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A flexible coordination polymer with a naphthalenediimide core
exhibited reversible desorption—adsorption of solvent molecules
and an enhancement of electrical conductivity (~10~7 S cm™)
upon chemical reduction using hydrazine.

Electrically conductive coordination polymers (CPs) have been one
of the most attractive targets in solid-state coordination chemistry
from the viewpoint of both fundamental and applied sciences."
For instance, Magnus-type salts,” and MX-*> and MMX-type®
chain complexes are classic but still actively investigated one-
dimensional (1D) CPs owing to their conductivity,?>>#“4%¢ opti-
cal properties® and potential application in nanotechnology.*”
Recently, studies on electrically conductive CPs have been extended
to 2D CPs® and porous CPs like so-called metal-organic frame-
works (MOFs),® which are promising as sensors,” electrode
materials® and other electronic devices.” In typical electrically
conductive CPs, the covalent bonding character existing between
metals and ligands enables carrier transport along the framework
(“through-bond” conduction). On the other hand, conductive CPs
with the “through-space” conduction pathway such as infinite n-
stacked columns are rare.'’ Although many CPs and MOFs with
large m-conjugated ligands have been reported, the ligands are
mostly isolated from one another'" or the n-stack assembly stops at
the oligomer level."” This is because the n-stacking interaction is
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generally not strong enough for compatibility with the rigid frame-
works. To enhance the m-stacking interaction and to rationally
design a m-stacked column among CPs, introduction of m-radicals
has recently been proposed.'>**

In this work, we chose another strategy, that is, using flexible
CPs, because flexible ligands occasionally achieve the co-existence of
coordination networks and m-stacked columns.” A naphthalene-
diimide (NDI) core was selected as the m-conjugated moiety, since it
has been known as a stable electron acceptor*® and as the main
component in several conductive crystals."”” We herein report
the synthesis of a new flexible CP with the through-space
conduction pathway. It showed a reversible structural change
upon desorption-adsorption of chloroform molecules and an
enhancement of electrical conductivity by postsynthetic carrier
doping.

N,N'-Di(2-(pyridin-4yl)ethyl)-1,4,5,8-naphthalenetetracarb-
oxdiimide (NDI-enpy)'® was synthesized as the ligand, which
contains flexible ethylene spacers between the NDI core and
pyridyl groups. The slow diffusion of NDI-enpy in chloroform
and Cu(NOj3),-3H,0 in N,N-dimethylformamide (DMF) yielded
purple crystals of [Cu(NDI-enpy),(NO3),]-2CHCl; (1). Single
crystal X-ray structure analysis indicates that 1 is a 1D CP
consisting of a periodic array of rectangular units, which is
constructed from two NDI-enpy molecules and two Cu®* ions as
metal nodes (Fig. 1a). Since 1 contains a loop structure, it can
be regarded as a 1D coordination network.’ The NDI core of
the ligand exhibits n-n interaction with the other NDI core in
the same rectangular unit (intrachain n-stacking; red dashed
lines in Fig. 1a). Although only two atom pairs are overlapped,
the interatomic distance is quite short (3.175(5) A). Moreover,
the m-n interaction between NDI cores in adjacent chains
(interchain n-stacking; blue dashed lines in Fig. 1a) is also
formed. More atoms are involved in the interchain n-n inter-
action though the interatomic distances are in the moderate
range (3.228-3.477 A). Consequently, the slipped n-stacked
columnar structure is realized along the a-axis. As shown in
Fig. 1b, the closed inner space surrounded by the NDI cores,
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Fig. 1 Crystal structure of 1. Each Cu ion is coordinated by four pyridyl
moieties and two NOs ™~ ions. (a) Short contacts (< 3.5 A) derived from n—n
interaction are represented as dashed lines (red: intrachain contacts, blue:
interchain contacts). (b) Discrete lattice voids of approximately 12.6% of
the unit cell volume are mapped by the contact surface (orange) of a probe
with a radius of 1.4 A. Two chloroform molecules exist in this closed inner
space. Blue, Cu; green, Cl; black, C; light blue, N; red, O; pink or grey, H.

pyridyl planes and NO;™ ions (axial ligands) confines two
chloroform molecules.

Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) exhibited a 17.9% endothermic weight loss from
170 to 200 °C (Fig. 2a), consistent with the weight of the two
chloroform molecules (17.3%). This result indicates that the
elimination of chloroform occurred at an abnormally high
temperature compared with the boiling point of chloroform
(61 °C). This high thermal stability is probably derived from
the strong confinement of the chloroform molecules in 1. In
fact, the Cl---O distances between chloroform and NDI-enpy
molecules (2.842(4) A and 2.886(5) A) are 13.1% and 11.7%
shorter than the sum of the van der Waals radii,*° respectively.
This indicates the formation of halogen bonds,*! which should
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Fig. 2 (a) TGA and DTA trace of 1. (b) PXRD patterns of 1d (red) and 1
(simulated from the crystal structure: purple, experimental: blue, after
soaking 1d in chloroform for a day: green).
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enhance the durability. The exothermic weight loss over 250 °C
may indicate the decomposition of the framework. The powder
X-ray diffraction (PXRD) pattern of the desolvated complex,
[Cu(NDI-enpy),(NO3),] (1d), was different from that of 1, reflect-
ing a large structural change of the flexible framework (Fig. 2b).
The PXRD pattern, however, returned to the initial one after
soaking 1d in chloroform for a day. Thus, it is concluded that 1
is flexible enough to achieve a reversible structural change via
desorption-adsorption of chloroform molecules.

Since 1 showed porosity and an infinite n-stacking structure,
we considered postsynthetic carrier doping. To date, some NDI-
based electron conductors have been reported.'” However, the
enhancement of electrical conductivity of NDI-based materials
via electron doping has been limited to solids with dopant-
accessible pores such as polymer films**> and porous 3D
MOFs,>® to the best of our knowledge. Hence, the applicability
of doping to densely packed crystalline solids has remained
unclear. According to previous reports,> hydrazine was
selected as the reductant to generate the NDI anion radical
(NDI* 7). In addition, it is applicable in aqueous media, where
the dissolution of 1 does not occur. The postsynthetic reduction
of 1 was therefore carried out by soaking 1 in an aqueous
solution of hydrazine monohydrate, yielding black solid 2, as
shown in Fig. 3a. The colour change proceeded from the
surface to the inside with the evolution of bubbles (see video
in the ESIT), suggesting the reaction of hydrazine (N,H, — N, +
4H" + 4€7). On the basis of PXRD measurement (Fig. S1, ESIY),
2 is a crystalline solid, and its crystal structure is different
from that of either 1 or 1d. The reduction of 1d using the
same method also gave a similar PXRD pattern, and thus the
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Fig. 3 (a) Colour change from 1 to 2 achieved by chemical doping. (b)
Solid-state UV-Vis-NIR diffuse reflectance spectra of 1 (blue) and 2 (black).
(c) ESR spectra of 1 (blue) and 2 (black). (d) XANES spectra of the Cu
K-edge for 1 (blue), 2 (black), Cu foil (green), Cu,O (black dashed line), and
CuO (blue dashed line).
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structure of the reduced state 2 is not affected by the existence
of chloroform molecules.

