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ABSTRACT: A series of donor−acceptor (D-A) naphtha-
lene−viologen-based cyclophanes of different shapes, sizes,
and symmetries have been synthesized and characterized.
Solution optical studies on these cyclophanes reveal the
existence of photoinduced intramolecular charge transfer
(CT) at 465 nm from naphthalene (D) to viologen (A)
units, resulting in a conformational change in the viologen
units and the emergence of an emission at 540 nm. The D-A
cyclophanes with box-like and hexagon-like shapes offer an
opportunity to control the arrangement within 2D layers
where D-A interactions direct the superstructures. While a box-like 2,6-disubstituted naphthalene-based tetracationic
cyclophane does not form square tiling patterns, a truncated hexagon-like congener self-assembles to form a hexagonal
superstructure which, in turn, adopts a hexagonal tiling pattern. Tessellation of the more rigid and highly symmetrical 2,7-
disubstituted naphthalene-based cyclophanes leads to the formation of 2D square and honeycomb tiling patterns with the box-
like and hexagon-like cyclophanes, respectively. Co-crystallization of the box-like cyclophanes with tetrathiafulvalene (TTF)
results in the formation of D-A CT interactions between TTF and viologen units, leading to tubular superstructures. Co-
crystallization of the hexagon-like cyclophane with TTF generates well-ordered and uniform tubular superstructures in which
the TTF−viologen CT interactions and naphthalene−naphthalene [π···π] interactions propagate with 2D topology. In the solid
state, the TTF−cyclophane co-crystals are paramagnetic and display dual intra- and intermolecular CT behavior at ∼470 and
∼1000 nm, respectively, offering multi-responsive materials with potential pathways for electron transport.

■ INTRODUCTION

Over the past three decades, two-dimensional (2D) networks
of polygons with uniform or heterogeneous morphologies have
attracted considerable attention owing to the physical
properties generated by their morphologies,1 as well as their
porous architectures.2 The regular arrangement of matching
shapes to cover completely a plane, without overlaps or gaps, is
known as tessellation. This process has been used to tile
regular polygons for decoration and art since antiquity.3 The
mathematical treatment, however, of tiling regular polygons of
triangular, square, and hexagonal shapes was first reported4 in
1619 by Kepler, who identified only 11 types of Archimedean
tilings (ATs), including three regular and eight semi-regular
tiling modes. Manifestations of Archimedean tiling have been
observed in the bulk structure of metallic alloys5 and
supramolecular interfacial tessellations,6 liquid crystals,7

polymer systems,8 and systems of patchy nanocrystals.9 Recent

studies by Glotzer et al.10 have revealed the influence of
entropic and enthalpic factors on the self-assembly of
Archimedean tilings. Several materials forming Archimedean
tiles exhibit striking photonic,11 electronic,12 and diffusive
properties.13

Tessellations have also been used to build beautifully
designed crystalline porous 2D frameworks through the judi-
cious connection of building blocks as vertices and edges into
an extended plane.2 Tessellation of a certain type of
monomeric vertices results in regular polygons in covalent
organic frameworks (COFs). The stacking of these planar
superstructures leads to the formation of molecular channels in
one dimension. The first COF structure was reported by
Yaghi14 in 2005; since then, organic materials with uniform
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pore structures have been studied extensively. These 2D
polymers have shown several applications, such as gas storage
and separation,15 heterogeneous catalysis,16 optoelectronic
materials,17 and ion conduction.18 In contrast to COFs with
regular tessellation arrangements affording a single pore type,
the use of different building blocks results in unsymmetrical
edges, which generate irregular polygons. Tessellation of these
irregular polygons creates COFs with several different pore
types. Zhang et al.19 reported two porous 2D COFs with
periodically heterogeneous pore structures synthesized through
a desymmetrized vertex design strategy. The development of
multi-porous COFs, however, remains challenging owing to
the strong tendency toward polymorphism.12 Multi-porous
COFs have the potential for an extraordinary range of
applications, such as control of semiconducting electron-
transport properties by judicious electron−hole doping, or
simultaneous uptake and transportation of different guests.20

Other approaches that have been adopted in the design of
2D porous materials include supramolecular tiling of diagonal,
trigonal, or tetragonal building blocks carrying different
functional groups designed to form noncovalent intermolecular
linkages by hydrogen bonding, van der Waals interactions, or
coordination to metal centers.21 For instance, Miyata et al.22

reported that a C3-symmetric and π-conjugated macrocycle
combined with an appropriate hydrogen-bonding module
allows the construction of crystalline supramolecular frame-
works with a cavity volume of up to 58%. The frameworks
were obtained through non-interpenetrated stacking of a
hexagonal sheet possessing three types of pores with different
sizes and shapes. The void space is rather fragile, however, and
can be affected by several factors, such as solute concentration,
temperature, solvent polarity, and the presence of guest
molecules.23 Other approaches,24−26 which consist of tiling
shape-persistent polygonal macrocycles leading to the con-
struction of 2D porous materials, have attracted considerable
attention. Several triangular systems decorated with long alkyl
chains have been employed24 in the construction of 2D glassy-
state networks. While other studies25 have demonstrated the
emergence of chiral multi-component supramolecular net-
works formed by achiral molecules at the interface of a chiral
solvent and an achiral substrate, a more recent investigation
describes26 the hexagonal tiling of hexagonal macrocycles of
different sizes through a combination of hydrogen-bonding
and van der Waals interactions to form a periodically ordered
2D network at the liquid−solid interface.
Polycationic cyclophanes constitute another family of

macrocycles that have attracted significant attention in the
past three decades.27 The synthetic availability and desirable
electronic properties of 1,1′-disubstituted-4,4′-bipyridinium
and its derivatives have, to a large extent, driven research in
this area and generated numerous cyclophanes in this family.
Several rigid polycationic box-like cyclophanes with different
shapes, sizes, and electronic properties have been synthesized
with a number of desirable properties, including (i) host−guest
recognition and complexation,28 (ii) catalysis,29 (iii) artificial
photosystems,30 (iv) molecular electronics,31 (v) live-cell
imaging and therapy,30a,32 and (vi) molecular machines.33

