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Electrically Conductive n-Intercalated Graphitic Metal-Organic
Framework Containing Alternate n-Donor/Acceptor Stacks

Ashok Yadav, Shiyu Zhang, Paola A. Benavides, Wei Zhou, and Sourav Saha*

Abstract: Two-dimensional graphitic metal-organic
frameworks (GMOF) often display impressive electrical
conductivity chiefly due to efficient through-bond in-
plane charge transport, however, less efficient out-of-
plane conduction across the stacked layers creates large
disparity between two orthogonal conduction pathways
and dampens their bulk conductivity. To address this
issue and engineer higher bulk conductivity in 2D
GMOFs, we have constructed via an elegant bottom-up
method the first n-intercalated GMOF (iGMOF1)
featuring built-in alternate n-donor/acceptor (m-D/A)
stacks of Cu"-coordinated electron-rich hexaaminotri-
phenylene (HATP) ligands and non-coordinatively
intercalated m-acidic hexacyano-triphenylene (HCTP)
molecules, which facilitated out-of-plane charge trans-
port while the hexagonal Cu;(HATP), scaffold main-
tained in-plane conduction. As a result, iGMOF1
attained an order of magnitude higher bulk electrical
conductivity and much smaller activation energy than
Cuy(HATP), (6=25 vs. 2Sm™, E,=36 vs. 65meV),
demostrating that simultaneous in-plane (through-bond)
and out-of-plane (through nD/A stacks) charge trans-
port can generate higher electrical conductivity in novel

iGMOFs.
J

Introduction

Electrically  conductive = metal-organic  frameworks
(MOFs)!'" have emerged as one of the most sought func-
tional materials due to their diverse potential applications in
batteries,* ' supercapacitors,' ! transistors,['*!”! chemire-
sistive sensors,'®?* and electrocatalysis/™=!! that can help
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advance modern electronics and energy technologies.?*
To exhibit desired electrical conductivity, the MOFs must
possess sufficient charge-carrier concentration and efficient
long-range charge transport pathways.”! While redox-active
building blocks and guest entities endow MOFs with
necessary charge-carriers, creating well-defined efficient
charge transport pathways through porous frameworks often
proves challenging and requires innovative design strategies.
Although 2D graphitic MOFs (GMOFs) composed of
square-planar metal ions and trigonal-planar ligands often
display impressive intrinsic conductivity chiefly due to
efficient in-plane charge transport through metal-ligand
coordination and conjugated n-bonds,***¥ out-of-plane con-
duction through the stacked hexagonal layers is much less
efficient.”! The large disparity between the two orthogonal
conduction pathways not only renders the conductivity of
2D GMOFs highly anisotropic, but also dampen their bulk
conductivity. Although significant effort has been devoted
to promoting in-plane, through-bond charge transport in 2D
GMOFs by introducing different metal ions (Cu®*, Ni**, and
Co’") and trigonal-planar hexa-substituted benzene and
triphenylene ligands (HXB and HXTP, X=NH,, OH,
SH),** the possibility and potential benefits of enhancing
the out-of-plane charge transport capability of 2D GMOFs
have been largely overlooked. Meanwhile, we and others
have demonstrated that extended n-donor/acceptor (n-D/A)
stacks featuring either mixed-valent ligands or redox-com-
plementary ligands and intercalated guests facilitate
through-space conduction and generate impressive electrical
conductivity in 3D MOFs.**! Based on these observations,
we envisioned that if installed in 2D GMOFs, alternate n-D/
A stacks should promote out-of-plane charge transport
while the 2D coordination network would maintain in-plane
conduction (Figure 1), which should diminish the disparity
between two orthogonal conduction pathways and boost
their bulk conductivity. However, 2D GMOFs having
alternate n-D/A stacks that can facilitate out-of-plane charge
transport have not yet been developed possibly because
narrow interlayer gaps (~3.2-3.5 A) render postsynthetic
intercalation of redox-complementary n-systems between
the GMOF layers practically impossible. This also under-
scores the need for a new bottom-up synthetic strategy that
can give access to novel n-intercalated GMOFs (iGMOFs)
and realize this unique possibility.

