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ABSTRACT: Cd-based coordination networks having
channels were formed selectively by using a redox-active
aromatic ligand 2,5,8-tri(4-pyridyl)1,3-diazaphenalene
(TPDAP, H*17). An electron-conductive network having
a 71— stacking columnar structure of TPDAP formed in
the presence of a trace amount of TPDAP radical (1°). In
contrast, a nonconductive network having a dimer unit of
H*1™ formed in the absence of 1°. These results suggest
the presence of a unique oxidation mechanism of TPDAP
induced by formation of H*17-1° dimer, which was
initiated by a trace amount of 1°. The dimerization
increased HOMO level of H'1™ moiety within the dimer
to generate further radicals that could not form when
H*1~ was well isolated in CH;OH.

A redox-active porous coordination network' can provide a
potential-tunable space to achieve numerous benefits,
including catalytic activity,”” selective molecular trapping,* and
tunable electronic/magnetic materials.” The redox center of a
conventional redox-active network typically consists of metal
ions rather than organic ligands. A few redox-active ligands have
been synthesized, using mostly TCNQ, TTF, pyrene, or
naphthalene diimide skeletons.” We prepared various coordina-
tion networks based on tripyridyl hexaazaphenalene (TPHAP),
which was designed to show the importance of multi-interactivity
of the ligand for kinetic network formation.” Because TPHAP is
not redox-active, we designed another tripyridyl ligand, 2,5,8-
tri(4-pyridyl) 1,3-diazaphenalene (TPDAP or H'17) to intro-
duce redox activity while keeping the same molecular shape as
TPHAP. This change was achieved by replacing nonredox-active
central hexaazaphenalene (HAP) with redox-active diazaphena-
lene (DAP),”'" which possesses a higher HOMO level than does
HAP. We revealed that H*1~ forms a neutral radical (1°) by one-
electron oxidation and can possess two-step redox activity
(Figure 1a).” Herein we report the selective formation of
electron conductive/nonconductive coordination networks of
redox-active TPDAP (Figure 1b). We also report an unexpected
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Figure 1. Features of TPDAP. (a) TPDAP two-step redox activity. (b)
Schematic model of selective network formation based on redox active
ligand H*1™. (c) H*17-1° dimer formation and HOMO increase.

oxidation mechanism of TPDAP in CH;OHj; this mechanism can
be initiated by a trace of 1° during the network formation process
(Figure 1c). The experimental results suggested the formation of
1°---H*1~ z-dimer, which caused further oxidation of H'1™ by
increasing its HOMO level. Meanwhile, H* 1™ was never oxidized
in CH;OH in the absence of 1° because no dimer formation
occurred.

Because H'1™ has much higher HOMO level than does
TPHAP (+1.8 eV) the surface of H'1™ oxidizes readily under
ambient conditions.” The surface oxidation of H*1™ crystals was
monitored by solid-state electron spin resonance (ESR); a broad
ESR signal (g = 2.004) was observed immediately after the
crystals were exposed to air. The ESR signal intensity gradually
increased and reached an asymptote within 72 h in air and within
36 h during purging with O, gas (Figure S2). During the process,
the crystal color changed from red to dark red and gave a 1°—1°
dimer peak in ESI-MS; the conclusion is that TPDAP radical 1°
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Figure 2. Crystal structures of Cd-1,,,,,, network. (a) Structure of main
triplex unit: bidentate H*1~ (top, gray), bidentate 1~ (bottom, pale red),
and disordered group (middle, pale blue) of monodentate H*1™. (b)
Disordered TPDAP model in the middle part of the triplex. The
occupancy factor of the Cd3 atom is 0.39. (c) The 7—x stacking
distances of central DAP skeleton along the columnar axis. (d) One-
dimensional columnar structure. Blue, N; yellow, Cd; red, O. Hydrogen
atoms are omitted for clarity.

was generated by surface oxidation of H*1™ crystal (Figures S3
and S4). A quantitative analysis of the spin amount of oxidized
crystals (1,,) using TEMPO as a reference indicated that 0.06%
of the total H*1™ was oxidized (Table S1). In addition, ESR
signal intensity of 1,, increased when the sample was cooled from
315 to 105 K (Figure SS). This trend can be attributed to
improvement of spin alignment as temperature decreases and to
the absence of significant spin—spin interaction within radicals.
FT-IR measurement of 1,, gave almost the same spectrum as that
of H*1™ (Figure S6).