In order to study the electronic state of 2, UV-vis-NIR diffuse
reflectance spectra of 1 and 2 were acquired. As shown in
Fig. 3b, the absorption band derived from the n-n* transition
in the NDI-enpy moiety was observed below 400 nm in both 1
and 2. A relatively weak Cu>* d-d absorption band was observed
around 550 nm in 1. However, this d-d band was unclear and a
new peak appeared around 690 nm in the case of 2. This new
absorption band was assigned to the intramolecular transition
of the NDI*~ core according to previous reports.”> The ESR
spectra exhibited a more distinct difference between 1 and 2. As
shown in Fig. 3¢, a broad signal (g = 2.0594) attributed to the
unpaired d electron of Cu>* was observed in the spectrum of 1.
On the other hand, a sharp signal (g = 2.0031) appeared in the
spectrum of 2. Because a sharp signal is typically observed for
NDI*~ species, the ESR spectra indicate that both NDI cores
and Cu*" ions were reduced to NDI*~ and nonmagnetic Cu®
ions, respectively. In order to further confirm the oxidation
state of the Cu atom, X-ray absorption near edge structure
(XANES) spectra of the Cu K-edge were acquired at room
temperature. In general, the onset of the absorption edge (Ecqge)
of a metal ion decreases with the decrease of the oxidation
number. As shown in Fig. 3d, the Ecqg of 2 was smaller than
that of 1, indicating a lower oxidation number of the Cu ion in
2. Moreover, compared with the reference samples (Cu® foil,
Cu’,0 and Cu”'0), the E.qq. and the shape of the XANES
spectra of 1 and 2 were similar to those of CuO and Cu,O,
respectively. Therefore, we conclude that the oxidation state of
the Cu atom in 2 is +1.

IR spectroscopy, TGA, and elemental analysis were performed
to determine the chemical formula of 2. In the IR spectra, the
signals of the C-CI stretching vibration mode (756 cm™")** and
N-O stretching vibration mode (1388 cm™")*’ disappeared after
the reduction (Fig. 4a and b). These results suggest that elimina-
tion of nitrate and chloroform occurred during the reduction.
Therefore, we assumed the chemical formula of the framework in
2 to be [Cu(NDI-enpy),]. From the thermogravimetric analysis of 2,
an 8.0% weight loss was observed from 30 to 260 °C (Fig. 4d). This
corresponds to the elimination of five water molecules (8.1%),
consistent with the results of the elemental analysis (see the ESIY).
Accordingly, the chemical formula of 2 was determined as
[Cu(NDI-enpy),]-5H,0. Because the charge of the Cu ion is +1,
the average charge of the NDI core is presumed to be —0.5.

The electrical conductivity (¢) of 1 and 2 was measured
in pressed pellet form by using a two-probe method. The ¢
of 1 was below the lower detection limit of the source meter
(6 < 107° S em™ '), which agrees with the lack of carriers in the
n-stacked column. In contrast, 2 showed semiconducting behaviour
and ¢ reached over 107 S em™ " at room temperature, as shown
in Fig. 5, reflecting the carrier doping in the m-stacked column
achieved by the reduction. The activation energy (E,) was calculated
to be 0.267 eV from the Arrhenius model (¢ = ooexp(—Ea/ksT)), where
kg is the Boltzmann constant and 7'is the temperature. Although the
crystal structure of 2 has not been identified, the emergence of o
strongly suggests the retention of the n-stacked columnar structure.
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Fig. 4 (a—c) IR absorption spectra of 1 (blue) and 2 (black). The red dashed
lines in (a) and (b) represent the reported absorption wavenumber for the
C—-Cl vibration mode (feature of chloroform) and N-O vibration mode
(feature of NO3z™ ion), respectively. (d) TGA and DTA trace of 2.
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Fig. 5 Temperature dependence of the electrical conductivity (s) of 2

measured by using a two-probe method on a pellet sample.
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This is also supported by the manifestation of the broad band
from 3000 to 6000 cm ™" (Fig. 4c), which is typically attributed
to intermolecular charge transfer between NDI cores in the
n-stacked column.™

In summary, we synthesized a flexible 1D coordination
network, [Cu(NDI-enpy),(NO3),]-2CHCl; (1), which shows a
reversible structural change upon desorption-adsorption of
internally accommodated chloroform molecules. The flexible
ethylene moiety in 1 enables the co-existence of the CP frame-
work and the infinite n-stacked column as a through-space
conduction pathway. 1 demonstrated electrical conductivity
upon hydrazine reduction. To the best of our knowledge, 1 is
the first densely packed CP that undergoes postsynthetic carrier
doping with a structural change, enabled by its flexible feature.
This work offers a new basis for designing electrically conduc-
tive CPs as conductive soft crystals.”®
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