To construct such iGMOFs via a bottom-up method, the
following conditions must be fulfilled: (1) the intercalating
n-acceptors should not coordinate with the metal ions to
form a separate complex or framework, nor should they
interfere with the formation of GMOF scaffolds by n-donor

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-9414-2450
http://orcid.org/0009-0008-5615-4654
http://orcid.org/0000-0002-1701-5036
http://orcid.org/0000-0002-5461-3617
http://orcid.org/0000-0001-6610-4820
https://doi.org/10.1002/anie.202303819
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202303819&domain=pdf&date_stamp=2023-04-26
julieb
Highlight


GDCh
~~

Out-of-plane A
charge transport e

through alternating O
w-D/A stacks X :

High
Electrical

In-plane Narrow
through-bond Electronic
charge transport Band Gap

Figure 1. Graphical representation of dual in-plane (through-bond) and
out-of-plane (through-space) conduction in iGMOF featuring alternate
n-donor/ acceptor stacks of metal-coordinated mt-donor ligands and
non-coordinatively intercalated mt-acceptor molecules.

HXTP ligands, (2) the n-donor HXTP ligands of GMOF
scaffolds and the non-coordinating n-acceptors should form
robust alternate n-D/A arrays that must survive during
subsequent GMOF scaffold formation in the presence of
appropriate metal ions and become incorporated into the
resulting iGMOFs, (3) the metal nodes of GMOF scaffolds
should have square-planar geometry so that the non-
coordinatively intercalated mn-acceptor molecules remain
sandwiched between the GMOF layers (in contrast, octahe-
dral nodes with axially coordinated solvent molecules could
sterically hinder the incorporation of preassembled n-D/A
stacks), and (4) the GMOF scaffolds should be formed at
moderate temperatures where the preassembled n-D/A
arrays can easily survive and become incorporated into
resulting iGMOFs. To fulfil all these criteria, we have
employed a square-planar Cu®" ion, a strong ni-donor ligand,
2,3,6,7,10,11-hexaaminotriphenylene ~ (HATP, = HOMO:
—4.3¢eV), which forms 2D Cu;(HATP), GMOF at room
temperature, and a strong m-acceptor hexacyanotripheny-
lene (HCTP, LUMO: —-3.7eV), which forms a robust
HATP/HCTP n-D/A array but does not coordinate with
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Cu*" nodes. This ideal combination yielded a novel
iGMOF1 featuring 2D Cu3(HATP), scaffold located in the
ab-plane and built-in alternate n-D/A stacks of Cu’*
-coordinated HATP ligands and non-coordinatively interca-
lated HCTP molecules extended along the c-axis
(Scheme 1). The iGMOF1 pellets consistently displayed an
order of magnitude higher bulk electrical conductivity and
much smaller thermal activation energy than pristine Cu;-
(HATP), devoid of any intercalated m-acceptor (Gyyerage 25
vs. 2Sm™', E,=36 vs. 65meV), which was attributed to
more efficient out-of-plane charge transport through the
built-in alternate HATP/HCTP stacks present in the former,
as both materials possessed the same in-plane conduction
pathways defined by the hexagonal Cu;(HATP), network.
This work not only unlocked the access to novel iGMOFs
containing built-in alternate n-D/A stacks, but also demon-
strated for the first time that improved out-of-plane charge
transport through alternate n-D/A stacks, along with in-
plane conduction through the coordination network can
generate higher bulk electrical conductivity in 2D MOFs,
delivering new design and synthesis strategies for electrically
conductive MOFs.

Results and Discussion

A novel iGMOF1 containing built-in alternate n-D/A stacks
of Cu’'-coordinated HATP n-donor ligands and non-
coordinatively intercalated HCTP m-acceptor guests was
synthesized via an elegant bottom-up method involving self-
assembly of an alternate [HATP/HCTP], array, followed by
selective coordination of HATP ligands with square-planar
Cu** ions (Scheme 1). A mixture of light yellow colored
DMF solutions of HATP and HCTP (in 1:1 molar ratio)
immediately turned greenish brown indicating the formation
of supramolecular [HATP/HCTP], array, which upon slow
solvent evaporation formed dark needle-shaped crystals
suitable for single-crystal X-ray diffraction (SCXRD) analy-
sis. Subsequent addition of an aqueous solution of Cu-

