four NDI units in monoreduced [4NDI]C¢,
a remarkable result given the small interchromophoric over-
lap of the p orbitals enforced by the square geometry.

4NDI was prepared in an overall yield of 8% by stepwise
condensations, starting from naphthalenetetracarboxylic dia-
nhydride and (R,R)-trans-1,2-cyclohexanediamine in DMF at
130 88C (Scheme 1). This stepwise route[13] facilitates purifica-
tion and leads to an improved yield of 4NDI compared to
a one-pot approach (ca. 1% yield; see the Supporting
Information for further details). The NDI square 4NDI was
identified 1) by atmospheric-pressure photoionization cou-
pled to high-resolution mass spectrometry (APPI-HRMS;
Figure S1 in the Supporting Information) and 2) by NMR
spectroscopy. The 1H NMR spectrum (Figure S2) exhibits the
characteristic resonances from the protons of the NDI unit in
the region, d = 8–9 ppm, and the aliphatic protons of the
linker cyclohexane chains at higher field, d = 1.5–6.5 ppm.
The observation of only a single set of resonances in the
13C NMR spectrum (Figure S3) of 4NDI is indicative of high
symmetry (point group D4) and restricted conformational
mobility. A comparison of the 1H (Figure 1) and 13C (Fig-
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ure S4) NMR spectra of this series of macrocyclic diimides
shows a downfield shift of the two diastereotopic proton
resonances (from 8.26 and 8.23 ppm for 2NDI, to 8.49 and
8.47 ppm for 3NDI, and 8.60 and 8.57 ppm for 4NDI), which
are resolved into separate doublets (3JAB = 7.5 for 2NDI and
3JAB = 7.7 for 3NDI and 4NDI) because of the restricted
rotation around the C¢N bonds and the rigidity of cyclohex-
ane ring (Table 1).[14]

In order to elucidate further structural details (i.e.,
constitution, molecular shape, bond lengths, bond angles),
we performed an X-ray diffraction analysis[15] (Figure 2) on
single crystals, obtained by slow vapor diffusion of n-hexane
into a 1.0mm solution of 4NDI in CHCl3 at room temperature.
The chiral (++)-4NDI is made (Figure 2 a) from four NDI faces

linked together by four
(S,S)-trans-1,2-cyclohexane-
diamine corners, resulting in
a rigid square-shaped mac-
rocycle with a face-to-face
distance of 11 è and an
easily accessible interior
cavity.[16] A careful analysis
of the X-ray diffraction data
of all three NDI macrocy-
cles reveals the ring pucker-
ing of the cyclohexane
bridging units from their
ideal chair conformations,
a situation which is sup-
ported by NMR spectrosco-
py. The values of selected
bond length, bond angles,
and torsional angles show
(Figure S7) an increase of
the ]N1-C1-C2 (and ]C1-
C2-N2) bond angles from
11288 in a strain-free cyclo-
hexane[17] with vicinal dii-
mide substituents in the
equatorial positions up to
11688 in 2NDI and 4NDI,
and a decrease of ]N1-C1-

C2-N2 gauche torsional angles from an unstrained value of
5488[17] down to 4888 in 3NDI, 4588 in 4NDI, and 3788 in 2NDI. The
average torsional angle magnitudes within the cyclohexane
rings are 5988 in 2NDI, 5888 in 3NDI, and 5788 in 4NDI. These
values are significantly higher than that (54.988) reported[16] for
a cyclohexane ring in an unstrained chair conformation,
indicating significant ring puckering. The strain energy
enforced by the macrocyclization is also localized on the
NDI units, forcing their aromatic planes to be bent with
a displacement of 0.4 è in 2NDI and 0.1 è in both 3NDI and
4NDI.[18] The relative total strain energy can be estimated by
comparing the computed (B3LYP/6-31G**) ground-state
energies (Figure S8), which show that 3NDI is the least
strained compound among the three NDI polygons. In the
single-crystal superstructure of 4NDI, two crystallographi-
cally distinct NDI squares are observed (Figure 2b) to be held
together by means of multiple intermolecular [C¢H···O=C]
hydrogen bonds between the carbonyl oxygen atoms and the
NDI protons (3.0 è< dC···O=C = 3.5 è, 2.1 è<dC¢H···O=C<

2.7 è, 13888<]C¢H···O< 15288) interactions. These supramolec-
ular dimers, which are composed of two 4NDI molecules with
a twist angle of around 4588, stack along the c-axis (Figure 2b
and Figure S6) to form infinite coaxial channels filled with
disordered solvent molecules (Figure 2c). Bundles of these
sheath-like organic nanotubes are then tightly packed to form
well-ordered arrays that constitute the single crystal (Fig-
ure S6b).

