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ABSTRACT: We synthesized a phenazine analogue of triptycene acceptor, Trip-Phz, and found a honeycomb network of Trip-Phz 
with a wide 1D channel running through it. The interior surface of this channel was covered by the π electrons of Trip-Phz. Even 
though there was no interaction between Trip-Phz and an organic donor, tetrathiafulvalene (TTF), in their solutions, the honeycomb 
crystals of Trip-Phz exhibited a host-guest charge-transfer (CT) interaction with TTF, specifically a reversible adsorption/desorp-
tion of TTF with the appearance/disappearance of a CT band. 

Charge-transfer (CT) interaction between an organic donor 
and an acceptor has been studied extensively as a fundamental 
force in the formation of CT complexes and as a crucial process 
in organic electronics such as electrical conduction in dark and 
photo-induced charge separation.1-6 Most solid-state CT inter-
actions are ‘innate’, so that they take place in rigid donor-ac-
ceptor structures formed in the solids. However, we recently 
found an ‘acquired’ CT interaction induced by an insertion of 
organic donor molecules into a metal-organic framework 
(MOF) with an electron-accepting ligand.7 Such an acquired 
host-guest CT interaction will be useful for molecular adsorp-
tion and separation, and for tuning the physical properties of the 
host frameworks.  

Triptycene has a unique molecular structure consisting of pol-
yhedral π conjugation planes whose normal axes form an angle 
of 60°. It was already demonstrated that intermolecular face-to-
face overlaps between the π places in triptycene derivatives re-
sulted in the formation of honeycomb lattices.8-13 For example, 
we recently obtained a honeycomb lattice of the anion radical 
salt of Trip-pBQ, a p-benzoquinone analogue of triptycene, and 
calculated its exotic band structure, including the Dirac cones 
like those found in graphene, as well as flat bands, which were 
due to the orbital degeneracy caused by the high molecular sym-
metry (C3 axis).14 Another feature of the honeycomb lattices of 
triptycene derivatives found so far was that the π conjugation 
planes were perpendicular to the 2D honeycomb networks so 
that, in the case of AA stacking of these networks, there were 
formations of 1D channels that perpendicular to the honeycomb 
lattices and whose interior surfaces were covered by π electrons. 
It is notable that this feature realized functional gas sorption and 
separation.15-18 

In the present work, we synthesized a phenazine analogue of 
triptycene, Trip-Phz (see Scheme 1), having a weak electron-
accepting ability. It was found that Trip-Phz molecules formed 
a honeycomb lattice due to face-to-face overlaps between the π 

places, and that the phenazine moiety’s ability to accept hydro-
gen bonds formed an AA stacking of these honeycomb lattices, 
forming a wide 1D channel with a diameter of 10 Å. Even 
though there was no CT interaction between Trip-Phz and the 
organic donor molecule, tetrathiafulvalene (TTF), in their solu-
tions, the interior surfaces of the 1D channels in the Trip-Phz 
crystals exhibited a reversible host-guest CT interaction with 
the appearance of a strong CT band. 

 
Scheme 1 Synthesis of Trip-Phz 

Trip-Phz was synthesized by the condensation reaction of 
2,3,6,7,14,15-triptycenehexaone (Trip-oBQ)19 and o-phe-
nylenediamine (o-PDA) in the presence of N,N-dimethylamino-
pyridine (4-DMAP) (Scheme 1). The crude product was puri-
fied by sublimation under reduced pressure to give pale yellow 
crystals. The crystal structure of the sublimed Trip-Phz, which 
is a close-packing structure, is shown in Figure S9. The molec-
ular structure was also confirmed by NMR, MS, and elemental 
analyses. 

Orange block crystals of THF@Trip-Phz were grown in 
THF/hexane solution by the vapor diffusion method. In air, 
these crystals lost crystallinity in a few minutes with the evap-
oration of the crystal solvents. X-ray single crystal analysis was 
performed at −150 °C for freshly prepared samples. The crys-
tallographic data (Table S1) and the packing structure with THF 
molecules (Figure S6) are described in Supporting Information. 



 

The crystal structure of THF@Trip-Phz belongs to the mono-
clinic space group, Cc. The unit cell consists of two crystallo-
graphically independent molecules, A and B, whose structures 
are nearly the same. As shown in Figure 1 (a), molecules A and 
B formed a honeycomb network with intermolecular π−π over-
laps between the phenazine moieties; in contrast, the sublimed 
Trip-Phz has no porous structure. The interplane distances of 
3.44-3.51 Å are comparable to the sum of the van der Waals 
radii of carbon atoms (3.4 Å). The honeycomb structure pos-
sesses a void space with ca. 10 Å diameter and stacks along the 
c axis (Figure 1(b)). Figure 1(c) shows the interlayer contacts 
between the honeycomb layers. It is found that the phenazine 
moiety forms interlayer, intermolecular CH···N hydrogen bond-
ings.20,21 The red dotted lines in this Figure indicate these bonds 
with C···N distances of 3.23-3.59 Å. They form AA stacking, 
namely a nearly eclipsed overlap between the neighboring lay-
ers, which results in 1D channels, as shown in Figure 1(b). It is 
notable that the interior surfaces of the 1D channels in Trip-Phz 
are covered by π electrons, as shown in Figure S4. 