Our design approach (Figure 1a) for the tessellation of
polycationic cyclophanes consists of the combination of donor
(D) and acceptor (A) electroactive building blocks in a single
macrocycle. Beyond the enhancement of the intramolecular
charge transfer compared to phenylene-based viologen cyclo-
phanes,28 the intermolecular D-A interactions between macro-

cycles are expected to be the structure-directing interactions
governing the creation of 2D networks. Recently we
reported34 the tessellation of electron-active naphthalene
diimide cyclophanes of triangular shape (NDI-Δ) through
[π···π] and D-A CT interactions that offer different triangular
and hexagonal tiling patterns, depending on the crystal growth
conditions. While in our last investigations34 we exploited the
electron-sharing character within NDI-Δ to offer additional
degrees of freedom for electron transport in 2D tessellated CT
networks, in the current work, we are exploiting combinations
of the intra- and intermolecular CT in cyclophanes in order to
construct CT materials with 2D topologies. Furthermore,
tessellation of irregular shape-persistent polygons to create 2D
networks by using weak interactions remains underexplored.
Here, we report the use of rigid D-A cyclophanes with

different sizes, shapes, and symmetries to construct a range of
2D D-A networks, as shown in Figure 1a. The differences in
the lengths of 2,7- and 2,6-disubstituted naphthalene units and
viologen, when combined, allow the creation of truncated
polygons. The local C2v and D2h symmetries of 2,7- and 2,6-
disubstituted naphthalene units, respectively, affect the rigidity,
shapes, and symmetries of these cyclophanes. While the local
D2h symmetry of the 2,6-disubstituted naphthalene unit is
expected to generate a macrocycle with D3h symmetry, the
local C2v point group symmetry of the 2,7-disubstituted
naphthalene unit can result in truncated hexagon-like macro-
cycles resulting from the different conformations adopted by
the naphthalene units. The interactions between the relatively
electron-rich naphthalene units (D) and electron-poor
viologen units (A) are expected (Figure 1b) to be the
structure-directing interactions.
The molecular arrangements can be tailored by changing the

redox state of the viologen units. Indeed, upon reduction
(Figure 1c) of the viologen units to viologen radicals, the

Figure 1. (a) D-A building blocks for the design of truncated
polygons using 2,7-naphthalene, 2,6-naphthalene, and viologen, with
tetrathiafulvalene (TTF) between polygons. Expected tiling of
polygons via (b) D-A interactions (represented by A), (c) radical−
radical pairing interactions (A*), and (d) CT interactions in TTF−
cyclophane co-crystals. Color-coded representations: red for either a
2,6- or 2,7-naphthalene unit, blue for dicationic viologen units, purple
for viologen radical units, and green for TTF units. The symbol B
represents a secondary space formed by D-A interactions.
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packing in the solid state will be rather dictated by the radical−
radical pairing of the viologen radical units. Moreover, co-
crystallization of cyclophanes with a stronger electron-donor
guest molecule, such as TTF (Figure 1d), is expected to
generate TTF-viologen CT interactions, which will propagate
in 1D and 2D in the case of box-like and hexagon-like
structures, respectively. In addition, the confinement of TTF in
porous materials has been proven to enhance the CT
behavior.35 All these design rules can facilitate the creation
of programmable building blocks with well-defined crystal
habits. Absorption and emission studies have been undertaken
to unravel the optical properties of all the cyclophanes in
solution, along with 1H nuclear magnetic resonance (NMR)
titrations to calculate the affinities of the different cyclophanes
to TTF as the guest molecule. Single-crystal X-ray studies of all
cyclophanes provided detailed information about the molec-
ular structures and packings in the solid state.

■ RESULTS AND DISCUSSION
Synthesis. The syntheses of the cyclophanes 3·4PF6, 4·

6PF6, 7·4PF6, and 8·6PF6 are described in Scheme 1 and
Scheme 2. All the cyclophanes were synthesized without the
use of templates. The reactions of 1·2PF6 with 2·2PF6 and of 5·
2PF6 with 6·2PF6 in a 1:1 ratio in dry MeCN and in the
presence of ∼5 mol% tBu4NI under refluxing conditions were
followed by the addition of excess of NH4PF6 in order to
effect complete counterion exchange. After being washed with
deionized H2O and CH2Cl2, the filtered crude solid was
subjected to reverse-phase column chromatography, affording
4·6PF6 (55%) and 8·6PF6 (60%), respectively. A combination
of 1H and 13C (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) confirmed (Figures S1−S20) the
formation of both 4·6PF6 and 8·6PF6. Similarly, the reactions
of 1·2PF6 or 5·2PF6 and 4,4′-bipyridine in a 1:8 ratio in dry
MeCN and in the presence of ∼5 mol% tBu4NI under refluxing
conditions were followed by the addition of excess NH4PF6 in
order to effect complete counterion exchange. After being
washed with H2O and CH2Cl2, the filtered crude solid was
subjected to reverse-phase column chromatography, affording
3·4PF6 (78%) or 7·4PF6 (72%). (see Supporting Information
for more details).
The synthesis of 4·6PF6 also afforded 3·4PF6 as a byproduct

with a yield of 14%. This result suggested a possible conversion
of 4·6PF6 to 3·4PF6. Therefore, the conversion from 4·6PF6 to
3·4PF6 was tested by refluxing 4·6PF6 in dry MeCN and in the
presence of ∼5 mol% tBu4NI, followed by the addition of
excess NH4PF6 in order to effect complete counterion
exchange. After being washed with H2O and CH2Cl2, the
crude solid was subjected to reverse-phase column chromatog-
raphy, affording a 9:1 ratio of 4·6PF6 to 3·4PF6. The
conversion of 4·6PF6 to 3·4PF6 implies that 3·4PF6 is the
thermodynamic product while 4·6PF6 is the kinetic product in
these sets of reactions.
Crystallographic Studies. Single crystals of 3·4PF6, 4·