The optical properties were investigated by UV/Vis
absorption spectroscopy (Figure 3a). These spectra show an
intensity reversal for the 0 !0 and 0 !1 vibronic bands of the
S1

!S0 electronic transition (with maxima at 360 and 380 nm,

Scheme 1. Stepwise preparation of (¢)-4NDI from (R,R)-trans-1,2-cyclohexanediamine and naphthalenetetra-
carboxylic dianhydride. The enantiomer (++)-2NDI was obtained in a similar fashion from (S,S)-trans-1,2-
cyclohexanediamine.

Table 1: 1H and 13C chemical shifts obtained from the 1H and 13C NMR
spectra recorded in CDCl3 at 298 K, for the cyclohexane ring protons and
carbon atoms in 2NDI, 3NDI and 4NDI in comparison with the
resonances for the analogous protons and carbons in 2NIA.

d [ppm]
HC HD HE HF HG C1/

C2
C3/
C4

C5/
C6

Distortion[a,b]

2NIA 6.32 2.70 2.02 2.00 1.70 54.0 29.2 25.5 0[c]

2NDI 5.59 2.69 2.32 2.04 1.72 57.1 30.8 26.1 13.1
3NDI 6.23 2.48 1.99 1.94 1.67 54.0 30.1 25.9 1.0
4NDI 6.40 2.34 1.88 1.85 1.63 54.9 30.6 25.7 3.1

[a] The distortion on the cyclohexane chair is expressed as sum of the
square of the deviation of the chemical shifts with respect to those for
2NIA. [b] To a first approximation the distortion can be correlated with
the relative strain energy computed by DFT methods (RB3LYP/6-31G**).
See Figure S24. [c] By definition.
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respectively) in nNDI, where n = 2
and 3, with respect to those of
monomeric Ref-NDI, as a conse-
quence of interchromophoric exci-
ton coupling between neighboring
NDI units.[19] The A0 !0/A0 !1 ratio
for these vibronic bands increases as
the distance between the electronic
transition moments, which lie paral-
lel to the long axis of each NDI unit,
becomes larger, in good agreement
with the excitonic model developed
by Kasha.[19] The chiroptical activi-
ties in nNDI are indicated by the
strong signal in the electronic circu-
lar dichroism (CD) spectra (Fig-
ure 3b), which display several sets
of degenerate exciton-type Cotton
effects. The sign and intensity of
these CD bands are correlated with
the distance between the NDI chro-
mophores and the dihedral angle
between their electronic transition
dipoles.[17] In particular, the negative
Cotton effect at around 380 nm of
(¢)-nNDI, which is obtained from
(R,R)-trans-1,2-cyclohexanedia-
mine, reflects the negative gauche
torsional angle of the N1-C1-C2-N2
bond system of the cyclohexane
skeleton. The unsymmetrical shape
of the CD band at 380 nm can be
explained by the effect of cancella-
tion by the closely lying CD band at
360 nm.

The excited state dynamics of this series of cyclic diimide
molecules in CH2Cl2 were followed using femtosecond Vis/
NIR transient absorption spectroscopy (fsTA). The cyclic
tetramer 4NDI and trimer 3NDI show (Figure 3c) similar
behavior to that of the monomeric Ref-NDI. FsTA spectra,
following excitation with a 350 nm laser pulse, reveal
formation of 1*NDI in all three molecules within the instru-
ment response time (< 200 fs). Global target analysis of the
three-dimensional DA versus time and wavelength dataset
reveals (Figures S9–S12) species-associated differential spec-
tra that indicate the formation of short-lived 1*NDI states
(1.2� 0.1, 2.5� 0.1 and 2.0� 0.1 ps for Ref-NDI, 3NDI, and
4NDI, respectively), which absorb at 606, 730, and 1135 nm,
followed by relaxation and fast intersystem crossing to long-
lived 3*NDI states, which absorb at 460 and 488 nm.[20] The
triplet state decays were followed by nanosecond transient
absorption (nsTA, Figures S16–S18). Remarkably, we
observed a time-dependent reversal of the intensities of the
two peaks of the triplet transient absorption spectrum on the
nanosecond timescale for 3NDI (12.6� 0.6 ns) and 4NDI
(19.4� 0.3 ns), an observation which is not present in the case
of the monomeric Ref-NDI. These spectral changes could be
indicative of the relaxation of a delocalized triplet exciton to
a more localized monomer-like triplet excited state, perhaps

Figure 1. A comparison of the 1H NMR spectra (500 MHz, CDCl3, 298 K) of (¢)-2NIA, (¢)-2NDI,
(¢)-3NDI, and (¢)-4NDI.