 
Figure 1. (a) Honeycomb lattice formed by Trip-Phz molecules, 
(b) 1D channel that runs through the honeycomb layers, and (c) in-
terlayer CH···N hydrogen bonding. The molecules colored in red 
and green represent molecules A and B, respectively. THF mole-
cules are omitted for clarity. 

Cyclic voltammetry (CV) measurements were performed for 
the DMSO solution of Trip-Phz. The results are compared with 
the data on phenazine in Figure 2. Trip-Phz exhibits the first 
reduction potential at −1.22 V (vs. Fc/Fc+), while phenazine 

does so at −1.56 V. Figure 3 compares the molecular orbital en-
ergy levels of phenazine and Trip-Phz, as calculated by 
B3LYP/6-31G*. It is clear that the HOMO of phenazine is split 
into three MOs in Trip-Phz, namely HOMO and doubly degen-
erated HOMO−1. The energies of HOMO and HOMO−1 of 
Trip-Phz are higher and lower than that of the HOMO of phen-
azine, because the HOMO and HOMO−1 of Trip-Phz are 
formed by bonding and antibonding overlaps between the 
HOMO of phenazine, respectively. The relationships between 
the LUMO of phenazine and the degenerated LUMO and 
LUMO+1 of Trip-Phz are the same as those for the HOMOs. 
The decrease in the first reduction potential for Trip-Phz, com-
pared with that for phenazine, is well explained by the stabili-
zation of the LUMO of Trip-Phz. 

 
Figure 2. Cyclic voltammograms of phenazine and Trip-Phz in the 
DMSO solutions of 0.1 M tetrabutylammonium perchlorate with a 
scan rate of 50 mV s-1. 

 
Figure 3. Frontier orbitals of phenazine and Trip-Phz. 

The structural analysis of Trip-Phz revealed its wide 1D chan-
nels. In addition, the CV measurements and the MO calculation 
indicated the enhanced acceptor ability of this molecule. It was 
expected that the interior surfaces in these 1D channels would 
carry a π-acceptor ability. We then examined the intercalation 
of TTF,22 a well-known donor molecule (HOMO level: -4.45 
eV calculated by B3LYP/6-31G*). First, we mixed the THF so-
lutions of Trip-Phz and TTF, but there was no appearance of a 
CT band (see Figure S5). Even so, we soaked single crystals of 
Trip-Phz in acetonitrile solution of TTF (10 mg mL−1) at 45 °C, 
and found that, after one day, the crystals turned from orange to 
deep green (see the inset of Figure 4). Furthermore, the green 



 

crystals returned to the original orange by soaking in pure ace-
tonitrile for one day. Figure S8 shows the results of the SEM-
EDX measurements for the orange and green crystals. It is clear 
that the green crystals contain sulfur atoms whereas the orange 
ones do not. This indicates a reversible insertion/desertion of 
TTF into/from the Trip-Phz crystals. Our X-ray structural anal-
ysis of the TTF-saturated crystals revealed that the lattice pa-
rameters were nearly the same as the values before the TTF dop-
ing (THF@Trip-Phz: monoclinic, Cc (#9), a = 34.290(2) Å, b 
= 20.0267(12) Å, c = 13.0816(7) Å, β = 112.256(3) °, V = 
8314.1(8) Å3; TTF@Trip-Phz: monoclinic, Cc (#9), a = 
34.38(2) Å, b = 19.838(12) Å, c = 13.165(9) Å, β = 
112.317(11) °, V = 8306(9) Å3). This indicates that the TTF-
doped molecules are accommodated in the 1D channels of Trip-
Phz without affecting the framework of the honeycomb lattice, 
and the molecular plane of the TTF molecule faces to the cavity 
surface (Figure S7). However, we could not find all of the TTF 
molecules in this analysis, due to a significant positional and/or 
orientational disordering of TTF. To determine the number of 
inserted TTF molecules, we carried out an elemental analysis of 
the TTF-saturated crystals and estimated the molar ratio of 
Trip-Phz to TTF as 1 : 1.31 (see Supporting Information). This 
ratio means that one hexagon, formed by Trip-Phz molecules in 
the honeycomb lattice, accommodates nearly three TTF mole-
cules. Note that it is still possible for the TTF-saturated crystals 
to include THF molecules. 