6PF6, 7·4PF6, and 8·6PF6 were grown by vapor diffusion of
iPr2O into a MeCN solution for 3−4 days. Single crystal X-ray
studies of different complexes of all the cyclophanes were
undertaken to reveal the relationship between the structures of
the cyclophanes and their packing in the crystalline state. The
presence of a more π-extended polyaromatic unit, such as
naphthalene, has a significant influence on the overall packing
of these macrocycles. In addition, the local C2v symmetry of the
2,7-disubstituted naphthalene unit allows some degree of

rotational freedom, which results in crystallization of 3·4PF6
into two conformational polymorphic structures, namely α-3·
4PF6 and β-3·4PF6. As a result of the rotation of the
naphthalene units, these structures do not form 2D D-A tiling
patterns. See Supporting Information for details, Figures S21
and S22. Reduction of 4·6PF 6 to 4·3PF6 induces a dramatic
conformational change in the molecular structure, and the
radical−radical pairing interactions (see Figures 3 and S26)
between the viologen units becomes superstructure-directing.
Detailed structural analysis of 3·4PF6 and 4·3PF6 can be found
in Supporting Information, while the discussion relating to the
structures 4·6PF6, 7·PF6, and 8·4PF6 can be found below. On
the other hand, co-crystallization of these cyclophanes with a
strong donor, such as TTF, in addition to the formation of
host−guest D-A complexes, the TTF−viologen CT inter-
actions compete with the intermolecular naphthalene−
viologen interactions, leading to changes both in the molecular
structures of cyclophanes and in their overall packing in the
crystal superstructures. A summary of the crystallographic data
for all the compounds is reported in Tables S1−S3.

Crystal Structure of 4·6PF6. 4·6PF6 crystallizes in the
triclinic P1 space group with one molecule in the asymmetric
unit. The dimensions (Figure 2a) of the cavity calculated from
the distance between the naphthalene and the viologen units
are approximately (Table S2) 10 × 11 × 12 Å, resulting in a
truncated hexagon-like structure. The angles within the
macrocycle lie in the range of 110−116° (mean, 112°). The
C2v point group symmetry of the 2,7-disubstituted naphthalene
units allows different geometrical orientations, as observed in
the two polymorphs, α- and β-34+ (Figures 2b, S21, and S22),

Scheme 1. Syntheses of 3·4PF6 and 4·6PF6
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and the tris-radical 43(•+) (Figure S26) which generate a
polygon. The macrocycles interact through face-to-face D-A
[π···π] interactions in the ab-plane between the naphthalene
and the viologen units, with interplanar distances of ∼3.5 Å, to
form a hexagonal superstructure (hex·46+) with a confined
cavity (Figure 2c) having a diameter of approximately 12 Å.
These hex·46+ superstructures tile (Figures 2e and S24a) by
means of a set of D-A interactions in a 2D network, and the
ATs in 46+ can be considered as a case of periodic isogonal
tiling by non-edge-to-edge convex regular polygons (hex·46+)
following AT principles. Recent investigations have reported26

the hexagonal tiling of hexagonal macrocycles of different sizes
through a combination of hydrogen bonding and van der
Waals interactions to form periodically ordered 2D networks at
the liquid−solid interface. Along the c-axis, the macrocycles
stack (Figure 2d) in 1D to form molecular channels. The twist
angles (θ1) between the pyridinium units (Table S2) of each
viologen are 6.4, 20, and 25°. The density functional theory
(DFT)-optimized structure exhibits (Figure S38) larger twist
angles (θ1) with an average of 42°, which indicates that face-to-
face D-A interactions between the naphthalene and the
bipyridinium units induce planarity in the viologens. A strategy
proposed19 to obtain dual pores in COFs involves desymmet-
rization of a highly symmetric vertex by elongation of one or
more arms of the COF to create non-equilateral polygons.
Similarly, in our systems, the supramolecular arrangement of
truncated hexagons, through a network of D-A [π···π]
interactions, generates a 2D material with heterogeneous
channels in the crystal structure. One-electron reduction of
each viologen unit of 4·6PF6 results in the formation of the

tris-radical 4·3PF6. All the viologen radical cations adopt a
planar conformation (Figures 3 and S26) with inter-ring
bipyridinium torsional angles (Table S2) of <6.0°, and the
bond length between the pyridinyl groups decreases from 1.48
Å in the dicationic form to 1.42 Å in the radical cation form.
All the viologen units dimerize through short [π*···π*]
interactions of ≤3.2 Å, which is lower than the van der
Waals radius of 3.4 Å, to form diamagnetic dimers. These pairs
interact through the third viologen unit (Figure 3) which
establishes face-to-face [π*···π*] interactions with viologens
symmetrically equivalent to those in an adjacent macrocycle in
the bc-plane. In addition, the strong tendency of the viologens
to dimerize indicates that the naphthalene−viologen D-A
interaction is weaker than that in the viologen radical dimers.
Consequently, the naphthalene units are forced to interact
through weak face-to-face [π···π] interactions (Figure S27) of
3.4 and 3.6 Å along one dimension. Remarkably, the flexible
nature of 4·3PF6 combined with its tendency to form pairs of
cyclophanes prevents the formation of a 2D network of
polygons. Such behavior potentially can be prevented by using
more rigid cyclophanes.