Figure 2. a) Top view of a tubular representation of the crystal struc-
ture of molecular square (++)-4NDI, showing the nanometer-sized
cavity. The hydrogen atoms are omitted for the sake of clarity.
b) Expanded view of the cyclohexane skeleton. c) Side-on view showing
the supramolecular dimer of two crystallographically distinct (++)-4NDI
molecules held together by means of multiple intermolecular CH···O
hydrogen bonds. Bond angles are shown in red and torsional angles in
green. d) A blend of tubular and space-filling representations of the
solid-state superstructures of (++)-4NDI showing the tubular alignment
along the c-axis.
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accompanied by a geometrical change. The triplet nature of
the latter long-lived excited states is also supported by time-
resolved photoluminescence (TRPL) spectroscopy (Figur-
es S19–S21) and time-resolved EPR (TREPR) spectroscopy
(Figure S22) at 77 K, which reveal phosphorescence and
triplet EPR spectra for all three compounds, similar to those
reported[21] for the NDI triplet state. Conversely, the cofa-
cially p-stacked 2NDI displays ultrafast formation of an
excimer-like state, characterized (Figure 3c) by the appear-
ance[22] of a red-shifted transient absorption in the NIR within
the instrument response time.[23]

The reduction potentials for this series of macrocyclic
NDI molecules are summarized in Table S1 and their cyclic
voltammograms (CVs) are presented in Figure 3d. The CVs
of 2NDI and 3NDI show a clear splitting of the reduction
waves into distinct reversible one-electron processes as
a consequence of strong electronic coupling. On the other
hand, the CVof the tetrameric 4NDI is more complex and less
well-resolved. The differential pulse voltammogram (DPV,
Figure S24) along with the CV shows that the first reduction
at around ¢0.71 V generates a distinct, singly reduced

[4NDI]C¢ radical anion closely followed by 1) a three-electron
reduction process at around ¢0.85 V and 2) a broad four-
electron reduction wave at ¢1.32 V. This observation is
particularly striking as it suggests that, despite the electronic
communication between the NDI units, multielectron reduc-
tion of 4NDI only requires a minimal Coulombic energy
penalty, which makes this nanometer-sized square an appeal-
ing all-organic multielectron acceptor (up to eight electrons)
for potential use in artificial photosynthesis and molecular
supercapacitors. Upon the partial reduction of Ref-NDI,
2NDI, 3NDI, and 4NDI with one equivalent of cobaltocene as
a chemical reductant, the stable monoradical anion, as
monitored by UV/Vis/NIR absorption (Figure S25), was
generated in quantitative yield and subjected to further
EPR spectroscopic studies.

The EPR spectra of [Ref-NDI]C¢, [2NDI]C¢, [3NDI]C¢, and
[4NDI]C¢ and their corresponding simulations are shown in
Figure 4a. If the electron is shared equally within the
macrocycles, it is expected from the McConnell relation-
ship[24] that the isotropic hyperfine couplings should decrease
linearly with the number of NDI subunits present. In order to

Figure 3. a) UV/Vis absorption and b) CD spectra of (¢)-2NDI (red traces), (¢)-3NDI (green traces), and (¢)-4NDI (blue traces) in CH2Cl2
compared with the absorption and CD spectra of the Ref-NDI (black traces). (T =298 K and the concentration was adjusted in order to have the
absorbance equal 1.0 at 360 nm.) c) Combined visible and near-infrared femtosecond transient absorption spectra of Ref-NDI, (¢)-2NDI, (¢)-
3NDI, and (¢)-4NDI in CH2Cl2 at 298 K following excitation with a 350 nm laser pulse (0.6 mJ/pulse). d) Cyclic voltammograms (0.5 mm in
CH2Cl2, 100 mm TBAPF6, 50 mVs¢1, 298 K) of Ref-NDI (black trace), (¢)-2NDI (red trace), (¢)-3NDI (green trace) and (¢)-4NDI (blue trace).
The (++)-nNDI analogues shows identical results except for CD spectra, which display similar Cotton effects, but with inverted signs.

