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ABSTRACT: Semiconducting metal—organic frameworks (MOFs) show great
potential to foster myriad advanced electronics and energy technologies, but they
must possess adequate charge-carrier concentration and efficient charge-transport
pathways in order to display useful electrical conductivity. A new intrinsically
conducting 3D framework [Ag,(HATHCN)(CF;SO;),], was constructed by
employing a highly z-acidic 1,4,5,8,9,12-hexaazatriphenylene-2,3,6,7,10,11-hex-
acarbonitrile (HATHCN) ligand, which assumed a paramagnetic HATHCN®~
radical anion character by acquiring electron density from the TfO™ anions
involved in the anion—7 interaction and facilitated charge movement along the
staircase-like [—~Ag*—~HATHCN-],, chains having ample Ag,;*—N,, orbital
overlap in the valence band region. As a result, the MOF displayed a narrow band
gap (1.35 eV) and promising electrical conductivity (7.3 X 10~* S/cm, 293 K) that
ranked very high among those recorded for 3D MOFs. This work presents a new
strategy to construct intrinsically conductive 3D frameworks by exploiting the dual
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metal coordination and anion—7 interaction capabilities of a highly 7-acidic HATHCN ligand.
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B INTRODUCTION

The recent progress of electrically conductive metal—organic
frameworks (MOFs)"” has unlocked their potential to foster
myriad advanced electronics and energy technologies,” >
rendering them one of the most coveted functional materials of
late. Although these crystalline materials share striking
structural similarities with conventional inorganic semiconduc-
tors, electrical conductivity (6) remains one of their most
elusive properties because of the lack of adequate charge
density and effective charge-transport pathways, the two key
conditions of this coveted property.”” While they can be easily
furnished with mobile charge carriers (i.e., electrons and holes)
by introducing redox-active ligands, metal jons,”'™*" and
guests,"”” % creating efficient charge-transport pathways,
especially in 3D frameworks, remains a much greater challenge.
Depending on their structures and compositions, charge
movement across MOFs occurs predominantly through one
of the following routes:” metal—ligand bonds,**™** z-
conjugated ligands,””™** z-stacked ligands,””~* infiltrated
guests.,44_51 and redox hopping,sz_54 and its efficacy has a
profound effect on the framework’s conductivity. Among these
routes, through-bond and resonance charge delocalization are
usually more effective than others and consistently lead to
higher conductivity than through-space redox hopping.” The
occurrence of through-bond charge movement requires
sufficient metal(d)—ligand(p) orbital overlap, which can be
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better accomplished with soft N- and S-coordinating ligands
and soft transition-metal ions”**~** than with hard carboxylate
and oxo-ligands and group I, II, and lanthanide metal ions.
Furthermore, fully 7-conjugated planar ligands are essential for
resonance charge delocalization.””™>*