Crystal Structure of 8·6PF6. 8·6PF6 crystallizes in the
monoclinic C2/c space group with one molecule (Table S1) in
the asymmetric unit. The local D2h symmetry of the 2,6-
disubstituted naphthalene unit results in a flat and symmetrical
truncated hexagon-like structure with D3h point group

Scheme 2. Syntheses of 7·4PF6 and 8·6PF6

Figure 2. Crystal structure of 46+(PF6 anions are omitted for the sake
of clarity) showing (a) the front view of the asymmetric unit, (b) side
view of the asymmetric unit showing a different orientation of the
naphthalene units, (c) self-assembly of the 46+ macrocycles through
viologen-naphthalene D-A interactions to form a supramolecular
hexagonal superstructure hex-46+, (d) stack of 46+ to form a tubular
superstructure, viewed along the c-axis, and (e) hexagonal tiling of the
hex-46+ through D-A CT interactions in the ab-plane with the P6m
symmetry in the Archimedean hexagonal tiling pattern.
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symmetry. The dimensions of the cavity calculated from the
distances between the naphthalene and the viologen units
(Figure 4a) are approximately 11 × 12 × 15 Å, forming a
truncated hexagon-like structure with a cavity slightly larger
than that of 4·6PF6. The angles (Table S2) within the
macrocycle (θ2) are in the range of 112−117° (mean, 114°).
The twist angles (θ1) between the pyridinium units of each
viologen (θ1) are 40, 46, and 50°. In contrast to the structures
of 3·4PF6, 4·6PF6, and 7·4PF6, where the interplanar
interactions lead to a decrease in θ1 in the solid state, in the
case of 8·6PF6, the angles θ1 (Table S2) calculated from the
crystal structure and gas-phase DFT-optimized structure of 86+

are in the same range. This behavior is the result of the absence
of interplanar interactions between the naphthalene and the

viologen units in 86+; only weak edge-to-face [π···π] inter-
actions exist between the naphthalene and the viologen units,
generating a solid-state layer-like structure (Figure 4b) in the
ac-plane. Notably, the propagation of the D-A interactions
(Figure S25b) are unidirectional along the a-axis, while the
face-to-face [π···π] interactions (Figure S25a) between the
naphthalene units propagate along the c-axis. The hexagonal
molecular shape of 86+ self-assembles (Figures 4c and S25c) in
a hexagonal manner to form a honeycomb tessellated pattern
with P6m symmetry, following the Archimedean tiling
principles. Therefore, by contrast with 4·6PF6, which forms a
dual pore superstructure, it is remarkable that the high
symmetry of 86+ results in a unipore superstructure. These
layer-like superstructures interact with each other through

Figure 3. Crystal structure of 43(•+) showing the propagation of [π*···π*] interactions between the supramolecular dimers (43(•+))2 along one
direction to form supramolecular chains. These chains interact through [π···π] contacts between the naphthalene units. Viologen radical cations are
indicated in purple, naphthalenes in red, and methylene units in gray.

Figure 4. Crystal structure of 86+ (PF6 anions are omitted for the sake of clarity). (a) Front view of the asymmetric unit. (b) Propagation of the
naphthalene−naphthalene [π···π] interactions and naphthalene−viologen D···A interactions in the ac-plane. (c) 2D honeycomb hexagonal tiling of
P6m Euclidean plane symmetry of truncated hexagonal molecular structures. (d, e) Stacking of the macrocycle along the b-axis without forming
supramolecular channels. (f) View of three layers stacking along the b-axis displayed using different colors. (g) Side-view of the layer-like
superstructure viewed along the a- and c-axes.
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edge-to-face interactions between the viologen and the
naphthalene units (Figure 4f), resulting in tangling of the
cyclophanes on each other and forming a non-tubular
superstructure.
Charge-Transfer Complexes with TTF. The search for a

relationship between the molecular structure of the D-A
cyclophanes and its effect on the overall packing of the D-A
stacks with respect to the electronic properties led to an
investigation of the crystal packing of cyclophanes 3·4PF6, 4·
6PF6, and 7·4PF6 with an additional donor molecule such as
TTF. TTF is a stronger donor than naphthalene, and so the
TTF−viologen D-A interactions will become superstructure-
directing, forming a 2D tiling pattern. Furthermore, previous
studies36 revealed that, while tetracationic cyclobis(paraquat-p-
phenylene) (CBPQT4+) binds a TTF molecule strongly inside
its cavity, the molecular square (MS4+) binds two TTF
molecules to form a 2:1 complex [2TTF⊂MS]4+ or involves a
single guest in which the two aromatic planes are inherently
stacked together. The nature of the binding was unclear in
some cases, as the guest sits at the center of the cavity with
equidistant spacing to the viologen units, while in other cases
the guest forms a distorted superstructure in which the TTF is
displaced from the center of the cavity. To construct CT
complexes exhibiting propagation of the CT interactions in 1D
and 2D and reveal the effect of the molecular shape of the
cyclophane on the overall packing of the D-A complexes,
crystallographic studies have been undertaken on all the
complexes, and relevant CT salts have been prepared. Co-
crystallization of the cyclophanes 3·4PF6, 4·6PF6, and 7·4PF6
with an excess of TTF through slow evaporation of the solvent
resulted in the formation of green crystals that were suitable for
single crystal X-ray diffraction. Several attempts to co-
crystallize 8·6PF6 with TTF have been proven to be
unsuccessful. The donor-to-acceptor ratios of the resulting
complexes were found to be 4:1 in the [3·TTF]·4PF6 complex,
7.5:1 in the [4·TTF]·6PF6 complex, and 1:1 in the [7·TTF]·
4PF6 complex. Details of the crystal structures of [3·TTF]·
4PF6, [4·TTF]·6PF6, and [7·TTF]·4PF6 are discussed below.
The crystallographic data for all the complexes is reported in
Table S3.
Crystal Structure of [3·TTF]·4PF6. The co-crystal [3·TTF]·