..Angewandte
Communications

11974 www.angewandte.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 11971 –11977

http://www.angewandte.org


measure the isotropic hydrogen hyperfine coupling, aH, more
accurately, continuous-wave ENDOR[25] was also performed
(Figure 4b). The results from fitting the ENDOR spectra
show an n-fold reduction of aH for the [nNDI]C¢ radical anions
relative to those of [Ref-NDI]C¢, consistent with electron
sharing among n NDI units.[26] The reason for such efficient
electron sharing could be a consequence of the perfect match
of LUMOs associated with the NDI units in the macrocycles
which have much higher symmetry than the p-stacked or
linear arrays.

In summary, we have prepared a shape-persistent chiral
molecular square 4NDI using a stepwise approach from
readily available starting materials. We have observed strong
bisignate Cotton effects whose sign supports the absolute
configuration of the compound. The solid-state X-ray dif-
fraction analysis of single crystals corroborates the conforma-
tional information obtained from spectroscopic studies and
reveals a remarkably well-aligned tubular superstructure,
sustained by intermolecular hydrogen bonding interactions.
We envision that the strong induced chiroptical activity
combined with the accessible cavity of 4NDI could be
potentially used for enantioselective recognition, sensing
and catalysis. Moreover, electronic spectroscopies and cyclic
voltammetry of these structurally well-defined nNDI poly-
gons show that the strength of the excitonic-coupling and
electronic communication between the neighboring NDI
units is highly dependent on their separations and relative
orientations, affecting the through-space dipole–dipole inter-
action and interchromophoric orbital overlap. The EPR/
ENDOR investigations indicate that the unpaired electron in
the monoreduced mixed-valence oxidation state, namely

nNDIC¢, is fully shared among all n NDI-based redox sites,
suggesting that the electron migration rate in nNDIC¢ is faster
than the timescale (> 107 s¢1) of the EPR/ENDOR experi-
ments, even when the angle between the p systems
approaches orthogonality and the orbital overlap is minimal,
as in 4NDI. These results also suggest that a fast hopping
mechanism may underlie the efficient electron sharing within
the cyclic NDI oligomers linked by rigid vicinal diamine
linkers. The potential of shape-persistent diimide macrocycles
to carry out long-distance electron transport required for
organic electronics and photovoltaics applications is appar-
ent.
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triplet state of 2NDI is considerably red-shifted (750 nm)
compared to that (488 nm) of the Ref-NDI. The triplet EPR
spectrum of 2NDI is also narrowed. Fitting a simulation to the
signal (Figure S21) gave zero-field splitting parameters of jD j=
607 and E/D = 0.0132 (units of 10¢4 cm¢1). In contrast, zero-field
splitting parameters for typical NDI monomers have been
reported[20] as jD j= 743 and E/D = 0.0162. These results may
indicate that a charge transfer configuration, in which the two
unpaired electrons constituting the triplet state each reside on
adjacent NDI molecules, contributes to the overall triplet
wavefunction. See: M. C. Thurnauer, J. J. Katz, J. R. Norris,
Proc. Natl. Acad. Sci. USA 1975, 72, 3270 – 3274.

[24] a) H. M. McConnell, J. Chem. Phys. 1956, 24, 632 – 632; b) H. M.
McConnell, J. Chem. Phys. 1956, 24, 764 – 766; c) J. R. Norris,
R. A. Uphaus, H. L. Crespi, J. Katz, Proc. Natl. Acad. Sci. USA
1971, 68, 625 – 628.
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CH2Cl2 solution using the resonance condition n�=j nn� aH/2 j ,
in which n� is the ENDOR transition frequency and nn is the
proton Larmor frequency. For more details, see, for example: H.
Kurreck, B. Kirste, W. Lubitz, Electron Nuclear Double Reso-
nance Spectroscopy of Radicals in Solution, VCH, Weinheim,
1988.

[26] The nitrogen isotropic hyperfine interaction, aN, was obtained
through simulation of the cw-EPR spectra by keeping aH fixed to
the values obtained from ENDOR.
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