 
Figure 4. Wavelength λ dependence of F for the TTF-doped Trip-
Phz crystals prepared in TTF/methanol solutions of 0, 0.50, 1.0, 5.0, 
and 10 mg mL−1. The inset shows photographs of an as-grown Trip-
Phz crystal and a TTF-introduced crystal.  

We prepared TTF-doped Trip-Phz crystals with various con-
centrations, by soaking Trip-Phz crystals in TTF/methanol so-
lutions of cTTF = 0.1, 0.50, 1.0, 5.0, and 10 mg mL−1. We then 
performed solid-state UV-Vis-NIR reflection measurements of 
the powder samples (5 mg), which were dispersed into powder 
BaSO4 (100 mg). The obtained relative reflectance to BaSO4, r, 
was transformed into the Kubelka−Munk function F,23 

𝐹 =
(1 − 𝑟)!

2𝑟 										,																														(1) 

which was proportional to absorbance. Figure 4 shows the 
wavelength λ dependence of F, in which the values of F are 
normalized by the value of the peak at 385 nm, which is caused 
by a strong absorption of the host molecule, Trip-Phz. The 
broad absorption around 600 nm gradually increases with an in-
crease in the TTF doping level. The HOMO of TTF and the 

LUMO of Trip-Phz are located at -4.45 eV and -2.57 eV, re-
spectively. Therefore, in the limit of weak CT interaction, we 
can expect the CT band at 1.88 eV. This corresponds to 660 nm. 
Therefore, it is assignable to the CT band between neutral Trip-
Phz and TTF molecules.24 This is supported by the fact that the 
TTF-doped green crystals are EPR-silent.  

Trip-Phz honeycomb crystals exhibit CT interactions with 
TTF, though there is no CT interaction between Trip-Phz and 
TTF in their solutions. There are several possible interpretations. 
One is a steric effect of the Trip-Phz molecular skeleton, which 
hinders a one-to-one, face-to-face π overlap with TTF in their 
solutions. The extended π surfaces in the 1D channels might re-
alize the interaction with TTF. Another possibility is the pres-
ence of a flat band at the bottom of the LUMO bands in the 
Trip-Phz honeycomb crystals (Figure S10).14 Since the density 
of state of this band is huge, it might enhance the acceptor abil-
ity. In any case, the appearance of the CT band should be at-
tributable to the coverage of the interior surfaces of the 1D 
channels in Trip-Phz by π electrons with acceptor properties.  

Figure 5 shows the relationship between cTTF and the differ-
ence in F/F385 nm at 600 nm, ΔF, before and after TTF doping. 
The definition of ΔF for the cTTF = 10 mg mL−1 sample is shown 
in Figure 4. With an increase in cTTF, ΔF quickly increases and 
becomes gradually saturated. It was found that this behavior can 
well fit Langmuir’s equation,25 

Δ𝐹 =
𝐹"𝐾𝑐##$
1 + 𝐾𝑐##$

													,																											(2) 

where Fs is the saturation value of ΔF and K is the adsorption 
equilibrium constant. The theoretical best fit was obtained with 
Fs = 0.33 ± 0.08 and K= 0.11 ± 0.05 mg−1 mL. The effectiveness 
of this equation means that the interior of the 1D channels in 
Trip-Phz acts as an adsorption surface and that the adsorbed 
molecules, which are TTF, make a monolayer on it. This is quite 
consistent with the fact that this adsorption is caused by the do-
nor−acceptor CT interaction. We previously found a host−guest 
CT interaction between a MOF host and inserted TTF mole-
cules;2 to our knowledge, however, the present material, 
TTF@Trip-Phz, is the first example to exhibit variable 
host−guest CT interactions. 

 
Figure 5. ΔF vs. cTTF plots for TTF-doped Trip-Phz crystals pre-
pared in TTF/methanol solutions of 0, 0.50, 1.0, 5.0, and 10 mg 
mL−1. The red broken curve indicates the theoretical best fit of 
Langmuir’s equation (eq. (2)). 



 

In summary, we synthesized a phenazine analogue of trip-
tycene, Trip-Phz, having an extended π conjugation and an en-
hanced electron acceptor ability. It was found that van der 
Waals interactions between the aromatic moieties formed a 
honeycomb lattice of Trip-Phz and that CH···N hydrogen bond-
ing made a nearly eclipsed overlap between the honeycomb lay-
ers. As a result, this crystal involved wide 1D channels perpen-
dicular to the honeycomb lattices, with diameters of ca. 10 Å, 
whose interior surfaces were covered by π electrons. We found 
reversible adsorption/desorption of TTF on/from these surfaces 
with the appearance/disappearance of the CT band, which well 
fit Langmuir’s equation. Though the TTF molecules in Trip-
Phz were in the neutral state, the present results strongly suggest 
a possible valence control, namely a band-filling control, for 
molecule-based honeycomb lattices. 
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