While much of the recent attention was focused on
developing electrically conducting MOFs based on various
electron-rich aromatic ligands, such as hexa-amino/oxo/thia-
substituted benzenes and triphenylenes.,*%_38 tetrathiafulva-
lenes,*~*"**75! anthracene,* and pyrene, the m-acidic N-
heteroaromatic ligands have been largely overlooked despite
their dual capabilities to gain electron density via n-doping and
support charge movement through coordination bonds by
creating sufficient metal(d)—ligand(p) orbital overlap.™
Ostensibly absent from the MOFs is a highly z-acidic planar
N-heteroaromatic ligand called 1,4,5,8,9,12-hexaazatripheny-
lene-2,3,6,7,10,11-hexacarbonitrile (HATHCN),*® which can
not only coordinate soft transition-metal ions with its 2,2'-
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bipyridine-like core N-atoms and terminal CN groups®’~>” but
also interact with different anions ranging from highly Lewis
basic OH™, F~, and CN~ to charge diffuse TfO™, PF4~, and
[M(CN), = (M = Ni', Pt', Pd", Fe™, Co™, Re™, and W)
through anion-induced electron transfer and charge transfer
(AIET and AICT)®~* and anion—7z"° interactions, leading to
the formation of HATHCN®"™ radical anions under certain
conditions. Although anion—r interaction and cation recog-
nition capabilities of HATHCN have been exploited separately
for anion sensing, light-harvesting, and myriad other
purposes,”’ " they have never been combined to create an
intrinsically conductive MOF. Similarly, the AIET interaction
has been used only once®® to convert a naphthalenediimide
(NDI)-based insulating MOF (6 < 107'* S/cm) to a modest
semiconductor (1077 S/cm) by doping it with F~, which
generated NDI*” radical anions. However, the NDI-based
MOF lacked efficient charge-transport pathways except charge
hopping, which led to a modest electrical conductivity even
after extensive F-induced ligand reduction and the formation
of large electron density. Furthermore, F~ has a strong affinity
for metal ions, which could disrupt MOF structures. Therefore,
it may not be employed universally as a sacrificial electron
donor. Unlike the less z-acidic NDI ligands, the highly z-acidic
HATHCN can engage soft charge-diffuse anions in anion—z,
AIET, and AICT inte1‘actions,60_66 which pose little threat to
MOF structures. In addition, the planar HATHCN ligand can
also support resonance delocalization, while the NDI ligands
cannot because their diimide core and terminal coordinating
groups are not coplanar. Therefore, we envisioned that if
incorporated into an MOF, the HATHCN ligand could not
only acquire electron density from appropriate charge-diffuse
anions through anion—7z and AIET interactions but also
facilitate charge movement through the coordination bonds by
providing sufficient metal(d)—ligand(p) orbital overlap and z-
conjugation, thereby fulfilling the criteria of electrical
conductivity.

Taking advantage of HATHCN’s dual cation and anion
binding abilities,**~®* herein, we constructed a new intrinsi-
cally conducting 3D MOF [Ag,(HATHCN)(CF;S0;),],
(Figure 1) in which each HATHCN ligand coordinated six
Ag" cations with four bidentate core N-atoms and four
terminal CN groups and also assumed a HATHCN®™ radical
anion character because of partial electron transfer from the

(c)

Figure 1. Crystal structure of a [Ag,(HATHCN)(CF,;S0;),], MOF
from different angles show the (a) 3D structure, (b) staircase-like
[-Ag'—HATHCN-], chains that can foster through-bond charge
movement, (c) coordination pattern, and (d) anion—z interaction
between the Ag"-bound TfO™ anions and 7-acidic HATHCN ligands
(Ag": metallic magenta balls, C: gray, N: blue, O: red, S: yellow, F:
green).

TfO™ anions and metal to ligand charge transfer (MLCT)
interaction. The density functional theory (DFT) calculations
show a fairly narrow electronic band gap (E; ~ 1.35 V) of the
MOF and significant overlap between Ag*(4p) and ligand(2p)
orbitals in the valence band maximum (VBM) and conduction
band minimum (CBM), indicating its ability to support charge
movement along the [—Ag'—HATHCN—]_ chains. The in
situ pressed MOF pellets displayed an average electrical
conductivity of ca. 5(2) X 107* S/cm, with the highest
observed value of 7.3 X 107* S/cm (293 K), which ranked very
high among all existing (sixth out of several dozens)
intrinsically conductive 3D frameworks (Table S1). Thus,
this work has not only delivered a new intrinsically conductive
3D MOF but, more importantly, demonstrated new strategies
to imbue them with mobile charge carriers and facilitate charge
movement by leveraging the dual anion recognition and metal
coordination capabilities of a highly 7-acidic HATHCN ligand.