We prepared redox active coordination networks having
channels using TPDAP and Cd**. We found significant structural
differences depending on the presence/absence of 1°. The 1,,
powder produced a dark red block crystal of ESR active network,
[Cds59(NO3™ )3 5(H'17),(17) (H,0)6.95s(CH;0H), 5] (Cd-
1,0no; monoclinic P2/n) obtained by layering diffusion of a
CH;0H solution of Cd(NO;),-4H,0 into a CH;OH—nitro-
benzene solution of 1,, in air at 20 + 1 °C for 1 d (Figures 2, S7,
and S8). As a control experiment, we confirmed that, instead of
using 1,,, Cd-1,,,,,, could be obtained from the CH;OH solution
of H'1™ and 1° (H'17:1° = 10:1) generated by oxidation of a
CH;OH solution of H*1~ by PbO,.” This is further evidence that
the surface oxidized product is 1°. The network contained a
triplex of three ligands as a main unit in which three Cd** centers
are bridged by two NO;~ (Figure 2a).

The triplex consisted of bidentate H*1~ (top), bidentate 1~
(bottom), a disordered group (middle) of monodentate H*17,
and a trace of radical 1°. The disorder of monodentate H"1~
(middle) coordinates to a partially occupied Cd3 ion with the
occupancy factor of 0.39, which is determined by both the X-ray
and ICP analyses (Figure 2b, Table S2). As a result, the
monodentate H*1™ formed 7z—x interactions between two
central DAP skeletons within the triplex (Figure 2c). Although
we could not identify 1° by X-ray analysis because of its scarcity
(326 x 1078 mmol in 0.658 mg of Cd-1,,,,, estimated by ESR
(Table S3)), the results of electron conductivity measurement of
a single crystal suggest that 1° can intercalate in the columnar
structure (vide infra). The assembly of the triplexes formed a
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Figure 3. Crystal structures of the Cd-1,.4,, network. (a) Structure of
main dimer unit of Cd-1,.4,. (b) Interpenetrated 2D zigzag sheet
structure of Cd-1,.,. (c) Slip-stacked structure in Cd-1,.4,. Intra-
molecular 7—7 stacking distances of the DAP skeleton in the dimer
structure were 3.75 A. Gray, C; blue, N; yellow, Cd; red, O. Hydrogen
atoms are omitted for clarity.

porous columnar structure with the pore size of 5.5 A X 5.2 A
(Figures 2d and S9b). The averaged 7— stacking distance of the
central DAP skeleton in the columnar structure was 3.3 A, which
is shorter by 0.2 A than that in an H*1~ crystal (Figure 2c). On
the basis of the total number of radicals in 1,, a non-negligible
increase in the spin occurred in Cd-1,,,,, (Table S4). The results
of ESR and UV—vis spectroscopic experiments (vide infra)
indicate that oxidation occurred to produce further 1° in the
solution during crystallization.

In contrast, the layering diffusion of a CH;OH solution of
Cd(NO;),4H,0 into a CH;OH-nitrobenzene solution of
nonoxidized H*17 solid in air at 20 + 1 °C for 1 d yielded a single
crystal of nonconductive, ESR-silent network,
[Cdy(NO;7),(H 17),(H,0),(CH;0H)s]  (Cd-14p4; ortho-
rhombic P22,2;; Figures 3 and S8). X-ray single crystal structure
analysis revealed a network structure formed by interpenetrated
2D zigzag sheets composed of TPDAP dimer units bridged by
four Cd*" ions in pentagonal bipyramidal geometry (Figures 3a
and $10). These Cd** ions were coordinated by bridging NO,~
ions, H'17, and water molecules. This network had pores with
the size of 20.1 A X 7.3 A in which solvent molecules (CH;OH,
H,O, or nitrobenzene) were encapsulated (Figures 3b and S9a).
However, it was difficult to make models of solvent molecules
because of the severe disorder within the pore. Each H*1™ in Cd-
1m0 Was stacked with a large overlap of DAP skeletons within
the dimer unit, but 7—7 interaction between the dimer units was
absent (Figure 3c).