* In-plane charge movement through Cuz(HATP), network
* Out-of-plane charge transport through HATP/HCTP stacks

Scheme 1. Bottom-up synthesis of novel iGMOF1 via self-assembly of supramolecular [HATP/HCTP], i-D/A array, followed by Cu**—HATP
coordination leading to the formation of 2D Cu;(HATP), layers separated by non-coordinatively intercalated HCTP molecules.
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(NO;),-3H,0 (1.5 equiv of HATP) and NaOAc™! to the
preassembled [HATP/HCTP], array solution in DMF at
room-temperature yielded a microcrystalline black precip-
itate and the solution became colorless, indicating the
formation of iGMOF1 [Cu;(HATP),-(2HCTP)] featuring
2D hexagonal Cu;(HATP), layers located in the ab-planes
and built-in alternate [HATP/HCTP], stacks extended along
the c-axis (See Supporting Information for details).
Although no such 2D iGMOF containing alternate n-D/A
stacks has been constructed before, a similar two-step
synthetic approach yielded a 2D n-intercalated covalent
organic framework!®! and a one-step self-assembly of a n-
acidic tris-pyridyl-1,3,5-triazine ligand and n-donor tripheny-
lene (TP) molecules in the presence of tetrahedral Zn" ion
yielded 3D coordination polymers containing alternate n-D/
A stacks,”®™ portending the feasibility of our bottom-up
approach to construct iGMOF1 having built-in n-D/A
stacks.

To determine structure-composition-property relation-
ships, we have also prepared pristine Cu;(HATP), under the
same conditions (in the absence of HCTP) by mixing a
HATP solution in DMF with an aqueous solution of
Cu(NO;),-3H,0 (2:3 molar ratio) and NaOAc at room
temperature (see Supporting Information for details).*! In
addition, a dark brown powder of supramolecular [HATP/
HCTP], array was also isolated by adding Et,O to its DMF
solution. A control experiment confirmed that HCTP does
not coordinate with Cu*" to form any coordination com-
plexes or MOFs, corroborating that the HCTP molecules of
preassembled [HATP/HCTP], array became non-coordina-
tively intercalated between the Cu’'-coordinated HATP
ligands of the Cuy(HATP), scaffold formed in the presence
of Cu** without forming any unwanted complexes. Unlike
square-planar Cu®" ion, octahedral Co*™ and Ni** ions did
not produce any analogous iGMOFs possibly because axially
coordinated solvent molecules sterically prevented the
HCTP molecules from remaining sandwiched between the
HATP ligands during the MOF formation.”***! Further-
more, n-donor molecules, such as pyrene and triphenylene
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(TP) did not form any n-stacks with electron-rich HATP
ligand, nor become intercalated between the Cu;(HATP),
layers to form iGMOFs due to the lack of n-D/A
interaction.

The SCXRD analysis of self-assembled [HATP/HCTP],
array (Figure 2a)/! showed that alternate head-to-tail ori-
ented HATP and HCTP molecules were stacked cofacially
along the c-axis at short interplanar distances (dyarpmcrp
~33 A), which indicated strong n-D/A interaction. Since
the preassembled [HATP/HCTP], array was subsequently
incorporated into microcrystalline iGMOF1, its SCXRD
structure provided valuable insights into possible orientation
of built-in HATP/HCTP stacks embedded in iGMOF1. The
structure of microcrystalline iGMOF1 was elucidated by
powder XRD (PXRD) analysis and computational modeling
(Figure 2b—d). The experimental PXRD profile of iGMOF1
was in excellent agreement with the calculated pattern of its
optimized structure, which confirmed its phase purity and
ruled out the formation of any unwanted coordination
networks. Like pristine Cu;(HATP),, iGMOF1 also dis-
played prominent peaks (Figure S1) at 260=4.7° and 9.5°
corresponding to [100] facet’s reflections, indicating long-
range order in the ab-plane, which is defined by the
hexagonal Cu;(HATP), layers present in both materials.[*"
iGMOF1 displayed additional peaks at 26~27.5° corre-
sponding to [001] facet’s reflections, which was also found in
preassembled [HATP/HCTP], array. These peaks indicated
long-range order along the c-axis created by alternate
HATP/HCTP stacks. Furthermore, Rietveld refinement of
experimental PXRD data of iGMOF1 (Figure S2) based on
its in silico generated optimized structure showed the best fit
for a structure with an orthorhombic C2mm space group
and unit cell parameters of a=21.82306 A, b=37.48085 A,
and ¢=6.61066 A (R,=5.6%, R,,=7.2%), suggesting that
it contains 2D hexagonal Cuy(HATP), layers located in the
ab-planes and alternate n-D/A stacks of Cu-coordinated
HATP ligands and non-coordinatively intercalated HCTP
molecules extended along the c-axis. Scanning electron
micrographs (SEM) revealed microcrystalline rod-like mor-