B RESULTS AND DISCUSSION

Syntheses and Crystal Structures of HATHCN and
[Ag,(HATHCN)(CF3S0s),], MOFs. HATHCN was synthe-
sized and characterized by following a literature protocol”
(Supporting Information, Figure S1). Single-crystal X-ray
diffraction (SXRD) analysis revealed that (Figure S2) planar
HATHCN molecules form offset z-stacks with an interlayer
distance of 3.18 A between overlapping edges.

A room-temperature reaction between HATHCN and
AgOTf (1:3 molar ratio) in an undisturbed MeNO, solution
for 48 h afforded orange crystals of [Ag,(HATHCN)-
(CF;S0;),], MOF. These crystals were washed thoroughly
with MeNO, and dried under vacuum to obtain the bulk
material for further studies. The SXRD analysis showed that
the 3D framework (Figure la—d) has a tetragonal [42d space
group and an asymmetric unit comprising 0.5 HATHCN, one
Ag*, one TfO™, and one disordered MeNO, molecule. Each
pentavalent Ag* ion is coordinated to two 2,2'-bipyridine-like
core N-atoms of a HATHCN ligand, two CN groups of two
other HATHCN ligands, and a TfO™ anion (Figure Ilc).
Conversely, each HATHCN ligand chelates two Ag" ions with
two 2,2"-bipyridine-like sites (four core-N atoms) and binds
four more Ag" ions with four CN groups. Thus, one 2,2'-
bipyridyl site and two adjacent CN groups of each ligand
remain metal-free, possibly because of steric congestion and
diminished binding ability caused by the coordination of six
Ag" ions. Each HATHCN ligand also interacts with four Ag'-
bound TfO™ anions via anion—7 interaction (Figure 1d), as
evident from the short O« . 0iq distances (ca. 3 A). There is
no n—r interaction between the ligands as the closest distance
between two parallel HATHCN ligands is ca. 13 A and they
are separated by TfO™ anions. Notably, the orthogonally
oriented HATHCN ligands linked by Ag" cations form
staircase-like [—Ag*—HATHCN-],, coordination chains
(Figure 1b) that can potentially facilitate charge movement
(vide infra). The powder X-ray diffraction (PXRD) patterns of
as-synthesized and evacuated materials are in good agreement
with the simulated pattern (Figure S3), confirming that the
bulk material is phase pure and stable under ambient
conditions. The Ag"'—HATHCN coordination was also evident
from the Fourier transform infrared spectra: the C=N
stretching frequency red-shifted from 2241 cm™ in free
HATHCN to 2161 cm™ in the MOF (Figure S4)°° as Ag'-
coordination weakened the bond. The X-ray photoemission
spectroscopy (Figure SS) displayed the characteristic Ag*, C,
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N, O, F, and S peaks in the MOF, while HATHCN displayed
C and N peaks.

Thermogravimetric and Porosity Analyses. The
pristine MOF lost ca. 10% weight at 120 °C, indicating
solvent loss and then maintained a stable plateau until 300 °C
(Figure S6). The PLATON/SQUEEZE model was applied to
remove the solvent molecules from the crystal structure,
revealing the electron count for a solvent-accessible void of
1054 per unit, which corresponded to 16 MeNO, molecules
per unit. The Brunauer—Emmett—Teller surface area (11.42
m?/g) and pore volume (1.47 X 1072 cm®/g) of the evacuated
MOF were estimated from N, sorption analysis (Figure S7).
These values are consistent with a relatively small solvent-
accessible volume (18%) estimated by Mercury software
(Figure S8) and comparable to that of another intrinsically
conductive but nonporous 3D MOF (Bu,N),—Fe,"(dhbq),
(dhbq = dihydroxybenzoquinone).*”