4PF6 crystallizes in the monoclinic space group P21/c with one
3·4PF6 molecule and four TTF molecules in the asymmetric
unit. It is noteworthy that the inclusion of a guest inside the
cavity of 34+ allows a change in the orientation of the
naphthalene groups to generate larger lengths between the
aromatic rings (12 Å), while the width slightly decreases from
7.7 Å in 3·4PF6 to 7.5 Å in [3·TTF]·4PF6 owing to the
relatively strong interactions between the viologen units and
the TTF molecules. Nuclear magnetic resonance (NMR)
titration (Figure S45) resulted in a relatively small binding
constant of 53 ± 1 M−1. For CBPQT4+, upon the inclusion of a
TTF guest in the cavity, the distance between the viologen
units increases from 6.1 to 7.0 Å, resulting in a strong binding
constant (Figure S43) of 11 345 ± 1066 M−1. Along the c-axis
(Figure 5a), two TTF molecules (TTF1 and TTF2) and
viologen units form mixed D-A π-stacks with four different
interplanar distances. Peierls37 pointed out that the instability
of 1D metals is pertinent to the distortions that open a gap at
the Fermi energy. TTF⊂3·4PF6 is not centered inside the
cavity, with interplanar distances (Figure 5a) from each
viologen unit of 3.7 and 3.8 Å. On the other hand, the TTF2
along the π-stack structure interacts with the two viologen

units adjacent to the cyclophane with interplanar distances
(Figure 5a) of 3.5 and 3.8 Å. Therefore, the D-A π-stack
structure of four different alternating intermolecular contacts
makes it difficult to predict the electronic properties with
respect to the Peierls distortion. In addition, the Peierls
distortion of a D-A π-stack at low temperature (100 K) results
in the non-central location of TTF within the cavity of 3·4PF6.
The crystal structure reveals the existence of two other TTF

molecules (TTF3 and TTF4) (Figures 5b and S28a) that
interact with the naphthalene units through [C−H···π(TTF)]
along the a-axis, having contacts of 2.7−3.0 Å and affording
another mixed D-A π-stack superstructure. This 2D topology,
where two mixed D-A π-stacks coexist in two dimensions, is
unique and potentially can exhibit conductive properties in 2D.
According to a previous report on CT complexes,38 the valency
of organic molecules, as well as the electron-transporting
properties of the materials, can be predicted by analyzing the
details of their structures, such as the bond lengths, bond

Figure 5. Crystal structure of [3·TTF]4+ (PF6 anions are omitted for
the sake of clarity). (a) Mixed π-stack superstructure propagating
along the a-axis and showing distances between the TTF molecules
(TTF1 in darker green and TTF2 in bright green) and the viologen
units. (b) D-A π-stack between the naphthalene units and TTF
molecules (TTF3 in yellow and TTF4 in green) along the a-axis. (c)
Tessellation in a cb-plane of the rectangular cyclophanes though
TTF−viologen CT interactions and naphthalene−naphthalene [π···π]
interactions.
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angles, separation distances, and the packing motifs of donor
and acceptor species. In Figure S28, the side view shows that
TTF1 and TTF2 are planar, while TTF3 and TTF4 are
slightly curved. The structure factors of TTF3 and TTF4
revealed that the S atoms and C atoms of the central CC
double bond are co-planar, while the five-membered rings are
bent and lie at a torsion angle of ∼16−17°. Such distortion
could be a result of weak attractive intermolecular interactions.
DFT calculations revealed that the structure of an isolated
TTF molecule in the gas phase is not planar. Instead, it adopts
a boatlike conformation with a C2v point group symmetry,
where the two pentagonal rings are slightly bent with an angle
of ∼15°.39 In addition, the lengths of the central CC double
bonds of TTF molecules were also examined, as these bond
lengths are benchmarks for predicting the oxidation states of
TTF species. Because they are adjacent to viologen units, the
TTF1 and TTF2 molecules were expected to possess a
positive charge, and the central CC bond was expected to be
elongated by the single-bond component from the resonance
structure compared to that in the neutral form (TTF3 and
TTF4). The CC bond lengths of TTF1 and TTF2 are
1.33(1) and 1.37(1) Å, respectively, while TTF3 and TTF4
have central CC bond lengths of 1.33(1) and 1.31(1) Å,
respectively. The CC bond length in neutral TTF was
determined to be 1.337 Å, while that in TTF−TCNQ
(tetracyanoquinodimethane) is 1.369 Å (ρTTF = +0.59).40 In
this context, it is obvious that three TTF molecules (TTF1,
TTF3, and TTF4) are in the neutral form, while the fourth
one (TTF2) undergoes partial oxidation. It is, however,
remarkable that the TTF molecules inside the cavity of the
cyclophane are in the neutral form and are slightly more
distant from the viologen unit, while the TTFs with shorter
distances to the viologen undergo more significant electron
transfer. The discrepancy in the twist angles (θ1) of the two
viologen units (11 and 28°) indicates that, while the planar
viologen is in a partially reduced form, the second viologen is
still in its dicationic oxidation state. Electron paramagnetic
resonance (EPR) studies (Figure S37) of [3·TTF]·4PF6 in the
solid state revealed the existence of an anisotropic signal with
giso = 2.006 characteristic of TTF•+.
Crystal Structures of 7·4PF6 and [7·TTF]·4PF6. The crystal

