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ABSTRACT

The development of new two-dimensional (2D) d-1r conjugated metal—organic frameworks (MOFs) holds great promise for the construction of
a new generation of porous and semiconductive materials. This paper describes the synthesis, structural characterization, and electronic
properties of a new d-1r conjugated 2D MOF based on the use of a new ligand 2,3,8,9,14,15-hexahydroxytrinaphthylene. The reticular
self-assembly of this large T-conjugated organic building block with Cu(ll) ions in a mixed solvent system of 1,3-dimethyl-2-imidazolidinone
(DMI) and H»O with the addition of ammonia water or ethylenediamine leads to a highly crystalline MOF Cus(HHTN)., which possesses pore
aperture of 2.5 nm. Cus(HHTN), MOF shows moderate electrical conductivity of 9.01x10® S/cm at 385 K and temperature-dependent band
gap ranging from 0.75 to 1.65 eV. After chemical oxidation by |», the conductivity of Cus(HHTN). can be increased by 360 times. This access
to HHTN based MOF adds an important member to previously reported MOF systems with hexagonal lattice, paving the way towards
systematic studies of structure—property relationships of semiconductive MOFs.
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1 Introduction

The recent emergence of conductive

(MOFs)'*  offers

metal—organic
opportunities for molecular
engineering of novel functions in electronics,™”
sensing,”"® magnetics,”? catalysis,”™ and energy storage.
Characterized by well-defined modular structure accessible
through bottom-up self-assembly, this class of materials provides
tunable  approach  towards fundamental advances in
multifunctional materials design.* The attractive feature of
conductive MOFs centers on their elegant combination of intrinsic
porosity and electrical conductivity, which differentiates them from
conventional insulating MOFs.*'"" Creation of efficient and
long-range charge transport pathway typically relies on the
construction of 2D MOFs comprising extended m-conjugated
organic building blocks interconnected with transition metals,™*
where the p-d orbital coupling between the ligand and metal node
facilitates “through-bond” charge transport.’ * Following this
strategy, 2D MOFs with conductivity from semiconductive to
metallic have been developed. Despite the applied and fundamental
potential of 2D d-m conjugated MOFs, in most cases, strategic
modulation of both the conductivity and porosity has remained
limited, and the design principles for engineering conductivity and
band gap have been largely unexplored.

With a few exceptions,'®* %4 the existing 2D conductive
MOFs rely mainly on two types of organic building blocks:
hexasubstituted benzene (HXB)> ** and hexasubstituted
triphenylene (HXTP, X=NH, O, §, Se).** % % 3 42 459 Thege
redox-active ligands with ortho-positioned N, O, §, or Se donor

frameworks

chemical
31-37

ligand

MOF

M;(HHB), My(HHTP), Cuy(HHTN),
nanoporous mesoporous
—
previous work this work

Figure 1. The isoreticular family of 2D d-n conjugated MOFs comprising three
MOFs synthesized from a series of analogous hexasubstituted aromatic ligands.
can coordinate to a variety of late-transition-metal nodes capable
of providing octahedral or square-planar coordination geometry,
resulting in nanoporous 2D MOFs with pore diameters ranging
between 1-2 nm. The increasing demand for the development of
novel conductive MOFs, as well as the need for improving
understanding of their structure—property relationships, can
significantly benefit from the systematic expansion of the known
structural topology of the Kagome lattice, with electronic structure,
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pore size and other properties controlled in an atomically precise
manner. The construction of isoreticular MOFs series, in which the
MOFs share the same 2D topology, but different functionalities
and dimensions, has proven to be a powerful strategy to probe the
structure—property relationships.”** This strategy leverages on the
fact that the structure of the organic ligand can directly influence

sizes of pore aperture and efficiency of the electronic
communication between ligand and metal nodes>** >
In this paper, we describe the synthesis, structural

characterization, and properties of a new d-m conjugated 2D MOF
based on a new ligand—2,3,8,9,14,15-hexahydroxytrinaphthylene
(HHTN)—the n-extended analog of
1,2,3,4,5,6-hexahydroxybenzene (HHB) and
2,3,6,7,10,11-hexahydroxytrinaphthylene (HHTP). The reticular
self-assembly of this large m-conjugated organic building block
with Cu(II) ions leads to a MOF Cus(HHTN), with pore aperture
up to 2.5 nm, pushing the 2D n-conjugated semi-conductive MOF
into the mesoporous realm. Cuy(HHTN). showed moderate
electrical conductivity of 9.01x10* S/cm at 385 K and
temperature-dependent band gaps ranging from 0.75 to 1.65 eV.
After chemical oxidation by I, the conductivity of Cus(HHTN),
can be increased by 360 times, highlighting the tunability of the
property. The access to HHTN-based MOF adds an important
member to previously reported HHB- and HHTP- based MOFs,
thus generating the first isoreticular family of 2D d-n conjugated
MOFs comprising at least three systematically expanded lattice
structures. This  achievement can promote comparative
fundamental study of structure—property relationship in 2D d-n
conjugated MOFs, and is poised to pave the ways for new
opportunities in thermal switching, sensing, and energy-related
applications.

2 Results and discussion

NHa’HzO,
DMIH,0|
65°C

cu(ll)

Cuy(HHTN), T2
Scheme 1. The synthesis and chemical structure of Cus(HHTN); MOEF.
2.1  MOF synthesis
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The synthesis of HHTN ligand relied on the formation
trinaphthylene core under a triple Ni(cod): promoted
Yamamoto-type coupling cyclization™ followed by demethylation
to generate a novel compound
2,3,8,9,14,15-hexahydroxytrinaphthylene in 89% yield (see SI for
synthetic details). Cu(II) was selected as the bridging metal node
(Scheme 1) to enable access to a third member of the isoreticular
series of Cu-based 2D MOF with Kagome lattice. A series of
synthetic conditions, including the effects of solvent, concentration,
and base, were tested (See Section 2.2 in Supporting information).
Aqueous solvothermal conditions typically employed for the
synthesis of HHB and HHTP based MOFs turned out to be
unadaptable, likely due to limited solubility of HHTN in H.O. We
found that the addition of base (ammonia water or
ethylenediamine) was necessary for the deprotonation of the
catechol to facilitate the coordination. The mixed solvent system of
DMI and H:O, which moderately solubilized HHTN, produced the
desired product with good crystallinity in the presence of ammonia
water (See Table 81 and Figure §7).