Cus(HATP), calc. ‘\/
’

Supramolecular 10
[HATP/HCTP], Array

15 20 25 30 35 40
26 (deg)

Figure 2. (a) Single-crystal structure of preassembled supramolecular alternate [HATP/HCTP], array. (b) The PXRD patterns of iGMOF1 (bright
pink: experimental, faded pink: calculated based on the optimized structure) and pristine Cu;(HATP), (grey: calculated). (c, d) The calculated
iGMOFT structure featured eclipsed Cu;(HATP), layers separated by non-coordinatively intercalated HCTP molecules (cyan) at short interplanar
distance (dyarejncre3.3 A) suitable for strong st-donor/acceptor interactions and out-of-plane charge movement.
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phology of both Cu;(HATP), and iGMOF1 (Figure S3).1
These results demonstrated that the periodic structure of
iGMOF1 was primarily defined by the 2D Cu;(HATP),
scaffold while the uncoordinated HCTP molecules sand-
wiched between the Cu-coordinated HATP ligands created
alternate n-D/A stacks along the c-axis without disrupting its
crystallinity and long-range order.

Furthermore, the optimized structure of iGMOF1 (Fig-
ure 2¢,d) calculated by density functional theory (DFT)
suggested that unlike pristine Cu;(HATP),, which contained
slipped-parallel stacks with interlayer distance of dyarpmare
~32 A® the Cuy(HATP), layers in iGMOF1 were fully
eclipsed with twice as large interlayer distance (dc,.c, Or
AyaTP-HATP(centroid) ~ 0.6 A) and separated by the intercalated
HCTP molecules (dgaremcre ~3.3 A), which formed alter-
nate [HATP/HCTP], stacks along the c-axis. Like in
precursor [HATP/HCTP], array (Figure 2a), the cofacially
stacked HATP and HCTP units of iGMOF1 were also
oriented in head-to-tail fashion, suggesting that the preas-
sembled HATP/HCTP arrays were seamlessly incorporated
into iGMOF1 formed in the presence of Cu’'. The
intercalated HCTP molecules were slightly off-centered with
respect to neighboring HATP ligands (centroid-centroid
displacement ~0.8 A), and its free CN-groups were pro-
jected toward the center of hexagonal channels of the
Cu;(HATP), scaffold. These structural features of iGMOF1
are well-suited for strong HATP/HCTP n-D/A interactions
that can better facilitate out-of-plane charge transport along
the c-axis.

FT-IR analysis of iGMOF1 (Figure S4) revealed the
characteristic C=N stretching signal at 2240 cm ™!, confirming
the presence of intercalated HCTP, which was not found in
pristine Cuy(HATP),. The 'H NMR spectra of self-
assembled [HATP/HCTP], array and iGMOF1 suspensions
also showed the coexistence of characteristic HATP and
HCTP signals (Figure S5a). Furthermore, the 'H NMR
spectrum of digested iGMOF1 displayed (Figure S5b) the
characteristic signals of both HATP and HCTP (6=7.93 and
9.44 ppm, respectively) with 1:1 integral ratio, confirming
that the n-donor and acceptor units were present in
equimolar ratio. In contrast, the "H NMR spectra of digested
pristine and post-synthetically HCTP-treated Cu;(HATP),
(by soaking in a HCTP/DMF solution, see Supporting
Information for details) displayed only characteristic HATP
signal (Figure S5c), confirming that HCTP did not infiltrate
into preformed Cu;(HATP), due to short interlayer dis-
tances.