structure of macrocycle 7·4PF6 revealed that it crystallizes in
the triclinic P1̅ space group with two symmetrically distinct
half-cyclophanes (Figure S24a) in the asymmetric unit. In
contrast to the 2,7-naphthalene units, which possess some
rotational flexibility, the local D2h symmetry of the 2,6-
naphthalene units are structurally more rigid within the
structures of cyclophanes. The angles of the macrocycles on
the methylene corners are 107−109° (Figure S24b) and are
slightly smaller than those of 3·4PF6, but similar to those of
CBQPT 4+. The twist angles (θ1) between the pyridinium rings
of the viologens are 18 and 31° (Figure S24b), which are
slightly larger than those of 3·4PF6. The DFT-optimized
structure shows a larger twist angle (θ1) of 41°, which confirms
once again that the face-to-face D-A interactions between the
naphthalene and the viologen units induce a slight decrease in
the twist angle (θ1) of the viologen units (Table S2). The
dimensions of the cavity, estimated from the distances between
the aromatic planes on opposite sides of the empty cyclophane
in the X-ray crystal structure (Figure S24b), were 9.1 Å
(width) and 10 Å (length) or approximately 5.7 Å (width) ×
6.9 Å (length) when considering the van der Waals radii. Both
the width and the length of 74+ are larger than those of 34+ but

smaller than those of a tetracationic molecular square (MS4+),
cyclobis(paraquat-4,4′-biphenylene).9 The arrangement of 7·
4PF 6 in the crystal structure is similar to that of CBPQT4+,

where the naphthalene and viologen units interact in a face-to-
face manner with interplanar distances in the range of 3.3−3.6
Å (Figure 6a,b). These supramolecular D-A interactions
propagate in the cb-plane to form tessellation patterns of two
symmetrically distinct polygons (Figure S24c) similar to the
Archimedean tiling of squares. Stacking of these 2D layers
results in 1D molecular square channels (Figure S24d). It is
noteworthy that [7·TTF]·4PF6 does not form a mixed D-A 1D
stack but adopts (Figures 6a,b and S32) as well square
tessellations in a 2D plan; however, the superstructure-
directing interactions are [π···π] naphthalene−naphthalene
interactions rather than naphthalene−viologen D-A inter-
actions.

Crystal Structure of [4·TTF]·6PF6. The hexagonal shape of
46+ is expected to generate different D-A packing in the solid
state. The growth of the 46+·TTF co-crystal was achieved
through slow evaporation of solvent due to low affinity of TTF
to the cavity of the 46+ cyclophane (see 1H NMR titration
Figure S47). The co-crystal [4·TTF]·6PF6 crystallizes (Figure
7a) in the monoclinic P21/n space group with one cyclophane
molecule and 7.5 TTF molecules in the asymmetric unit.
Seemingly, the co-crystals of both [3·TTF]·4PF6 and [4·TTF]·
6PF6 crystallize in higher symmetry compared to 3·4PF6 and 4·
6PF6. Five TTF (Type I and Type II) molecules among the
total number of TTFs in the asymmetric unit are involved
(Figure 7a) in the D-A face-to-face interactions with the
viologen units. The interplanar distances between the TTF
molecules and the viologen units are in the range of 3.3−3.5 Å.
These distances are adequate for charge transfer, and some of
them are shorter than those of [3·TTF]·4PF6. These D-A CT
interactions (Figure 8b,d) propagate in a hexagonal manner in
the ab-plane. The hexagon-like superstructure of six assembled
cyclophanes and TTFs in the ab-plane is interconnected
through naphthalene−naphthalene [π···π] interactions (Figure
8a,c) of ∼3.4 Å of another cyclophane. These [π···π]
interactions between naphthalene units propagate also in a
2D layer to form a hexagonal tessellation pattern. It is

Figure 6. Crystal structure of 74+ showing (a) the top view of tiled
cyclophanes through 2D D-A interactions and (b) the side view of the
layer-like superstructure. Crystal structure of [7·TTF]4+ showing (c)
the top view of TTF⊂ 74+ tiling through naphthalene−naphthalene
[π···π] interactions and (d) the side view of the propagation of [π···π]
interactions between the naphthalene units propagating along one
direction. PF6 anions are omitted for the sake of clarity.
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remarkable that the co-crystallization of 4·6PF6 with TTF
changes the 2D network from the heterogeneous pores in 4·
6PF6 to the regular honeycomb Archimedean tiling in the [4·
TTF]·6PF6 co-crystal. Among the Type I and II TTFs, three of
them and two viologen units exhibit rotation angles (Figure
S30) in the range of 49−72°, while the third viologen and two
others are nearly parallel, with a rotation angle of 10°. Three
other TTF molecules (Type III) are not involved (Figure 7a)
in the interplanar D-A interactions. One of these Type III TTF
molecules interacts in an edge-to-face manner with the
naphthalene unit (2.7 Å), while the other TTF establishes
several [S···S] and hydrogen-bonding interactions with
adjacent TTF molecules. Structure factors of Type III TTF
molecules revealed that the S atoms and C atoms of the central
CC double bond are coplanar, while the five-membered
rings are bent along the dithiol line with torsion angles of ∼14
and 18°. The thermal disorder of the TTF units hampers
detailed analysis of their oxidation state through analysis of the
CC bond length. Therefore, analysis of the viologen units,
which are structurally well-defined, can give some information
about the oxidation state of the cyclophane and TTFs. The

twist angles (θ1) of the three viologen units (Table S2) are 5.1,
5.9, and 15°, while the C−C bonds between the pyridinium
units have lengths of 1.43, 1.44, and 1.46 Å, respectively. Both
the distances and the angle values correlate with the distances
between the TTF and viologen units, where shorter CT
distances result in small twist angles (θ1). The short C−C
distances and small twist angles (θ1) of the pyridinium units of
two viologens are indicative of their cation-radical character,
while the third viologen is most likely only partially reduced.
Indeed, the C−C bond lengths in 3·4PF6 are ∼1.48 Å, while
those in the tris-radical 4·3PF6 are around 1.43 Å. It is
noteworthy that the three TTF molecules in the cavity of the
macrocycle are in close contact with each other, with distances
in the range of 2.7−3.5 Å, forming a unique TTF-triad (Figure
7) that provides an potential additional pathway for electron
transfer between the mixed D-A stacks in addition to the
intramolecular CT in the cyclophane (vide inf ra). Previous
studies36 reported the stabilization of (TTF2)