2.2 Structural characterization

The formation of Cus(HHTN):; MOF with the structure consistent
with that in Figure 2a was confirmed by powder X-ray diffraction
(PXRD). As shown in Figure 2b, the bulk material Cus(HHTN);
showed prominent peaks at 20 = 3.49°, 6.95° 9.17°, 12.02°, and
27.13° corresponding to the diffractions of [100], [200], [210],
[220], and [001] planes, respectively. From peaks at these values, a
structural pore diameter (defined by the distance of the hydrogen
atoms at the opposite sides of the hexagon) of 2.5 nm was deduced
based on Bragg’s law. This value is much larger than the pore
diameter HXTP- and HXB-based MOFs, which have been reported
to be 1.8-2.0"*"%% and (0.8 nm,™* respectively. The presence of
the sharp diffraction peaks from the planes perpendicular to ab
planes indicated the long-range hexagonal in-plane arrangement.
The diffraction peak of [001] at 27.13° was relatively weak,
demonstrating a diminished long-range order along the ¢ direction.
The interlayer spacing duy calculated from the [001] diffraction was
3.29 A, which is similar with that of the Cus(HHTP); (du= 3.3 A)'*
% but larger than that of Cus(HHB), (dun= 2.96 A).*

To ascertain the packing mode, three possible types of
structural models, including fully eclipsed, slipped parallel, and
staggered packing, were computationally examined for
Cus(HHTN),. DFT optimization was used for the fully eclipsed
model to optimize the atomic coordinates. To determine the
propensity for slip plane, 78 structures with different ab-plane
displacements were generated from the fully eclipsed model. The
free energies of the resulting structures were analyzed and
compared using single-point energy calculations based on
molecular force field COMPASS II (ultrafine level) with FORCIET
modular implemented in Materials Studio. As shown in Figure 2c,
for Cus(HHTN), MOF, the minimum of the potential energy
surface corresponds to a displacement (Aa and Ab) of 1.4-1.5 A
along the a axis and 0.7-0.8 A along the b axis between the adjacent
two layers (Figure 2d).

The same method was also used for the determination of the
displacement for Cus(HHB), and Cu;(HHTP),, which have also
been previously characterized to have slipped parallel packing
modes.**"* The results showed that displacements along a and b
axes in the most thermodynamically stable lattices were Aa = 2.5 A,
Ab = 1.2 A for Cus(HHB): and Aa = 3.7 A, Ab = 3.0 A for
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Figure 2. (a) Top and side view of Cus(HHTN); MOF. (b) Experimental (blue line) and simulated PXRD pattern of Cus(HHTN); MOF with slipped parallel (black
line) and staggered packing (grey line). (c) Contour map of the potential energy surface for Cus(tHHTN): MOF generated by different translations along a and b axis.

The energy per unit cell at the minimum has been normalized to zero. (d) Representation of the relative displacement of the two adjacent layers in Cus(HHTN)z.

Cus(HHTP), (Figure S14-S15). This comparison illustrated that
the relative displacement in these three MOFs (Aa/a and Ab/b)
contracts with the extension of the m-system of the ligand. This
result suggests that m-m interactions between adjacent layers
gradually increase with the expansion of the ligand and have a
dominant effect on the interlayer packing, considering that
interlayer displacement is a function of the balance between the
attractive m-m interaction, interlayer metal-oxygen interaction, and
electrostatic repulsion resulting from oxygens and metal centers in
the adjacent layers.”

Cus(HHTN). exhibited a nitrogen sorption
isotherm curves with a Brunauer-Emmett-Teller surface area of
486 m* g' (Figure $24), which is 3.4 times greater than that of
Cus(HHB),* and 1.7 times greater than that of Cus(HHTP),.* The
distribution of accessible pore size derived from the gas adsorption
centered around 2 nm. This value is smaller than that deduce from
PXRD analysis, which can be due to the slipped parallel packing
that reduces the accessible size of the channel, and the possible
presence of counter ions and other adsorbed species (e.g., solvent
molecules).

reversible

2.3  Morphological characterization

Analysis of Cus(HHTN): scanning electron microscopy (SEM)
showed sub-micrometer sized rods (Figure 3a, 3b). Transmission
electron microscopy (TEM) imaging of Cus(HHTN). revealed
sheet-like morphology with multiple layers (Figure 3c). TEM
image at higher magnification at the edge of the MOF sheet
allowed the visualization of regular stripes with a spacing of 1.29
nm corresponding to [200] facets (Figure 3d); this value is in good
agreement with the value obtained from the PXRD analysis

(daw=1.27 nm). The ease of visualization of the [200] facets
compared with facets aligned in other directions is likely due to the
preferential orientation of the observed crystallite on the TEM grid
or acquisition conditions for the TEM image.”* These imaging
results further evidenced the formation of Cus(HHTN); MOF with
high strlictl_Jral regularity at micro and nanoscale.

Figure 3. (a)-(b) SEM images of MOF Cus(HHTN): at different magnifications.
(c) TEM of Cus(HHTN): exfoliated by sonication in acetone showing sheets
with multiples layers. (d) The visualization of [200] facets by TEM.

2.4  Chemical analysis

www _theNanoResearch.com | www_Springer.com/journal/12274 | Nano Research
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Energy dispersive spectroscopy (Figure $21) conducted for
corresponding areas showed the presence of C, O, and Cu elements,
consistent with the desired composition of Cu:(HHTN). MOEF.
High-resolution scans by X-ray photoelectron spectroscopy of the
O 1s showed three peaks with binding energies at 284.7 eV, 286.2
eV, and 288.1 eV (Figure S10a), ascribed to carbon in the
environments of C-C, C-0, and C=0. The 1:1 relative intensity of
the C-O to C=0 suggested that the oxidation state of the ligand is
likely to exist as tri(semiquinone) form, corresponding to -3
apparent charge. This analysis was consistent with the analysis of
the high-resolution scan of O 1s range, which can be fitted to two
peaks for C-O and C=0 at binding energies of 531.5 and 532.9 ¢V
in an intensity ratio of 48:52 (Figure S10c). High-resolution scan of
Cu 2p range can be deconvoluted into two components at binding
energies of 933.5 and 935.3 eV with an intensity ratio of 41:59
(Figure $10d), suggesting that Cu in Cus(HHTN); may exist in a
mixed oxidation state’ of Cu(I) and Cu(II) in a ratio of 2:3. The
presence of Cu(ll) was also confirmed by the electron
paramagnetic resonance spectroscopy in which a strong
metal-centered radical ascribed to paramagnetic Cu(II) was
observed (Figure $22). The above analysis suggested that the
skeleton of the MOF with a formula Cus(HHTN); is likely to
possess a net charge of nearly -1. The framework may achieve
charge neutrality by the incorporation of the counter ions, that are
very likely from the NH4* introduced from the MOF synthesis, as
suggested by the presence of N in XPS (Figure S10b).