Redox and Optical Properties. The electrochemical
behaviors of free HATHCN and the MOF were determined
from the cyclic voltammetry (CV) experiments (glassy carbon
working electrode, Pt counter electrode, Ag/AgCl reference
electrode, 0.1 M Bu,NPF,/MeNO, supporting electrolyte).
HATHCN underwent a reversible reduction to HATHCN®~
radical anion at —0.17 V, while AgOTf displayed only a
cathodic peak corresponding to Ag* reduction. The MOF
paste adhered to a glassy carbon working electrode displayed a
cathodic peak at +0.53 V, indicting Ag* reduction, followed by
a reversible process at ca. —0.19 V, indicating the formation of
HATHCN®" radical anions (Figure S9). Interestingly, the first
reduction of HATHCN ligands in the MOF occurred at a
slightly more negative potential than that of the free ligand.
This may apparently seem counterintuitive given that Ag"
coordination is expected to further diminish its electron
density and thereby facilitate its reduction. However, the
electron-withdrawing effect of Ag" coordination was possibly
counterbalanced by anion—z interaction between each
HATHCN ligand and four adjacent TfO™ anions (Figure
1c), which ultimately enhanced the electron density of
HATHCN ligands, endowing them a partial HATHCN®~
radical anion character (vide infra). Although charge-diffuse
anions such as TfO™ do not usually share their electron density
with ordinary 7-acids,”°~®> HATHCN is one of the strongest
z-acids (LUMO —4.9 eV)®"“° and the coordination of six Ag*
ions—two with the N-heteroaromatic core and four more with
four terminal CN groups of each ligand—further enhanced its
electron-accepting ability””* and lowered the LUMO level,
making partial electron/charge transfer from the TfO™ anions
to the enhanced s-acidic HATHCN ligands thermodynami-
cally feasible. In addition, the MLCT interaction between Ag*
and HATHCN could also contribute to the enhanced electron
density of the latter.””*® Thus, these two cooperative but
opposite effects, that is, Ag* coordination and the subsequent
partial electron/charge transfer from TfO™ anions to
HATHCN ligands, ultimately raised the electron density of
the ligands in the MOF, making its electrochemical reduction
slightly more difficult than that of the free ligands.

This hypothesis was further supported by electron para-
magnetic resonance (EPR) analysis (Figure 2a), which
confirmed the presence of paramagnetic HATHCN®™ radical
anions (g = 1.997) inside the pristine MOF. From quantitative
EPR analysis, we estimated that the MOF possessed 8.4 X 10'¢
spins/mg or 3.8 X 10** spins/mol, which amounted to ca. 0.1
unpaired electron (spin) in each partially reduced HATHCN
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Figure 2. (a) EPR spectrum of the MOF confirms the presence of
paramagnetic HATHCN®™ radical anions (g = 1.997). (b) Diffuse-
reflectance spectra of HATHCN (black trace) and the MOF film (red
trace) show the characteristic HATHCN®" radical anion peak in the
latter. Inset: The Tauc plots of HATHCN (black trace) and the MOF
(red trace) show their optical band gaps for direct transitions.

ligand.60_64 As all HATHCN ligands in this MOF have the
same coordination pattern and interact with the TfO™ anions
in a similar fashion, we inferred that each ligand possessed the
same number of unpaired electrons, that is, the same
HATHCN®™ radical anion character, which stemmed from
partial electron/charge transfer from the TfO™ anions involved
in anion—x interaction and/or Ag"/HATHCN MLCT
interaction.

The partial radical anion nature of HATHCN ligands in the
MOF was also evident from its UV—vis—NIR diffuse-
reflectance spectrum (Figure 2b). Free HATHCN displayed
a characteristic peak at ca. 420 nm, while the MOF displayed
an additional peak in the NIR reogion corresponding to
HATHCN®" radical anion absorption.”' The optical band gaps
of free HATHCN (Eg ~ 2.1 eV) and the MOF (Eg ~ 13 eV)
were estimated from the corresponding Tauc plots (Figure 2b,
inset). The optical band gap of the MOF was in excellent
agreement with its electronic band gap estimated by DFT
calculations (vide infra). The narrower electronic band gap of
the MOF than free HATHCN foreshadows a higher electrical
conductivity of the former.