•+ and (TTF•+)2
radicals in the viologen cyclophane CPBQT4+ through
interlocked catenanes. We recently reported34 that the tessella-
tessellation of NDI-Δ and TTF leads to the formation of two-

Figure 7. Crystal structure and superstructure of [4·TTF]6+ (PF6 anions are omitted for the sake of clarity). (a) D-A interaction of each viologen
unit with two TTF molecules (Type I, inside the cavity, and Type II, around the cyclophane), and non-π-stacking TTF molecules (Type III). (b)
Arrangement of the polygons along the c-axis to form supramolecular channels.

Figure 8. Crystal structure and superstructure of [4·TTF]6+ (PF6 anions are omitted for the sake of clarity). (a) Hexagonal tiling of the cyclophanes
through naphthalene−naphthalene [π···π] interactions. (b) Hexagonal tiling of the cyclophanes through CT interactions between TTF and
viologen. The three TTF molecules inside the macrocycle form a TTF triad through close [S···S] contacts. (c, d) Side views of thelayer-like
superstructures.
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dimensional hexagonal patterns containing two different
triangles, namely NDI-Δ and TTF-Δ. We demonstrated that
utilization of non-planar geometries can lead to inhibition of
the dimerization of TTF•+, and that supramolecular TTF-Δ
was determined to have a mixed-valence character between
one neutral TTF molecule and two TTF•+ radical cations, with
an absorption in the mid IR (λmax = 2500 nm) range. Similarly,
the hexagonal geometry of 46+ plays a crucial role in preventing
the TTF radicals from forming dimers. Similar to the structure
of 4·3PF6, in which the radical−radical dimerization (Figure
3c) is the structure-directing interaction, in the [4·TTF]·6PF6
co-crystal the CT interactions between the TTF and the
viologen compete with naphthalene−viologen interactions.
Therefore, TTF−viologen CT interactions are the structure-
directing interactions that lead to the formation of a tubular
superstructure (Figures 7b and S31) with uniform pores.
Similar to [3·TTF]·4PF6, EPR studies (Figure S37) of [4·
TTF]·6PF6 in the solid state revealed the existence of an
anisotropic signal with giso = 2.0053 characteristic of the
TTF•+.41 Absorption spectroscopy of a thin film of [4·TTF]·
6PF6 confirmed the existence of CT from TTF to the viologen
units.
Solution Absorption and Fluorescence Studies. The

association of the naphthalene and viologen moieties within a
macrocycle can induce a twisted intramolecular charge transfer
(TICT) that may influence charge transport through the
networks. Steady-state absorption and fluorescence studies
have been undertaken on the cyclophanes 3·4PF6, 4·6PF6, 7·
4PF6, and 8·6PF6 in solution. The absorption and fluorescence
spectra were measured in very dilute solutions (<10−5 M) to
avoid aggregation. The results are summarized in Table S4.
All the absorption spectra of the four different cyclophanes

exhibit two intense absorption peaks at ∼230 and 265 nm
(Figure 9), which are characteristic of the [π→π*] transitions
for the naphthalene and viologen units, respectively. However,
a weak band at ∼465 nm with a molar absorption coefficient in
the range of 7100−8460 M−1·cm−1 is observed and attributed
to the intramolecular CT from the naphthalene to the viologen
unit. This transition extends to lower wavelengths, appearing as
a shoulder on the strong 265 nm transition. DFT calculations
using the B3LYP functional42 and 6-31G*+ basis set (Table S5
and Figures S38−S41) revealed that the highest occupied
molecular orbital (HOMO) is localized on the naphthalene
moiety, while the lowest unoccupied molecular orbital
(LUMO) is localized on the viologen unit with an energy
difference of ∼2.10 eV, which supports the assignment of this
transition having CT character. Likewise, dicationic dimethyl
viologen (MV2+) does not show this transition at 465 nm.
Upon excitation of the [π→π*] transitions of MV2+ in

acetonitrile at 265 nm, the emission (Figure S33) shows a
maximum at 355 nm with a Stokes shift of 9600 cm−1. The
fluorescence lifetime is 1.00 ± 0.04 ns, with a quantum yield of
0.03 ± 0.01.43 By contrast, fluorescence studies (Table S4 and
Figures 10 and S34) of cyclophanes 34+, 46+, 74+, and 86+

revealed no similar emission upon excitation at 265 nm, but
instead showed a weak emission in the green region at 540 nm.
On the other hand, excitation of the CT band at 465 nm
results in a more intense green emission at 540 nm with
fluorescence quantum yields of 1.3 ± 0.1%, 2.3 ± 0.2%, and 4.0
± 0.5% for 34+, 74+, and 86+, respectively. The emissive band at
540 nm likely owes its origin to radiative recombination of this
CT state, which may undergo structural relaxation between
conformers prior to recombination.44 The Stokes shift between

Figure 9. UV−vis absorption spectra of (a) 34+, 46+, (b) 74+, and 86+

in MeCN.