2.5  Electronic properties and tunability

Given the d-n conjugated structure of Cus(HHTN), MOF, we
proceeded to examine its electronic properties. UV-vis-NIR
spectroscopy revealed a relatively broad absorption band, which
tailed into the NIR region beyond 850 nm (Figure 4a). The optical

Nano Res.

band gap was estimated to be 1.61 eV based on the value of
absorption edge (inset in Figure 4a). The bulk conductivity of
Cus(HHTN): MOF was measured on a pressed pellet with a
thickness of ~1 mm by a two-point method, which gave a value of
9.55x10"™ S cm’ at room temperature. Variable temperature
conductivity measurement showed that increasing the temperature
from 298 K to 385 K increased the conductivity to 9.01x10® § cm!
(Figure 4b), which is a 94-fold increase within a AT of 87 K. The
Arrhenius fit of conductivity to temperature revealed two distinct
regions (Figure 4c), demonstrating a notable temperature
dependence of band gap within the tested temperature range. The
activation energy for the transport of charge carriers in
Cu:(HHTN), MOFT determined at a lower temperature range of
298-319 K (zone I in Figure 4c) was 827 meV (Figure $27),
corresponding to a thermal bandgap of 1.65 eV; this bandgap value
in good agreement with the value estimated by UV-vis-NIR
spectroscopy. In the higher temperature range of 324-385 K (zone
IT in Figure 4c), a smaller thermal band gap of 0.75 eV was found
(Figure $27).

Although temperature-dependence of band gap has been
well documented in traditional inorganic semiconductors,”** and
has recently been recognized in organic semiconductors®® and
perovskites,* such as Si, Ge, PEDOT and
(CsHyNH;):(CHsNH:)y-1Pbulsnsi, this  property has not been
extensively characterized in semiconducting reticular materials.
Theoretically, the energy barrier for charge transport is ascribed to
both the intrinsic charge transport within the crystallite
(intraparticle transport) and charge hopping over grain boundaries
(interparticle transport) in the bulk measurement.” The relatively
minor contribution from grain boundary effects to the total energy
barrier of charge transport, as evidenced by the fact that the
thermal band gap obtained at room temperature is only slightly

(@) 125 (b) 0.10
N Boss ' -"
1.00 - euBd 1g  =1.61eV, 0.08 -
] o569 " P
S0.25 1 - o
0.75 - =] ] - 0.06 - .
g _ €005 t vt | g
2 | 0 1 2 3 4| o ] e
E 0.50 Energy/eV ~=5L 0.04 ] .__.-
<< +*
0.25 0.02 - ..'
] o’
P 4
002 0.00 +2& . —
350 850 1350 1850 2350 20 40 60 80 100 120
Wavelength/nm Ti°C
(©) -15 (d)
zone || 50 4 N, I - iad N,
-18 1 Wy (324-385K) E
17 s ] M s
18 ™ zor € 5 2 Sream
18 1 298-319 = 7
2 E; toma1)=0.75 eV l.'-.( y 5
=-19 4 ' = )
-20 1 " ©05
£, memal)=1.65 eV ™ E
-21 1 -, <+— |, stream on
2o M T 0.05 +———————————Tr———T——
2.50 2.75 300 325 3.50 0 1000 2000 3000 4000
1000/T(K™) time/s

Figure 4. (a) UV-vis-NIR spectrum of Cus(HHTN); at room temperature. The inset is the plot of absorbance square vs energy of the UV-vis-NIR spectrum. (b) The

electrical conductivity of Cus(HHTN): as a function of temperature at the range of 298-385 K. (c) The Arrhenius fitting of conductivity to temperature showed two

distinct zones for Cus(HHTN)z. (d) The change in the current of a Cus(HHTN): based resistor upon I: doping (~400 ppm) at room temperature.
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higher than optical band gap for Cus(HHTN)., suggested that the
temperature-dependence of band gap was mainly caused by
intrinsic changes in charge-transport barrier.®*

Compared to Cus(HHTP),*'**4 and Cus(HHB):* MOFs,
Cus(HHTN): showed a widened electronic band gap and lower
conductivity, which might be due to the weaker orbital interaction
between Cu(II) and organic ligand™* ™ and the relatively larger
free void space along the ab plane that is not favorable for in-plane
charge transport.* Another reason for these properties, however,
could be the oxidation state of the ligand or the metal within the
MOF scaffold, responsible for the negatively charged reduced state
of the materials as evidenced by the inferred presence of positively
charged NHy* counterions.” 7

Inspired by previous reports that the electrical properties of
reticular materials composed of redox-active units can be
modulated by partial oxidation or reduction through chemical
doping,”” we further investigated the effect of oxidation on the
electrical conductivity of Cus(HHTN); by doping with iodine. A
resistor device made by drop-casting the MOT suspension on a
gold interdigitated electrode (5 pm gap) was exposed I, stream (~
400 ppm) at room temperature (See section 11 in SI). Exposure of
the material to the stream of I, for about 30 minutes increased the
conductance of the device increased significantly by 36000%. The
doping process was partially reversible: stopping I. exposure
reversed the current to 157-folds of the original value within 30
mins. XPS characterization showed that I; doping process likely
involved the partial oxidation of both the ligand and metal in the
MOT material (Figure $30) and the formation of the I;~ ions
within the MOFs. PXRD of I, treated sample exhibited two obvious
peaks at 26=3.5° and 7.0°, consistent with the [100] and [200] peaks
of pristine Cus(HHTN),, indicating that I, doped Cus(HHTN); still
maintained the crystalline framework structure. The peak
broadening of [100] and [200] diffractions in the I, treated
Cu;(HHTN); sample may be due to the possible formation of
crystalline 15~ chains inside the channel that caused the reordering
of the MOFs layers. EPR studied showed a new signal with a g value
at 1.994 for the iodine-doped Cus(HHTN), sample (Figure S31),
indicating the formation of ligand centered radical. Therefore, the
increased electrical conductivity of in iodine-doped sample may be
due to the improvement in oxidation-induced orbital overlap
between the ligand and metal, as well as the formation of free
charge carriers through oxidative doping.™” The increase in
conductance upon oxidative doping of Cus(HHTN). MOF
suggested a p-type semiconductive character of this material.