X-ray photoemission spectroscopy (XPS) analysis of
iGMOF1 and Cu;(HATP), (Figure S6) showed the charac-
teristic Cu-2p (~933 eV) and N-1s (/399 eV) signals, but
no sign of Na* (1071 eV), ClI~ (198 V), and NO;~ (407 V)
ions, confirming that both frameworks were charge neutral
and devoid of any counterions. The deconvoluted high-
resolution XPS of iGMOF1 (Figure 3a) revealed the charac-
teristic Cu-2p;, (932.8 V) and Cu-2p;, (952.7 eV) peaks
accompanied by corresponding satellite peaks, which were
also present in Cu;(HATP), (Figure 3b), confirming that
both materials contained only square-planar Cu®* ions.[*"%
In addition, the deconvoluted N-1s signal of iGMOF1

Angew. Chem. Int. Ed. 2023, 62, €202303819 (4 of 9)
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Figure 3. The deconvoluted high-resolution XPS data of iGMOF1 and
Cu;(HATP), show characteristic Cu** (a, b) and N-1s (c, d) signals.
Open circles: observed, dotted lines: deconvoluted and fitted.

revealed (Figure 3c) three distinct peaks at 398.66, 399.45,
and 400.05 eV: The first two peaks corresponded to imine-
(N-sp?) and amine- (N-sp®) forms of HATP, respectively,
which were also present in pristine Cu;(HATP), (Figure 3d),
whereas the third one belonged to sp-hybridized N atoms
(CN) of intercalated HCTP,®™ which pristine Cuy(HATP),
lacked. Thus, FT-IR, NMR, and XPS data confirmed the
coexistence of HATP and HCTP in iGMOF]1.

Thermogravimetric analysis (TGA) showed that (Fig-
ure S7) iGMOF1 lost ca. 5% weight until 80°C due to the
loss of remaining solvent, and then maintained a stable
plateau until ca. 300°C before decomposing completely at
ca. 400°C. The residual weight of fully decomposed
iGMOF1 (ca. 15%), which persisted until 1000°C, corre-
sponded to CuO formed by the Cu?* nodes, as all organic
components disappeared as volatile CO,, H,0, and N-oxide
gases. This hypothesis was further supported by the fact that
the precursor 1:1 [HATP/HCTP], array (Figure S7) left no
residual weight after its complete pyrolysis at ca. 450°C. The
residual weight of thermally decomposed iGMOF1 was in
excellent agreement with the unit formula of [Cu;(HATP),-
(2HCTP)] having a formula weight of 1572, which produced
three CuO molecules per unit (MW =79.5; total 238.5 g of
CuO in 1572 g of iGMOF1~15 wt %). In contrast, the TGA
profiles of pristine and HCTP-treated Cuy(HATP), (Fig-
ure S7) were quite similar, as both materials left ca. 22 %
residual weight corresponding to CuO formed upon com-
plete thermal decomposition, which was consistent with a
larger Cu-content in Cu;(HATP), devoid of any HCTP than
in iGMOF1 containing intercalated HCTP molecules.

The N,-sorption analysis (Figure S8) showed that evac-
uated iGMOF1 has a Brunauer-Emmett-Teller surface area
(Sger) of 154 m?g™!, which is roughly 80 % of the Sgpy of
pristine Cuy(HATP), (195 m*g™") prepared under the same
conditions. Thus, the HCTP molecules sandwiched between
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the Cu-coordinated HATP ligands stacked along the
iGMOF1 walls did not significantly diminish its porosity. It
also ruled out the possibility of HCTP molecules occupying
the hexagonal channels of Cuy;(HATP), scaffold because
such a scenario would have significantly diminished the
material’s porosity.

The UV-Vis-NIR absorption and diffuse-reflectance
spectroscopies (DRS) further revealed HATP/HCTP n-D/A
interaction in iGMOF1 as well as in the precursor array.
Whereas beige colored HATP and HCTP did not absorb in
the Vis-NIR region (Figure S9), the dark brown colored
[HATP/HCTP], array displayed prominent absorption
peaks in the 500-1000 nm region stemming from n-D/A
interactions.* The DRS plots of iGMOF1 and its
precursor [HATP/HCTP], array also featured prominent
bands in the 800-1400 nm region revealing HATP/HCTP n-
D/A interaction, while pristine Cuy;(HATP), displayed a
broad band in the 400-1000 nm region but no noticeable
peak above 1000 nm (Figure 4a). The corresponding Tauc
plots (Figure 4b) revealed that iGMOF1 enjoyed much
narrower optical band gap than Cu;(HATP), (E,, = 0.8 vs.
1.2 eV) due to better charge delocalization through alternate
HATP/HCTP stacks present in the former.