Figure 10. Excitation and emission spectra of 46+ (a) and 86+ (b) in
MeCN.
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the fluorescence excitation at 465 nm and the emission at 540
nm is ca. 3000 cm−1, which further supports a structural or
solvent rearrangement following excitation.46

Previous studies45 have shown that the conformational
constraints on viologen derivatives induced by a host enhance
the viologen-based emission. More recent studies44 have
shown that viologen−tetraarylborate ion-pair complexes
possess a CT transition at 370 nm leading to the formation
of the viologen radical, which undergoes structural changes in
the excited state. Here, the naphthalene serves as the electron-
donating unit, held at a close distance to the viologen, though
with different orientations between the different macrocycles,
and its interaction with the viologen unit leads to the CT band
in the absorption spectrum. Recent studies44 have shown the
existence of two predominant conformers in the ground state
of MV2+ with different excited-state dynamics. The two
conformers (α and β) of viologen depend on the torsion
angle of the pyridinium units, and each shows different
emission features for the CT state. While the CT state of the α
conformer leads to emission at 520 nm, the β conformer emits
at 550 nm; the energy difference between these states is ∼1050
cm−1, which suggests that the Stokes shift discussed above can
be attributed in part to structural changes following excitation.
The discrepancy of the photophysical behavior between
excitations at 265 and 465 nm may also indicate a change of
viologen conformation after excitation in the CT band. The
intensity of the 540-nm emission suggests either a strong
prevalence of the β conformer in the ground state or rapid
conversion to the β conformer in the excited state.
Indeed, analysis of the fluorescence decay at 540 nm reveals

a single component with a lifetime (Table S4) of 2.16−2.93 ns,
which suggests that any structural change following excitation
is fast. In this context, the efficient intramolecular CT from the
naphthalene to the viologen unit induces stabilization of the β
conformer, which quenches the emission from the α conformer
completely and results in a unique emission at 540 nm
associated with the β conformer. The mechanism and
energetics are shown schematically in Figure 11. The
observation of TICT in soution-phase polycationic cyclo-
phanes could potentially be exploited in sensors for
detecting solvent, (micro)viscosity, and chemical species.

Solid-State Absorption Spectroscopic Studies. The
solid-state optical properties of the polycationic cyclophanes
and their co-crystals with TTF molecules have been
investigated (Figures 12 and S36) in thin films that are
prepared by drop-casting. All the cyclophanes display similar
absorption profiles, with very weak CT bands that are centered

on 470 nm, resulting from not only intramolecular CT, as
observed in solution, but also intermolecular CT between
naphthalene and viologen units. The co-crystals of cyclophanes
with TTF display rather different optical properties with the
emergence of a broad absorption band near the IR region
(>700 nm). While the [3·TTF]4+ is characterized by the
presence of an absorption band in the range of 650−2000 nm,
the CT complex [4·TTF]6+ has an absorption band in the
range of 600−1500 nm, indicative of the lowering of the band
gap of the 1D stack compared with that of the hexagonal
superstructure [4·TTF]6+. Similarly, the absorption profiles of
both [7·TTF]4+ and [8·TTF]6+ display bands at ∼500 and
1000 nm associated with the intra- and intermolecular CT
transfer in naphthalene−viologen and TTF−viologen D-A
pairs. In this context, the dual intra- and intermolecular CT in
2D tiling networks can afford additional degrees of freedom for
electron transport in multiple dimensions in CT organic
materials.

■ CONCLUSIONS
A series of intramolecular D-A cyclophanes of different sizes,
shapes, and point-group symmetries have been prepared in
high yields. In solution, all the cyclophanes reveal the existence
of a photoinduced intramolecular CT between the naphthalene
(D) and viologen (A) units at 465 nm. This intramolecular CT
can occur either in the ground state (λex = 465 nm) or in the
excited state (λex = 265 nm) and triggers structural changes in
the viologen units to offer a new conformationthe
β conformerwhich emits at 540 nm. In the solid state,
careful control of the shape and symmetry of alternating D and
A units in the cyclophanes is a powerful approach for accessing
square and hexagonal 2D tiling networks through intermo-
lecular D-A [π···π] interactions. The box-like cyclophane forms
a square tiling pattern with 2D D-A [π···π] interactions, while

Figure 11. Proposed mechanism for the formation of viologen radical
(V•+) at photoexcitations of 265 and 465 nm. N is naphthalene.

Figure 12. (a) Solid-state UV−vis absorption spectra of 34+, [3·
TTF]4+, and [4·TTF]6+. (b) Schematic energy diagram of the frontier
orbitals of the naphthalene, viologen, and TTF.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b07877
J. Am. Chem. Soc. 2019, 141, 18727−18739

18736

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07877/suppl_file/ja9b07877_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b07877/suppl_file/ja9b07877_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b07877


the hexagon-like cyclophane adopts a honeycomb 2D tiling
pattern through a series of naphthalene−naphthalene [π···π]
and D-A naphthalene−viologen interactions. The truncated
hexagonal structure of the 2,6-disubstituted naphthalene-based
cyclophane prefers to adopt a hexagonal tiling through D-A
interactions to form a supramolecular hexagon which tiles in a
hexagonal fashion. Co-crystallization of the cyclophanes with
TTF leads to modifications in the tiling motifs as a result of
strongly directing TTF−viologen CT interactions, creating
well-ordered superstructures with CT interactions propagating
in 1D and 2D in the square and hexagonal cyclophanes,
respectively. Absorption spectroscopy performed on the
cyclophanes in the solid state revealed the persistence of the
intramolecular naphthalene−viologen photoinduced CT at
470 nm, while in the presence of TTF an additional absorption
band in the NIR region (∼1000 nm) emerges as the result of
intermolecular TTF−viologen charge transfer. The coexistence
of intra- and intermolecular CT in organic materials, combined
with the 2D tessellations based on CT interactions, can
facilitate multi-dimensional electron transport. In addition, the
dual photoinduced charge transfer at two different excitation
wavelengths augurs well for their use in the development of
multi-responsive organic electronic and optoelectronic materi-
als.
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