3 Conclusions

We have designed and synthesized a new d-m conjugated 2D MOF
based on the utilization of a new hexatopic ligand HHTN, which is
a m extend analog for HHB and HHTP ligands. The reticular
incorporation of this large m-conjugated organic building block
with Cu ions leads to a Cus(HHTN): MOF with a pore aperture of
2.5 nm, extending the porosity of 2D m-conjugated semiconductive
MOF into the mesoporous realm. Cu;(HHTN), showed low to
moderated electrical conductivity of 9.01x10® S§/cm at 385 K and
temperature-dependent electrical band gap ranging from 1.65 to
0.75 eV. After chemical oxidation by I, the conductivity of
Cus(HHTN): can be improved by 360 times. These results
demonstrated the great tunability in conductivity of Cus(HHTN),

using both thermal and chemical stimuli. Despite a computational
proposal for achieving a trinaphthylene-based MOF by expanding
the size of the ligand,™ the first experimental access and
characterization of Cus(HHTN). MOF reported herein constitutes
the first experimentally accessible trinaphthylene based d-n
conjugated MOEF. Thus, our work adds an important member to
the previously reported HHB- and HH'T'P-based MOFs, generating
the first isoreticular family of 2D d-m conjugated MOFs comprising
at least three systematically expanded lattice structures. The lower
conductivity and higher porosity found in Cus(HHTN). compared
with HHB- and HHTP-based analogs, suggested that porosity and
conductivity, which are two important parameters for many
electrochemical applications,” need to be balanced in the design of
conductive MOFs. Achieving this delicate balance involves the
consideration of several interdependent factors, which can be
potentially addressed through a judicious choice of organic ligand
and metal node to provide a high-degree orbital overlap of the
building blocks, post-synthetic modifications, including doping,
redox control, and guest infiltration.”"” 7 We believe these
results may promote future studies of  systematic
structure—property relationships by examining the 2D d-n
conjugated MOFs series experimentally to aid the understanding,
design, and realization of electrically conductive MOFs, and may
offer new opportunities for exploring this class of materials in
thermal switching, sensing, and energy-related applications.
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1. Materials and Methods
2,3-Dihydroxynaphthalene (CAS N.O.: 92-44-4), glacial acetic acid (CAS N.O.: 64-19-7), liquid bromine (CAS N.O.: 24959-67-9),
tin(II) chloride dihydrate (CAS N.O.: 10025-69-1), iodomethane (CAS N.O.: 74-88-4), 2,2"-bipyridine (CAS N.O.: 366-18-7), THF (CAS
N.O.: 109-99-9), Ni(1,5-COD), (CAS N.O.: 1295-35-8), boron bromide (CAS N.O.: 10294-33-4), ammonia water (28%-30%, CAS N.O.:
1336-21-6) were purchased from Sigma Aldrich. Hexane (CAS N.O.: 110-54-3), acetonitrile (CAS N.O.: 75-05-8), DMSO (CAS N.O.:
67-68-5), concentrated HCI (37%, CAS N.O.: 7647-01-0) were purchased from BDH Chemicals. 1,5-Cyclooctadiene (CAS N.O.: 111-78-4)
and K:CO:(CAS N.O.: 584-08-7) were purchased from Alfa Aesar, Melting points were determined using a Focus X-4 apparatus, and were
not corrected. Analytical thin-layer chromatography (TLC) was performed on Merck silica gel 60 F254 plates. Compounds
6,7-dibromonaphthalene-2,3-diol 3,' 2,3-dibromo-6,7-dimethoxynaphthalene 4* were synthesized according to the literature procedures.
The synthesis of 2,3,8,9,14,15-hexamethoxytrinaphthylene (HMTN) was referenced form the procedure reported by Bunz's group with an
optimized work-up process. The yields were given as isolated yields. NMR spectra were recorded on a Bruker 600 MHz NMR spectrometer.
The chemical shifts (§) were expressed in ppm with internal standard tetramethylsilane (TMS) and solvent signals as internal references,
and J values were given in Hz. Standard abbreviations indicating multiplicity were used as follows: s (singlet), br (broad), d (doublet), t
(triplet), q (quartet), m (multiple).
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) were performed using a Hitachi TM3000
SEM (Tokyo, Japan) equipped for X-ray microanalysis with a Bruker Edax light element Si(Li) detector (Billerica, MA). Transmission
electron microscopy was carried out at a Tecnai F20S8T FEG TEM instrument. Powder X-ray diffraction (PXRD) measurements were
performed with a Bruker D8 diffractometer equipped with a Ge-monochromated 2.2 kW (40 kV, 40 mA) CuKa (A= 1.54 A) radiation
source and a Nal scintillation counter detector (Billerica, MA). EmStat MUX16 potentiostat (Palm Instruments BV, Netherlands) was used

for electrochemical measurements. Nitrogen adsorption experiments were performed with an Micrometrics 3Flex Porosity Analyzer

(Norcross GA).
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2. Synthesis

2.1. Synthesis of HHTN Ligand

gg OHZ Brz Br O@ SnCIz Hzo BroH CH3|, K2003
—_—
OH CHacOOH CHscOOH Br OH CH4CN

94%

Ni(cod),, COD,

Br EN _22-bipyridine
THF, r.t.

Scheme S1. The synthesis of hexamethoxytrinaphthylene HMTN.

Synthesis of 1,4,6,7-tetrabromonaphthalene-2,3-diol 2. 2,3-Dihydroxynaphthalene (9.0 g, 56 mmol) was dissolved in 90 mL of glacial

acetic acid, and then liquid bromine (12.8 mL, 0.25 mmol) was slowly added in 40 minutes during which the reaction was violently stirred.

The stirred solution was then heated at reflux for 1 hour, Then the reaction mixture was cooled ca. 50 °C. And the resulting precipitate was
ollected by suction filtration and washed with 50 mL of hexane, which gives 2 as a white solid after being dried (25.2 g, 94%). The

compound is pure enough for the characterization and was used directly for the next step. '"H NMR (600 MHz, CDCl;) & = 8.34 (s, 1H), 6.21

(s, 1H); "C NMR (150 MHz, DMSO-ds) 8 = 147.04, 130.28, 127.80, 121.09, 104.51; HRMS (EI): m/z caled for CiyH4BrsO2: 471.6945; found:

471.6955 [M]*.
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Figure S1. '"H NMR spectrum (CDCls, 600 MHz, 298 K) of 2.
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Figure §2. *C NMR spectrum (DMSO-ds, 150 MHz, 298 K) of 2.

Synthesis of 6,7-dibromonaphthalene-2,3-diol 3. Compound 3 was synthesized by following a previously reported procedure,
Compound 2 (20 g, 42 mmol) was then dissolved in 350 mL of glacial acetic acid and tin(IT) chloride dihydrate (80 g) was added. The
mixture was heated near reflux and concentrated HCI (120 mL) was added which result in the evolution of a large amount of HBr gas. The
mixture was heated at reflux for 50 minutes, the solution was then cooled to room temperature and poured into 500 mL of aqueous HCI
solution. A white precipitate was formed which was then filtrated after the mixture was stood overnight. The product was obtained as a
white powder (10.3 g, 77%). The characterization data ('"H and “C NMR) was the same as reported in the literature.'