The fact that both iGMOF1 and preassembled [HATP/
HCTP], array displayed the same characteristic optical
signal of HATP/HCTP interaction further confirmed that
the HCTP molecules remained sandwiched between the Cu-
coordinated HATP ligands of iGMOF1 during the MOF
formation and created built-in alternate n-D/A stacks. Had
the HCTP molecules been somehow displaced from pre-
assembled [HATP/HCTP], array during the MOF formation
and relocated inside the hexagonal Cuy;(HATP), channels,
then the characteristic optical signals of HATP/HCTP array
would not have persisted in resulting iGMOF1 and its Sggr

—_ 0.3
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Figure 4. (a) UV-Vis-NIR DRS and (b) Tauc plots of pristine Cu;(HATP),
(black), iGMOFT1 (pink), supramolecular [HATP/HCTP], array (green)
show m-donor/acceptor interactions and optical band gaps. The EPR
spectra of (c) iGMOF1 and supramolecular [HATP/HCTP], array (inset)
and (d) pristine Cu;(HATP), (inset: expanded) show the presence of
paramagnetic Cu®* and aromatic radicals (Ar**/*7).
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would have been significantly diminished. Thus, these results
further supported the optimized iGMOF1 structure featur-
ing alternate HATP/HCTP stacks embedded in its walls,
which was also consistent with its experimental PXRD
pattern.

Solid-state EPR studies shed additional light on the
oxidation states of redox-active components of iGMOF1,
[HATP/HCTP], array, and Cus(HATP), (Figure 4c and d).
Both iGMOF1 and pristine Cu;(HATP), displayed charac-
teristic EPR signals of paramagnetic Cu’! ions at g=2.17
and 2.03.! Furthermore, iGMOF1 and its precursor
[HATP/HCTP], array displayed characteristic signals of
organic radicals at g=2.001, revealing the presence of
HATP**/HCTP*" radical ion pair.l*

Cyclic voltammetric (CV) studies also revealed HATP/
HCTP interaction inside iGMOF1 (Figure S10). While free
HATP ligand underwent reversible first oxidation at
+049V (anodic peak, vs. Ag/AgCl) and free HCTP
experienced quasi-reversible first reduction at —0.80 V
(cathodic peak, vs. Ag/AgCl), in supramolecular [HATP/
HCTP], array, the first oxidation of HATP (+0.58 V, anodic
peak) and the first reduction of HCTP (—0.97 V, cathodic
peak) required higher applied potentials due to n-D/A
interactions. The solid-state CV of iGMOF1 also showed
that the first oxidation of HATP (+0.60 V, anodic peak)
and the first reduction of HCTP (—1.1V, cathodic peak)
took place at even higher applied potentials, confirming that
HATP/HCTP interaction persisted in iGMOF]1.

Finally, to determine the effects of out-of-plane charge
transport capability of alternate HATP/HCTP stacks em-
bedded in iGMOF1, we compared electrical conductivities
of iGMOF1 and pristine Cuy;(HATP), pellets measured by
standard two-probe method.”>**"! Both materials displayed
linear current-voltage (I-V) relationships (Figure 5a) indi-
cating ohmic conduction. Gratifyingly, the bulk conductivity
of iIGMOF! (Oyighess =30 SM™", Gyyerage =25(£5) Sm™") was
consistently an order of magnitude greater than that of
Cus;(HATP),  (Ohighes =27 SM™",  Operage=2.1(£0.5) Sm™")
prepared and measured under the same conditions (295 K).
Since both materials possessed the same in-plane conduction
pathways defined by hexagonal Cu;(HATP), coordination
network, the higher bulk conductivity of iGMOF1 was
attributed to more efficient out-of-plane conduction through
alternate HATP/HCTP stacks located along its c-axis (Fig-
ure 1), which pristine Cuy(HATP), lacked. Furthermore,
electrical conductivity of iGMOF1 was >10° times higher
than that of supramolecular [HATP/HCTP], array (1.8x
10~ Sm™), which lacked through-bond charge transport
capacity. These comparisons demonstrated that both in-
plane and out-of-plane conduction contributed to a consid-
erably higher bulk conductivity of iGMOF1. In contrast, the
pellet conductivity of post-synthetically HCTP-treated Cus-
(HATP), was comparable to that of pristine Cu;(HATP),
(3.9 Sm™!, Figure 5a) because HCTP did not permeate into
pre-made Cuy;(HATP),, which was also indicated by the
NMR and TGA data (see above).