The redox property of network crystals of Cd-1,,,,,, and of Cd-
1,40 Were evaluated by solid-state cyclic voltammetry (CV)
using a Pt working electrode. We detected reversible two-step
redox waves (Figure S11). Previously, solid-state CV of H'1~
crystals showed two reversible redox waves that correspond to
1*/1° and 1°/17, over more than 10 cycles where the surface of
H*1™ crystals in an electrolyte solution show proton
dissociation.® Unlike the ligand crystal of H'17, the proton
dissociation from the crystal surface of both networks did not
occur even after the immersion into the electrolyte solution
(Figure S12). As a result, both network crystals showed an
irreversible reduction peak of the proton (H*1~ 2 H* + 17, then
H* + e~ — 1/2H,) during the first cycle around —1.5 V (Cd-
Lnono) OF —1.53 V (Cd-1,,4,). CV measurements of both
networks showed that the potential waves changed over the first
several cycles."" Although the detailed interpretation of the CV
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Figure 4. Single crystal electron conductivity of the Cd-1,,,,, network.
(a) I=V curve of the single crystal of Cd-1,,.,, using the two probe
method. Electrical conductivity was measured under ambient conditions
(20 + 1 °C). Inset figure shows the face index of the single crystal. Gray
dotted arrow shows the direction of electrode connection. (b)
Schematic model of relationship between current direction and
TPDAP column direction in Cd-1,,,,,,. Pale red line shows (0 T0) plane.

results is not trivial, we presume that these waves can be assigned
as the redox reaction of TPDAP species. Because the ligand has
an acidic —=NH proton, the potentials of both network crystals
were substantially shifted to the cathodic direction compared
with those of an H*1™ crystal, the surface of which was in
deprotonated form in the presence of the electrolyte.'”

Cd-1,,, and Cd-1,.,, networks showed a significant
difference in electrical conductivity, conductor, and insulator,
respectively (Figure 4). We expected that a Cd-1,,,,,, network
crystal would show electron conductivity because it possesses
unpaired electrons that can move through the network. A two-
probe method was used to measure electron conductivity of Cd-
Linono and Cd-1,.,, single crystals at 20 + 1 °C (see Supporting
Information). The Cd-1,,,,, network crystal showed electron
conductivity (~107® S cm™) along the z—7 stacking column
direction (Figure 4a and Table S5), whereas the Cd-1,.4,
network showed no electron conductivity. To reveal the
structural contribution to the electron conductivity, we
investigated the anisotropic electrical conduction of a Cd-1,,,,,
network single crystal (Figures 4b and S13): the conductivity was
S orders of magnitude higher along the 7—7 stacking column
direction than perpendicular to it. These results clearly indicated
that the m—n stacking column of the network provided an
electron conduction path. Although we have not succeeded in
preparing the network using pure 1° instead of 1,,, we confirmed
that after being left for several months Cd-1,,,,,, showed higher
conductivity (~107" S cm™") than as-prepared Cd-1,,,,, (Figure
S14). The temperature-dependent conductivity measurement
was performed to investigate the detail mechanism (Figure S15).
However, because of deterioration of crystallinity during
measurement, we could not obtain the conductivity values
clearly. We assume that the increase in conductivity is caused by
the increase of the spin amount by further oxidation, although the
detailed change in spin is not known.