Synthesis of 2,3-Dibromo-6,7-dimethoxynaphthalene 4. Compound 3 (8 g, 31.4 mmol) was dissolved in acetonitrile (50 mL), then
K:COs (10.9g, 78.5 mmol, 2.5 equivalents) and iodomethane (4.9 mL,78.5 mmol, 2.5 equivalents) were successively added. The flask was
then sealed and the reaction mixture was heated under 75 °C for 18 hours. The reaction mixture was then cooled down room temperature
and diluted with 300 mL of CH,Cl,, then washed with water (200 mL x 3). The organic phase was dried under vacuum to give a compound
4 as white solid (10 g, 92%), whose characterization data ('"H and "C NMR) is in consistence with the literature report.’

Synthesis of 2,3,8,9,14,15,20,21-octamethoxytetranaphthylene (HMTN). Under Ar atmosphere, 1.5 mL (12 mmol, 2 equivalents) of
1,5-cyclooctadiene and 1.17 g (7.5 mmol, 1.25 equiv) of 2,2'-bipyridine were added to a Schlenk flask charged with 50 mL dry THE. Then
2.1 g of Ni(1,5-COD); (7.5 mmol, 1.25 equiv) was added which gave a purple solution. A THF solution of dibromonaphthalene 4 (2.07 g, 6
mmol in 25 mL) was added dropwise over 30 min. A gray mixture was formed after 2 hours. After the mixture was stirred at ambient
temperature for another 18 h, the solvent was evaporated under vacuum. Then 250 mL of dichloromethane was added to the residue and
the suspension was sonicated and then filtrated. The filter cake was washed with dichloromethane (25 mL x 3). The organic filtrate was

washed with water for three times (300 mL x 3). The organic phase was further condensed to approximately 80 mL, which was then placed
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into a refrigerator set at —10 °C. The triply coupling product HMTN could be obtained as a colorless crystalline solid after filtration (470 mg,
42%), which gives the same characterization date as the literature report.

The mother liquid was collected and subjected to column chromatography (eluent CH,CL>EtOAc: hexane=1: 4). 468 mg of a mixture
of HMTN and the quadruple coupling product OMTN as cyclooctatetraene derivative (structure shown in Scheme S$1) could be obtained

and identified by '"H NMR and MALDI-TOF spectrum.

(a)

(b)

90 85 80 7.5 7.0 65 6.0 45 4.0 35 3.0
o/ppm

Figure 83. '"H NMR spectrum (CDCls, 600 MHz, 298 K) of ligand HHTM (a) and a mixture of HMTN (peaks marked with A) and the

quadruple coupling product OMTN (peaks marked with =), The peaks marked with * are from ethyl acetate.

25000 caled. 558.1
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20000 - 744.0 7443
HMTN 5725
15000 - ' OMTN
10000 -
5000 758.3
0 n.i.l.L-..laa.“.aA.l.J 'y -_.J.\J_L\JL,_ "
400 500 600 700 800 900 1000
miz

Figure $4. MALDI-TOF mass spectrum of a mixture of HMTN and the quadruple coupling product OMTN.
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Scheme $2. The synthesis of HHTN.

Synthesis of 2,3,8,9,14,15-hexahydroxytrinaphthylene (HHTN). To a solution of HMTN (400 mg, 0.72 mmol) in dry
dichloromethane (30 mL) in an ice bath was added boron bromide (1.3 mL, 13 mmol, 18 equivalents). After being stirred at r.t. for 24 h, the
reaction mixture was poured into ice water (100 mL) and stirred for another 30 min, then filtrated, washed with water and dried under
vacuum to give 304 mg (89 %) of HH'TN as a gray solid, M.p.: >300 °C; "H NMR (600 MHz, DMSO-ds) 6 = 9.71 (s, 6H), 8.90 (s, 6H), 7.34 (s,

6H); “C NMR (150 MHz, DMSO-ds) § = 148.0, 129.0, 126.6, 120.0, 109.5; HRMS (ESI): m/z calcd for CaHsOs: 475.1176; found: 475.1180
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Figure S§5. '"H NMR spectrum (DMSO, 600 MHz, 298 K) of ligand HHTN.
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Figure §6. "C NMR spectrum (DMSO, 150 MHz, 298 K) of ligand HHTN.
2.2. Synthesis of Cus(HHTN): MOF

Different conditions, including the variation of the solvent system, concentration of ligand, and the use of base have been tried for the
synthesis of Cus(HHTN), MOF (Table 81). It is found that the addition of base (ammonia water (25 wt%) or ethylenediamine) is necessary
for the deprotonation of the catechol to facilitate the coordination, because the in pure solvents, such as DMSO and DMI, no solid product
was formed without the addition of the base. DMI/H-O (v/v=3:1) was found the optimal solvent among the solvent systems tested which
has a moderate solubility for the ligand and produced the crystalline MOF materials. Our effort generated multiple conditions for obtaining
highly crystalline material of Cus(HHTN). (Table S1), including entry 7, 9, 14, 15 and 16, in which the condition in entry 9 was identified
as the optimal, considering the intensity, relative ratio, and full width at half maximum of the PXRD peaks (Figure $7), as well as the
morphology of the samples obtained (see Figure S21 in section 7).

Optimized condition: To a 20 mL vial charged with 54.5 mg of copper(II) acetate (0.30 mmol, 2 eq. to HHTN) and 15 mL. DMI/H.O
(v/v=3:1), 1.50 mL concentrated ammonia water (25%~28%, 150 eq to HHTN) was added. A clear and dark blue solution was formed after
gently shaking the vial for 0.5 to 1 min. To this solution, 71 mg of HH'TN (0.15 mmol) was added. The mixture was sonicated for 1 minute
to get a homogeneous yellowish suspension, which was then transferred on to hotplate and heated at 65 °C with the vial loosely capped
under air. After 24 hours, the reaction was filtrated, and the solid was washed with water (5 x 20 mL) and acetone (5 x 20 mL). The solid
was then dried using an oil pump under room temperature for 1 day to afford a dark brown powder (75 mg, yield 87% based on the formula

Cus(HHTN)z). This as-synthesized material was used for PXRD, FTIR, XPS, UV-vis-NIR, and elemental analysis.
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Table S1. The trial of different synthetic conditions for Cus(HHTN).