While iGMOF1 pellets displayed an impressive bulk
conductivity, which was on par with other highly conductive
MOFs, the pellet conductivity values of MOFs are often few
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Figure 5. (a) Representative I-V plots of iGMOF1 (pink), Cu;(HATP), (black: pristine, orange: HCTP-treated), and supramolecular [HATP/HCTP],
array (green). Arrhenius plots of temperature-dependent electrical conductivities of (b) iGMOFT and (c) [HATP/HCTP], precursor array.

orders of magnitude lower than single-crystal conductivity
(if/when such measurements are possible) due to the
contribution of grain-boundary resistance in the
former,>*%! suggesting that the conductivity of iGMOF1
could actually be even higher if large enough crystals
suitable for such measurements were available. In our
hands, the pellet conductivity values of pristine Cu;(HATP),
prepared under the same conditions as iGMOF1 and also
according to literature protocols were consistently an order
of magnitude lower than the reported values (Fig-
ure S11)."%*1 This is not uncommon for conductive MOFs,
as different synthesis and measurement conditions often
cause such variations.>*!

The Arrhenius plots of temperature-dependent electrical
conductivities (Figure 5b, ¢ and S12) showed that iGMOF1
enjoyed much lower thermal activation energy (E,=
36 meV) than pristine Cuy(HATP), (65meV)™*! and
[HATP/HCTP], array (450 meV). The temperature depend-
ent PXRD of iGMOF1 (Figure S13) demonstrated that its
crystalline structure remained intact at least up to 100°C.
Since both iGMOF1 and Cu;(HATP), possessed the same
in-plane charge-transport pathways defined by the
Cu"-HATP coordination network, the higher bulk conduc-
tivity and lower activation energy of the former are
attributed to improved out-of-plane charge transport
through alternate HATP/HCTP stacks, which the latter
lacked.

When n-donors, such as pyrene and TP were introduced
instead of n-acceptor HCTP during the MOF synthesis, they
did not intercalate between electron-rich HATP ligands, nor
yielded any analogous iGMOFs due to the lack of comple-
mentary n-D/A interaction (see Supporting Information for
details). The PXRD and TGA profiles of resulting black
microcrystalline powders formed in the presence of these n-
donors resembled that of pristine Cuy;(HATP), (Figures S14
and S15), while the 'H NMR spectra of the digested
materials (Figure S16) revealed the presence of only HATP
but no pyrene or TP. Consequently, the conductivities of
Cu3(HATP), formed in the presence of pyrene and TP
(2.540.5 and 3.440.7 Sm™', respectively, Figure S17) were
comparable to that of pristine Cus(HATP), because the
excluded n-donors had no effect on its conductivity. These
control studies further underscored the importance of n-D/

Angew. Chem. Int. Ed. 2023, 62, €202303819 (6 of 9)

A interaction on bottom-up synthesis of iGMOF1, as well as
its improved out-of-plane charge transport capability, which
led to a higher bulk conductivity.