Finally, we investigated the selective formation of Cd-1,.,,
and Cd-1,,4, depending on the presence or absence of 1°; to
generate Cd-1,,,,,, 1,y is essential, but in the absence of 1,,, Cd-
1,4no Was always obtained. Therefore, after all 1° were consumed
for Cd-1,,4p, formation, Cd-1,4,, started to crystallize. This fact
indicates that H*17 is not oxidized in CH;OH even under air. We
examined time-dependent UV—vis measurements of H"'1™ and
1,,in CH;OH. The result showed the salient difference: an H*1~
solution did not show any spectral change in air for a week,
whereas the 1,, solution showed a clear spectral change (Figure
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$16). In the UV—vis spectra of the 1, in air, two bands at 263
and 378 nm attributable to H'1~ decreased; concurrently a new
band appeared at ~420 nm over several days. However, in the
absence of air, no spectral change occurred (Figure S17).
Because the 420 nm band was also observed in a day after the
preparation of 1°—~CH;OH solution, this band may be originated
from the formation of 1°—1° dimer (Figure S18). To check the
effect of the presence of 1°, we also performed UV—vis
measurement of a mixture of H'1™ and 1°% it showed similar
spectral changes at 420 nm to those observed in 1, (Figure S19).
ESR experiments also provided the consistent results with the
UV data. Especially, the increase of signal intensity demonstrates
that O,-caused further oxidation of H'1™ in the presence of 1°
species (Figures S20b,c), whereas no signal was observed in the
absence of 1° (Figure S20a). The oxidation product in 1,
solution was characterized by ESI-MS and "H NMR (Figures S3
and S21). ESI-MS of the 1,, solution left for a week showed two
distinct peaks in negative mode; these peaks at m/z 398 and 795
correspond to H'1™ and the 1°—1° dimer, respectively. Indeed,
VT-'H NMR of 1, in CD;0D is evidence that the 1°—1° dimer
is present: an NMR spectrum at 253 K showed several broad
signals that can be assigned to protons on the DAP skeleton and
pyridine rings in the 1°—1° dimer.*'’ Together, these
experimental results lead to the conclusion that even a trace
amount of 1° accelerates the further oxidation of H'1™ to give
1°—1° dimer. Therefore, a plausible reaction mechanism of 1, in
CH,;OH is as follows: (1) surface oxidation of H"1™ crystal in
which effective 7-stacking of H*1~ was formed generates TPDAP
radical 1°%; (2) in CH;0H, 1° and H'1™ form 1°---H"1~ dimer
that can increase HOMO level of H*1™ moiety; " (3) oxidation
of H*1™ moiety in the dimer is caused by O,;'* and (4) the
amount of 1° species increases in the solution. In addition, the
nonlinear change of dimer intensity in UV—vis spectra of 1,,
(Figure S16b, inset) indicates that newly formed radical 1° also
caused further oxidation of H*1™ because the increase of ESR
intensity of 1,, after 215 min exposure in air is more than three
times higher than that of after 10 min exposure without any
change in g-value or line shape change, or formation of new
signal. This corresponds to the increase in spin amount of Cd-
1,00 O the basis of the total number of radicals in 1,,. In
addition, partial intercalation of radical species can reduce the
electric repulsion within the m—n stacking structure. These
contributions of 1° likely induced formation of a conductive
columnar structure in the Cd-1,,,, network because it had
shorter 7—7 stacking distance (average 3.3 A) between DAP
skeletons than did Cd-1,,,,.

In summary, we selectively prepared Cd-based conductive/
nonconductive coordination networks based on redox active
ligand TPDAP by controlling the amount of the radical species
1°. In the absence of 1°, a nonconductive network that has a
slipped stacking structure (Cd-1,.y, network) formed. In
contrast, a conductive network that has a columnar structure
composed of H'1~ with a trace of 1° (Cd-1,,,,, network) was
prepared by using surface-oxidized 1,, crystals. The experimental
results indicated that selective network formation dependent on
the amount of 1° was realized by the formation of H'17—1° 7-
dimer (which was generated only in the presence of 1°) followed
by further oxidation of H'1™.
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