N.O. Solvent [L]/(mM) Base or Additives Time (h)/Temp.
1 DMSO 30 NH:eH:0 (50 eq) 24/85 °C, N»
2 DMSO 30 NH;eH:0 (50 eq) 72/150 °C

3 H.0 30 NHOAc 24/85°C

4 DMSO:H,0=1:1 30 NH:eH:0 (50 eq) 24/85°C

5 benzene:DMSO=1:1 30 NH:eH:0 (50 eq) 24/85°C

6 DMSO 30 en (50 eq) 24/65 °C

7 H,0:DMI=1:3 30 NH,-H,O (50 eq) 24/65 °C

8 H,O:DMI=1:3 30 en (50 eq) 24/65 °C

9 H,O:DMI=1:3 10 NH,+H,O (150 eq) 24/65 °C

10 H,O:DMI=1:3 30 NH,«H,0 (50 eq) 24/85°C

11 H,O:DMI=1:3 10 NH,+H,O (50 eq) 48/65 °C

12 H,O:DMI=1:3 10 NH,«H,0 (150 eq) 48/65 °C

13 H,O:DMI=1:3 10 NH,+H,O (300 eq) 24/65 °C

14 H:0:NMP=1:3 10 NH,-H,O (300 eq) 24/65 °C

15 H.0:DMI=1:3 10 en (50 eq), Cu(NO,), 24/65 °C

16 H,0:DMI=1:3 5 en (50 eq), Cu(NO,), 24/65 °C
@ Springer | www _editorialmanager.com/nare/default.asp
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Simulated

2 12 22 32 42 52

Figure 87. PXRD of the materials obtained under synthetic conditions demonstrated in Table S1 and simulated PXRD of Cus(HHTN)..

3. FTIR Spectrum

Infrared spectra were recorded on a JASCO model FT IR-6100 Fourier transform infrared spectrophotometer. The material was
mixed with KBr powder in a mass ratio of ~1:50 and then pressed into a pellet in a die with a diameter of 8 mm under nonspecific pressures.
HHTN was directly used after it was isolated as described in section 2.1. Cus(HHTN). was used after it was further dried in a vacuum

desiccator equipped with an oil pump for 24 hours under room temperature after synthesis.
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Figure $8. FTIR spectra of ligand HHTN (black) and Cus(HHTN): (blue).

4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) experiments were conducted on a Kratos Analytical AXIS Supra X-ray Photoelectron
Spectrometer under ultrahigh vacuum (base pressure 107 Torr). The measurement chamber was equipped with a monochromatic Al (Ka)
X-ray source. The material was mounted by pressing it onto copper tape which was mounted on a Dual-Height (Kratos) sample holder. The
survey spectrum was obtained from 0 eV-1200 eV to obtain elemental surface composition. High-resolution spectra (C 1s, N 1s, O 1s, Cu
2p3/2, I13d) were then performed at energy regions specific to elements observed in the survey spectrum. Both survey and high-resolution

spectra were obtained using a beam diameter of 200 pm.
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Figure §9. XPS survey spectrum of Cus(HHTN): showing the presence of C, N, O, and Cu elements.
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Figure $10. High resolution XPS spectrum of Cus(HHTN)2: (a) C 1s; (b) N 1s: (¢) O 1s; (d) Cu 2p. The corresponding ratios of the
deconvoluted peaks are color-coded.

The XPS spectra revealed the presence of C, O, and Cu, along with N elements in Cu:(HHTN); (Figure 8§9) in an elemental content
of 69.5%, 15.7%, 7.4% and 7.5%, respectively.

High-resolution scans of the O 1s showed three peaks with binding energies at 284.7 eV, 286.2 eV, and 288.1 eV (Figure S10a),
which can be ascribed to carbon in the environments of C-C, C-O, and C=0. The 1:1 intensity of the C-O to C=0 indicated that the
oxidation state of the ligand is tri(semiquinone). This analysis is consistent with the analysis of the high-resolution scan of O 1s range,
which can be fitted to two peaks for C-O and C=0 at binding energies of 531.5 and 532.9 eV in an intensity ratio of 48:52 (Figure S10c).
The high-resolution scan of Cu 2p range can be deconvoluted two components at binding energies of 933.5 and 935.3 eV with an intensity
ratio of 41:59, indicating that Cu in Cus(HHTN). exist as a mixed state of Cu(I) and Cu(II). Through deconvolution of the Cu 2p3/2 peak,
the ratio of Cu(I) and Cu(II) in the framework is 41:59 (Figure 10d), close to a ratio of 2:3. Combing the above analysis, the skeleton of the
MOF with a formula Cus(HHTN); will give a net charge of nearly -1. The counter ions for the compensation of the negative change of the

framework are very likely from the NH.', as suggested by the presence of N by XPS (Figure S10b).

5. Structure Analysis by Computational Study and Powder X-ray Diffraction
To generate the cell parameters of the Cus(HHTN). MOF, a model structure which is composed of two trinaphthylene units, five Cu
ions, and four hydrogen-terminated benzene units were built and then optimized at B3LYP/6-31G level. The optimized geometry of model

molecular fragments used to generate the unit cell of the crystal is shown in Figure S11.
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14.987 A

————— -

Figure S11. The optimized geometry of model molecular fragment used to generate unit cell of Cus(HHTN)..

In the optimized geometry, five Cu atoms formed two pseudo-isosceles triangles (side length difference < 0.1%). This structure was
then introduced into Materials Studio Visualizer and converted into fractional coordinates using cell length a = b = 29.946 A which was
determined from the metal-metal distances of the above molecular fragment. An interlayer spacing of 3.29 A was used which was the value
calculated from the PXRD signal. The symmetry of the unit cell was found and forced into P6/mmm with a threshold of 1.0 pm (fine level).
The geometry optimization including energy minimization with cell parameters was performed by using the CASTEP module in Materials
Studio with Perdew—Burke—Ernzerhof (PBE) generalized gradient approximation (GGA) with a cut-off energy of 400.0 eV. The total energy
change is set to less than 107 eV and the magnitude of the largest force acting on the atoms is set to less than 0.03 eV A’ After the
optimization, a structure with of cell parameter of a=b=29.45 A, ¢=3.29 A in fully eclipsed packing was obtained.