To gain further insights into n-D/A interaction in
precursor [HATP/HCTP], array and the charge transport
pathways in iGMOF1, we calculated their frontier molecular
orbitals, electronic band structures, and density-of-states
(DOS) by DFT. The frontier orbitals of HATP/HCTP
complex calculated by applying the structural constraints of
its SCXRD structure revealed that the highest-occupied and
lowest-unoccupied molecular orbitals (HOMO and LUMO)
were located on m-donor HATP and mn-acceptor HCTP,
respectively (Figure 6a), which is a characteristic feature of
n-D/A interaction. Consistent with its experimentally ob-
served semiconducting nature, i.e., thermally activated
conduction, the calculated electronic band structure of
iGMOF1 (Figure 6b left panel, see Supporting Information
for details) showed well-dispersed valence and conduction
bands on opposite sides of the Fermi level but none formally
crossing it. The valence band maximum (VBM) of iGMOF1
in the out-of-plane (S—R) direction of Brillouin zone
diagram (Figure 6¢) resided only ~30 meV below the Fermi
level and approached the conduction band minimum (CBM)
located just across the Fermi level, creating a very narrow
electronic band gap (<100 meV) due to facile out-of-plane
charge transport along the c-axis. Furthermore, the VBM of
iGMOF1 is dispersed by 200-400 meV along in-plane Z—T,
I'-Y, I'-S, and R-Z directions, indicating efficient through-
bond conduction within the ab-plane. Furthermore, the
DOS of iGMOF1 (Figure 6b right panel) reveals that its
VBM and CBM consist of Cu-3d, HATP and HCTP (N-2p
and C-2p) orbitals. The contributions of Cu-3d and HATP-
2p orbitals indicated through-bond conduction within ab-
plane,®™ while that of non-coordinatively intercalated
HCTP-2p orbitals indicated its involvement in out-of-plane
charge transport through alternate HATP/HCTP stacks
along the c-axis.

Although these computational results were consistent
with the experimentally observed semiconducting behavior
of iGMOF1 and provided valuable insights into its charge
transport pathways, it is important to note that band
structure calculations of MOFs containing non-coordinated
guest molecules are far more challenging than of pristine

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. (a) The HOMO-LUMO diagrams of HATP/HCTP array with fully eclipsed and offset orientations (B3LYP/6-31G(d)). (b) The calculated
electronic band structure (left) and DOS (right) of iGMOF1 show a narrow (<100 meV) band gap and orbital contributions of participating

elements to its valence and conduction bands. (c) Brillouin zone diagram

MOFs devoid of any intercalated guest molecules. There-
fore, although iGMOF1 exhibited 10-times higher conduc-
tivity and lower thermal activation energy than pristine
Cu3(HATP),, which are consistent with its semiconducting
nature, the latter apparently possesses electronic bands
crossing the Fermi level in both ab- and c-directions (Fig-
ure S18) indicating a metallic behavior”!! despite exhibiting
thermally activated conduction, i.e., a semiconducting
feature.! Therefore, additional computational studies
based on more sophisticated (also more time and resource
consuming) structural models could better account for the
complex effects of alternate HATP/HCTP stacks present in
iGMOF1 and depict a more accurate picture of its two
orthogonal conduction pathways.

Conclusion

In summary, to minimize the disparity between more
efficient through-bond in-plane charge transport and modest
through-space out-of-plane conduction pathways in 2D
graphitic MOFs, which renders their conductivity highly
anisotropic and somewhat dampens bulk conductivity, we
have developed the first complementary n-intercalated
graphitic MOF containing alternate n-donor/acceptor stacks
of Cu**-coordinated HATP ligands and non-coordinatively
intercalated HCTP molecules extended along the c-axis,
which facilitated out-of-plane conduction while the Cus-
(HATP), scaffold enabled in-plane charge transport. Since
post-synthetic intercalation of m-acceptor units between
tightly stacked layers of pre-made M;(HXTP), MOFs is not
practically feasible, iGMOF1 containing built-in alternate
HATP/HCTP was synthesized by a bottom-up method
involving self-assembly of [HATP/HCTP], array, followed
by the formation of Cuy(HATP), scaffold via Cu?>*—HATP
coordination. Simultaneous in-plane through-bond and out-
of-plane through HATP/HCTP stack conduction helped
create impressive bulk conductivity (25 Sm™") in iGMOF1,
which was an order of magnitude higher than that of pristine
Cu;(HATP), MOF and on par with highly conductive MOFs

Angew. Chem. Int. Ed. 2023, 62, €202303819 (7 of 9)

shows in-plane and out-of-plane charge transport directions in iGMOFT1.

developed to date. Thus, this work presents new design and
bottom-up synthetic strategies that unlocked the access to
unique n-intercalated graphitic MOFs containing alternate
n-donor/acceptor stacks that can promote out-of-plane
charge transport and generate higher bulk conductivity. This
new paradigm will help advance electrically conductive
MOFs and render them applicable in molecular electronics
and energy technologies.
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