While these studies demonstrated the first example of
anion—7 interaction and partial electron transfer from built-in
counteranions to sm-acidic HATHCN ligands in an MOF,
formal electron transfer from strong Lewis basic anions (OH™,
F, CN7, etc.)60’61’65 and partial electron/charge transfer from
multinuclear [M(CN), ]~ anions®*~®* to free HATHCN
leading to HATHCN®" radical anion formation are well-
documented in the literature. In addition, the presence of the
HATHCN®" radical anion was also found in discrete trinuclear
[{Cu(dppX)};(HATHCN)]-Y, complexes’* (dppX = 1,1'-
bis(diphenylphosphanyl)- ethylene or ferrocene; Y~ = TfO™ or
PF,”) consisting of three Cu* ions chelated by the 2,2'-
bipyridine-like core N-atoms of HATHCN. Although the
formation of HATHCN®™ in this complex was initially
attributed to Cu”/HATHCN MLCT interaction, in the light
of the recent discovery of anion—z, AIET, and AICT
interactions,”~®® it appears that the enhanced r-acidity of
HATHCN caused by the coordination of three Cu" ions with
its core-N atoms triggered partial electron/charge transfer from
the TfO™ and PF,~ counterions located just above and below
the HATHCN plane that led to HATHCN®™ radical anion
formation. In contrast, no HATHCN®~ was found in a dimeric
[{Cu(dpp-octamethylferrocene) },(HATHCN),]-(PF;), com-
plex,”® where the coordination of two Cu* ions with two CN
groups of each HATHCN ligand did not sufficiently enhance
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its m-acidity to activate partial electron transfer from PF4~
counterions. Thus, the partill HATHCN®™ radical anion
nature of the ligands in our MOF is fully consistent with those
found in the literature.

Electronic Band Structure. To gain deeper insights into
the possible charge-transport pathway in a [Ag,(HATHCN)-
(CF,S05),], MOF, we calculated its electronic band structure
and density of states (DOS) by DFT calculations. The
electronic bands of this MOF are relatively flat (Figure 3, left),

zZTr XP N r

Figure 3. Calculated electronic band structure (left) and correspond-
ing partial DOS (right) of [Ag,(HATHCN)(CF;SO;),], show its
electronic band gap and the contributions of overlapping Ag," and
ligand,,, (C, N, and O) orbitals.

which is typical for 3D frameworks with large unit cells;
however, it has a fairly narrow electronic band gap of ~1.35
eV, which bodes well for electrical conductivity. The partial
DOS diagram (Figure 3, right) shows that the VBM and CBM
of the MOF consist of overlapping Ag,4" and ligand,, (C, N,
and O) orbitals. Specifically, the VBM is largely composed of
Aguq", Ny, and O, orbitals, whereas the CBM is dominated by
C,, and N, orbitals with small contributions from Ag,s" and
O,, orbitals. The presence of overlapping Ag,s" and N,,
orbitals in the VBM indicates the hybridization of these two
orbitals, foreshadowing the possibility of charge movement
along the staircase-like [—~Ag"*—HATHCN-], chains (Figure
1b). Similar metal(d)—ligand(p) orbital overlap in the VBM of
other MOFs has also been attributed to their through-bond
charge-transport capabilities.”**>***" Furthermore, the strong
contribution of the O,, orbital to the VBM is also consistent
with Ag*—TfO™ coordination and TfO”/HATHCN anion—7
charge transfer interaction, as observed from the crystal
structure (Figure 1). Thus, these computational studies
provided valuable insights into the electronic property and
the potential charge-transport pathway of the MOEF.
Electrical Conductivity. Finally, we measured the
electrical conductivity of [Ag,(HATHCN)(CF,;SO;),], by a
two-probe method using in situ pressed pellets sandwiched
between two Ag-coated stainless-steel electrodes surrounded
by a snugly fit Teflon tube.”’ These MOF pellets displayed a
linear current—voltage (I—V) relationship (Figure 4a). The
average electrical conductivity of this MOF was ca. 5(2) X
107* S/cm, with the highest recorded value of 7.3 X 10™* S/cm
(293 K), which surpassed the conductivity of most 3D
frameworks (Table S1). The actual electrical conductivity of
this MOF is likely much higher because the conductivity values
measured by two-probe methods using pressed pellets are
usually underestimated by few orders of magnitude because of
the contributions of grain boundary and contact resistances
that cannot be decoupled.l’2 The thermal activation energy (E,