To determine the displacement of the layer in structure with slipped-parallel packing, 66 different unit cells for parallel-displaced
structures were generated from the grid of translations in the ab-plane (Figure $12) on the basis of the optimized model with fully eclipsed
packing. The ¢ value was doubled to 6.58 A to accommodate two layers that are separate by 3.29 A. Single-point energy calculations based
on molecular force field COMPASS II (ultra-fine level) were carried out on these 66 structures using FORCIET modular implemented in
Materials Studio. Single points energies at different translational positions were recorded. Plotting these energies values with the translation
values along the ab-plane gives the contour map shown in Figure $13. The minimum of the potential energy surface corresponds to a
displacement of ~1.4-1.5 A along the a/b axis and ~0.7-0.8 A along the b/a axis. The optimized crystal structure of Cus(HHTN), with the
lattice parameters shown in Figure S16. Modeling of the staggered structures was performed in a similar manner but with the space group

P63/mmc (Figure $17).
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Figure S12. The grids of coordinate translations in the ab-plane that were sampled for single-point energy calculation.
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Figure S13. Contour map of the potential energy surface for MOF Cus(HHTN); generated by different translations along a and b axis. The

energy per unit cell at the minimum has been normalized to zero.
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Figure $14. Contour map of the potential energy surface for Cus(HHB): generated by different translations along a and b axis. The energy

per unit cell has been normalized to zero at the minimum.
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Figure S15. Contour map of the potential energy surface for Cus(HHTP), generated by different translations along a and b axis. The energy
per unit cell has been normalized to zero at the minimum.
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Figure S16. (a) Front and (b) side view of optimized Cus(HHTN): crystal structures with eclipsed packing mode and the corresponding cell
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Figure S17. (a) Front and (b) side view of optimized Cus(HHTN): crystal structures with staggered packing mode and the corresponding
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Powder X-ray diffraction (PXRD) data of Cus(HHTN). was collected using a Rigaku sixth generation MiniFlex X-ray

diffractometer. Cu Ka radiation (A = 1.5406 A; 600 W, 40 kV, 15 mA) was focused using a planar Gobel mirror riding the Ka line.

LA

experimental

[100]
[110] [2|20]
1 [200]
!_|[21 UR [002] simulatedslipped parallel
|, II L simulated staggered
2 12 22 32 42 52
28

Figure $18. Experimental (green line, corresponding to the sample obtained from entry 9 in Table S1) and simulated PXRD pattern (black

line) of MOF Cus(HHTN); in a slipped-parallel packing mode.

6. SEM and TEM

Scanning electron microscopy of the MOF Cus(HH'

I'N): was obtained using a Hitachi TM3000 SEM. The material was pressed

onto carbon conductive tape that was attached to the aluminum plate. The images were taken at a 7 mm working distance using a 20 kV

beamline in a to 10 torr vacuum chamber.

Transmission electron microscopy was carried out in a Tecnai F205T FEG TEM instrument. The sample was prepared by drop

casting an acetone suspension (0.5 mg in 5 mL) of the MOFs onto a copper grid (300 mesh, 3.0 mm O.D). An operating voltage of 120 kV

was used for imaging.
Energy dispersive X-Ray spectroscopy was collected

and TEAM software.

using SDD X-ray microanalysis system with Octane Pro 10 sq. mm detector
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Figure §19. SEM image of MOF Cus(HHTN): under conditions as demonstrated in entry 8, 9, and 15 in Table S1.

o s

Figure $20. TEM image of MOF Cu;(HHTN), under different magnifications.
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Figure S21. EDAX spectra of MOF Cus(HHTN); which show the existence of C, O, and Cu.

7. Electron Paramagnetic Spectroscopy (EPR)
Since the HHTN theoretically has up to seven different oxidation states, low-temperature EPR studies of HHTN and Cus(HHTN):

were performed to investigate the oxidation state of HHTN in the framework structure. The samples (~ 2 mg for each) were transferred to
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.

an EPR tube. EPR spectra were collected on a Bruker BioSpin Gmbh spectrometer equipped with a standard mode cavity. The EPR
spectrum was collected under liquid nitrogen temperature with the parameters listed in Table $2. The results showed that the HHTN ligand,
which probably in its partially oxidized form, showed a very intense peak at g = 1.98938. Cus(HHTN), showed a strong peak at g=2.07259,
characteristic of an unpaired electron localized on the metal center.

Table S2. Parameters of EPR for samples HHTN and Cus(HHTN)..

sweep center modulation microwave microwave
Sample width/G field/G amplitude/G frequency/GHz power/mW
HHTN 1000 3500 1 9.771 0.2026
Cu;(HHTN). 2000 3300 4 9.663 0.0638
(a) 42000 ; (b) 3000 -
32000 1 2000 |
22000 - o1 09 1000 |
?:_‘12000 1 L = 0 ?‘=2,07 . .
2 2000 - i _ . . g 1.5 95 2.15 235
E goolle 194 % 202 208 21  E-1000 1
-18000 +2000 1
-28000 - -3000 -
-38000 - -4000 -
g g

Figure §22. EPR spectrum of HHTN ligand and Cus(HHTN), MOFs. (a) The spectrum of the partially oxidized ligand HHTN which

showed a g value factor at 1.98938. (b) EPR spectrum of the MOFs Cus(HHTN), showed a strong peak at g=2.07259.

8. Thermal Gravimetric Analyses (TGA)
The thermal stability of the MOFs was investigated by thermal gravimetric analysis. Thermogravimetric analysis was performed in a
TGA Q50 V5.0 instrument under nitrogen with a heating rate of 20 °C/min. The TGA curves demonstrated that before the temperature

reached 130 °C, there is about 4% weight loss for Cus(HHTN),, which can be ascribed to the physically adsorbed solvent molecules.

Followed by that, about 25% weight loss happened when the temperature was raised to 279 °C.
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Figure $23. TGA curve of MOF Cus(HHTN)..

9, Brunauer-Emmett-Teller (BET) Analysis

In order to assess the porosity and the architectural stability of MOF Cuis(HHTN),, N» gas adsorption measurements at 77 K were
performed. Before the gas adsorption test, the as-synthesized MOF was soaked in acetone for 2 days, during which the acetone was changed
every 12 hours. The sample was then treated by using a supercritical CO; drier (Samdri-795) with six times of
“cool-fill-purge-heat-bleed-vent” cycle, in which the time for purge procedure was set to 45 min each time. Before gas adsorption
measurement, the sample was further degassed under vacuum at 70 °C for 18 hours. For BET calculations, a full isotherm with a fitting

range of 0 to 0.3 P/P; was used. The Brunauer-Emmett-Teller (BET) surface areas for Cus(tHHTN), was calculated to be 486 m”* g
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Figure 824. (a) Nitrogen sorption curves (filled circles: adsorption, open circles: desorption, STP=standard temperature pressure) and (b)

t-Plot for nitrogen adsorbed at 77 K by activated Cus(HHTN).. The BET surface area by the gas adsorption analysis is 486 m?/g. The
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external surface area is 301 m*/g and the micropore area is 185 m*/g. (c) Pore size distribution.

10. Measurement of Conductivity

To make a pressed pellet, ~45 mg of the MOF sample was put into a 6 mm inner-diameter split sleeve pressing die and pressed for 5
min under a pressure of approximately 1000 psi. A two-contact probe method was employed to collect bulk conductivity measurements of
the MOFs pellet. The two-contact probe method is easy to configure and is suitable for the conductivity measurement of resistive samples.’
We calculated the bulk conductivity measurements (S/cm) using Equation $1. Herein, L (0.091 cm) is the distance of between the probes

which equals the thickness of the pallet, A is the basal area of the pellet, V (4 volts) is the voltage of cross the probes, I (A) is current which is

measured by a potentiostat (Ivium CompactStat).*

(S1)

6 mm

Figure §25. Representation of configuration for the measurement of conductivity by two-contact probe method.

www _theNanoResearch.com | www_Springer.com/journal/12274 | Nano Research




Nano Res.

To investigate the activation energy for electrical conductivity of Cus(HHTN),, conductivity of the pellet was measured under
different temperatures from 298 K to 385 K with a constant applied voltage of 4.0 V. The conductivity values under different temperature

are shown in Figure S26.
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Figure $26. Conductivity of Cus(HHTN), measured as a function of temperature.

The Arrhenius equation,

_Ea
o = oge kBT (S2)

can be used to access the activation energy.* In this equation, 0 is the conductivity (S/cm), oo is the pre-exponential factor and is constant,
E, is the Arrhenius activation energy (kJ/mol), ks is the Boltzmann constant (1.380649x107* J/K), and T is the temperature (K). Taking the

natural logarithm of Arrhenius equation yields:

In(o) = In(ap) — %’f—: (S3)

E,
where In(0s) is a constant. The plot of the natural log of In(o) to reciprocal temperature (1/T, in K"') generates the value — k_a
B
-15
zone |l
16 1 (324-385K)
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Figure $27. The plot of the natural log of conductivity vs temperature.
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11. I, Doping Study of Cus(HHTN):

lodine-doped sample was carried out by heating 30 mg of CusHHTP; obtained from entry 9 with 15 mg of [ in a sealed glassy vial at
40 °C for 12 h. The sample was cleaned by repeatedly immersing the sample into acetone and decanting the solution until the solution
became colorless. The sample was further dried using an oil pump under room temperature for 1 day before the use for PXRD, EPR, and
XPS study.

I, doped Cus(HHTN),

A LJL

. A b gt

Cu3(HHTN),

2 12 22 32 42 52

Figure $28. Experimental PXRD pattern of pristine MOF Cus(HHTN);, I, and I doped MOF Cus(HHTN)..

As shown in Figure $28, the material treated with I, exhibited two obvious peaks at 20=3.5° and 7.0°, that is consistent with the [100]
and [200] peak of pristine Cus(HHTN),, indicating that I, doped Cus(HHTN), sample still maintained the crystalline framework structure.
In addition, we observed significant peaks appeared at 26=25.5°, 29.6°, 42.3°, 50.1°, 52.5°. Since these peaks are different from elemental I,
crystals, which may indicate that regular structures associated with I doping, such as I chains, may be formed in the channels of

Cus(HHTN)..
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Figure §29. XPS survey spectrum of I doped sample Cus(HHTN). showing the presence of C, N, O, I, Cu elements.
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Figure §30. High resolution XPS spectrum of I, doped Cus(HHTN)2: (a) C 1s; (b) I 3d: (c) O 1s; (d) Cu 2p. The corresponding ratios of the
deconvoluted peaks are color-coded.

In the [;doped Cus(HHTN),, XPS spectra revealed the presence of C, O, N, Cu, and I in an elemental content of 56.1%, 16.0%, 3.7%,
5.3%, and 18.52 respectively (Figure §29). High-resolution scans showed that, after doping with I, in the C 1s range the ratio of peaks at the
binding energies of 285.5 eV, and 288.5 eV, corresponding to C-O and C=0, changed to 12:18 (Figure $30a). In the O 1s range, the
intensity ratio of the two peaks for C-O and C=0 at binding energies of 531.8 and 533.3 eV shifted to 40:60 (Figure $30c). Meanwhile, an
obvious change in the Cu 2p3/2 area was also observed (Figure $30d). The two components at binding energies of 933.5 and 935.3 eV gave
an intensity ratio of 89:11, corresponding to a Cu(II):C(I) ratio of ~9:1. The above results that, compared with pristine Cus(HHTN)a,
oxidation processes occurred at the probably both ligand and metal node. In addition, the high-resolution I 3d XPS spectrum showed two
signals at 630.4 and 618.9 eV (Figure S30b), which respectively corresponded to I 3d7/2 and I 3d5/2 levels, suggesting the presence of I5-

anions after iodine-doping.®
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Figure 8$31. EPR spectra of pristine and iodine-doped Cus(HHTN). MOF.
In contrast to that of pristine Cus(HHTN); which showed only a broad signal with a g value at 2.073 (grey dash line, see also Figure
§22), an additional EPR signal with a g value of 1.994 was observed for the iodine-doped Cus(HHTN), MOF (red solid line), indicating the

formation of organic radicals due to ligand oxidation.®
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Figure 832. TGA curve of iodine-doped Cus(HHTN), MOF.
The I doped Cus(HHTN); MOF exhibited a different TGA profile compared with pristine Cus(HHTN). MOF. When the temperature
reached to 167 °C, there was about 6% weight loss for Cus(HHTN)., which can be ascribed to the physically adsorbed solvent molecules.

Followed by that, about 35% weight loss happened when the temperature was raised to 600 °C. When the temperature got to 900 °C, a total

weight loss of 80% was observed, vs 56% total weight loss observed for the pristine Cus(HHTN); at the same temperature (Figure $23). The
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difference in a total weight loss of 24% is like ascribed to the doped I, which is in a general agreement with that determined by XPS (19%).
For evaluating I doping on the conductivity change of Cus(HHTN);, a Cus(HHTN); suspension in water (2 mg/mlL) was drop casted
onto a glass device equipped with interdigitated gold electrodes. The device was put into an I, atmosphere (concentration ~400 ppm)* in a
Teflon chamber under room temperature by using a similar method as previously reported.* The current of the device was monitored
continuously by a potentiostat under a constant voltage bias of 4.0 V. The time-dependent study revealed that the current reached a
maximal value after exposure to I, for 30 min with a 360-fold increase (Figure $33). The doping was partially reversible, as the current

decreased to 157-fold of the initial value after the device was removed from the I chamber and left under a continuous N flow.
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Figure $33. The change in the current of a resistor type device made of Cus(HHTN); upon I, doping.
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