1.0
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Figure 4. (a) I-V plot of an in situ pressed MOF pellet recorded at
293 K used for conductivity measurement. (b) Arrhenius plot of
temperature-dependent electrical conductivity of the MOF used for
determining E,.

= 0.2 eV) of the MOF was determined by an Arrhenius plot
(Figure 4b) of its temperature-dependent conductivity values
(Figure S10). The low activation energy of the MOF is
consistent with its relatively high intrinsic electrical con-
ductivity and narrow electronic band gap (~1.35 eV). The
PXRD profiles of the MOF recorded before and after electrical
measurements were in good agreement (Figure S3), indicating
that its structure was largely intact during these processes.

In comparison, the pellets of free HATHCN displayed
(Figure S11) a million-fold lower electrical conductivity (3(1)
X 107'° S/cm), even though these molecules are tightly z-
stacked in the solid state (Figure S3). Such a striking difference
between the conductivities of the MOF and free ligand can be
attributed to two factors: (i) the enhanced electron density of
HATHCN inside the MOF, that is, a HATHCN®™ radical
anion character imparted by partial electron transfer from
TfO™ anions involved in anion—7z interaction and MLCT
interaction, and (ii) the possibility of more effective charge
transport through the staircase-like [—Ag—HATHCN-]
chains than through the z-stacked free ligands. We believe
that both factors likely contributed to the electrical
conductivity of this MOF because frameworks with high
charge-carrier density but no well-defined charge-transport
pathway apart from charge h_o4pping usually display much lower
electrical conductivity,24’53’° whereas those with efficient
charge-transport pathways enjoy higher conductivity.

B CONCLUSIONS

In summary, we have constructed a new intrinsically
conductive 3D framework by exploiting the dual metal ion
coordination and anion—s interaction capabilities of a highly
m-acidic HATHCN ligand to fulfill both criteria of electrical
conductivity, that is, charge-carrier concentration and facile
charge movement. The foregoing results demonstrated that the
coordination of each HATHCN ligand with six Ag" ions
further enhanced its m-acidity, triggering partial electron/
charge transfer from the surrounding TfO™ anions involved in
anion—7 interaction, which rendered it a HATHCN®™ radical
anion character and enhanced its electron density. At the same
time, the overlapping Ag* 4d and ligand (C, N, O) 2p orbitals
in the VBM and CBM of the MOF created the possibility of
charge transport along the staircase-like [—Ag*—
HATHCN-],, chains. As a result, the MOF enjoyed a
relatively narrow electronic band gap (~1.3 eV), a low
activation energy of charge movement (0.2 eV), and the
highest electrical conductivity of 7.3 X 10™* S/cm (at 293 K),
which ranked quite high among those recorded for 3D
frameworks. Most importantly, our work demonstrated novel
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strategies to enhance the electron density of MOFs through
anion—7 and AIET interactions and to promote charge
movement across frameworks by creating sufficient metal—
ligand orbital overlap using a highly 7-acidic N-heteroaromatic
ligand, which had never been employed in an MOF. We
envision that the electron-accepting nature of this MOF could
be exploited for optical and chemiresistive sensing of electron-
rich species as well as light-harvesting and photovoltaic
applications, which are the focus of our ongoing investigations.
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