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ABSTRACT: Covalent  organic  frameworks  (COFs)  with  efficient  charge  transport  and  exceptional
chemical stability are emerging as an importance class of semiconducting materials for opto-/electronic
devices  and  energy  related  applications.  However,  the  limited  synthetic  chemistry  to  access  such
materials and the lack of mechanistic understanding of carrier mobility greatly hinder their practical
applications.  Herein,  we  report  the  synthesis  of  three  chemically  stable  polyarylether-based
metallophthalocyanine (PAE-PcM, M = Cu, Ni, and Co) COFs and facile in-situ growth of their thin films on
various substrates (e.g., SiO2/Si, ITO, quartz) under solvothermal conditions. We show that PAE-PcM COFs
thin  films  with  van  der  Waals  layered structures  exhibit  p-type semiconducting  properties  with  the
intrinsic mobility up to ~19.4 cm2 V-1 s-1 and four orders of magnitude of increase in conductivity (0.2 S
m-1) after iodine doping. Density functional theory (DFT) calculations reveal that the carrier transporting
in  the  framework  is  anisotropic,  with  the  out-of-plane  hole  transporting  along  columnar  stacked
phthalocyanine  more  favorable.  Furthermore,  PAE-PcCo  shows  the  redox  behavior  maximumly
contributes ~88.5% of its capacitance performance, yielding a high surface area normalized capacitance
of  ~19 μF  cm-2.  Overall,  this  work  not  only  deepens  the  understanding  of  electronic  properties  of
polyarylether-based 2D COFs and but also opens new opportunities for their integration into various
microdevices for energy storage applications.

INTRODUCTION

Covalent  organic  frameworks  (COFs)  with
inherent  chemical  tunability,  ordered
supramolecular  lattices,  and  tailorable  nano-
porosity1-3 have  emerged  as  a  unique  class  of
functional  crystalline  materials,  finding
applications  in  gas/chemical  storage  and
separation,4-6 drug  delivery,7 chemo-sensing,8-9

catalysis,10 etc.  In  recent  years, high  charge
carrier  mobility  has  also  been  successfully
realized  in  a  number  of  two-dimensional  (2D)
COFs  which  exhibit  outstanding  (opto)electronic
properties.11-14 In  order  to  broaden  their  real
applications  in  memory  devices,15-17

photo-/electrocatalyses,18-21 chemiresistors,22-23

energy  storage,24-25 among  others,  imparting
chemical  robustness  in  these  2D  COFs  is  of
imperative  importance.  Synthetic  chemistry  to
construct robust 2D COFs with high charge carrier
mobility  is  limited,  with  only  a  few  reported
examples using pyrazine22,  26-27 or olefin28 as the
linkages.  Recently,  a  new  class  of  chemically
stable  2D  COFs  based on the  polyarylether  (or
dioxin) linkage was reported.29-32 The fully planar
polyarylether linkage is able to facilitate the AA-
orientated stacking of planar building blocks such
as  triphenylene29-30 and  phthalocyanine.31-32 It  is
expected  that  the  π-stacking  in  these  robust
frameworks would facilitate numerous low-barrier
carrier  pathways;  however,  the  impact  of  the



weakened  in-plane  conjugation  at  the
polyarylether linkage  on  the  overall  carrier
transporting  performance  is  unknown.  Thus,  a
thorough  understanding  of  intrinsic  carrier
transporting  behavior  in  these  polyarylether-
linked COFs is warranted.

One the other hand, besides chemical structure,
the  physical  form  of  2D  COFs  also  plays  an
important  role  in  evaluating  their  carrier
mobilities.33-37 Compared  with  bulk  powders,
continuous,  oriented  COF  thin  films  could
potentially  reduce  the  interference  of  grain
boundary  resistance  on  their  intrinsic
(opto)electronic  properties.12 In  the  past  few
years,  preparation  of  free-standing  and
polycrystalline  COF  thin  films  has  been  made
possible  via  air-liquid38 and  liquid-liquid39-40

interfacial  synthesis.  However,  most  mobility-
evaluating  device  fabrications  based  on  these
films require harsh processing procedures,  such
as  metal  electrode  deposition  at  high
vacuum/temperature  and  wet-chemistry  mask
etching.15 These complicated operations can lead
to cracking or even exfoliation of the crystalline
thin  films  from  substrates.41-42 Therefore,
improving the compatibility of COF thin films with
applied  substrates  while  retaining  their
crystallinity remains a crucial task.

Herein,  we  report  the  synthesis  of  three
chemically stable  polyarylether-based
metallophthalocyanine  (PAE-PcM)  COFs  and  the
facile in-situ growth of their thin films on various
substrates  (e.g.,  SiO2/Si,  ITO,  quartz)  under
solvothermal  conditions.  Despite  the  weakened
in-plane  π-conjugation,  the  PAE-PcM  COFs  thin
films  with  van  der  Waals  layered  structures
exhibit  p-type  semiconducting  properties  with
high mobilities up to 19.4 cm2 V-1 s-1. The intrinsic
conductivity of 3.8 × 10−5 S m-1 for PAE-PcCu film
can increase by four orders of magnitude to 0.2 S
m-1 after  iodine doping.  DFT calculations  reveal
that  the  columnar  stacking  of  phthalocyanine
macrocycles  mostly  contribute  to  the  overall
carrier transporting properties and consequently
the  exceedingly  small  bandgaps.  Furthermore,
PAE-PcCo exhibits a high surface area normalized
capacitance of ~19 μF cm-2 and a good long-term
durability. Overall, this work not only deepens the
understanding  of  electronic  properties  of
polyarylether-based 2D COFs but also opens new
opportunities  for  their  integration  into  various
microdevices for energy storage applications.

RESULTS AND DISCUSSION

The three PAE-PcM COFs (M = Cu, Ni, and Co)
were  constructed  through  the  condensation
reaction  of  (2,3,9,10,16,17,23,24-
octahydroxylphthalocyaninato)metal(II)  (PcMOH8)
and tetrafluoroterephthalonitrile (TFPN) (Figure 1a
and  Supporting  Information).  Their  crystal
structure  was firstly  characterized by  the wide-
angle  X-ray  scattering  (WAXS)  in  combination
with density functional theory (DFT) calculations.

As  shown  in  Figure  1b,  the  strong  distinct
diffraction peaks at 4.57°, 9.39°, and 27.15° for
PAE-PcCu  can  be  assigned  to  the  (100),  (200),
and  (001)  facets,  respectively  (Figure  1b),
indicating  a  lamella  tetragonal  framework.
Simulated  diffraction  peaks  of  the  serrated  AA
stacked structure (a = b = 20.19 Å, c = 3.59 Å, α
=  β =  γ =  90°)  are  in  good  agreement  with
experimental diffraction peaks (Figure 1b and S1-
3).  In  addition,  the  broad  peak  at  27.15°
corresponds  to  the  (001)  facet  with  interlayer
distance of ~3.3 Å. PAE-PcNi and PAE-PcCo also
exhibit  a  similar  tetragonal  layered structure  in
the serrated AA stacking mode (Figure S3-4). High
resolution  transmission  electron  microscopy
(HRTEM) of PAE-PcCu and its corresponding fast
Fourier transform (FFT) analysis further evidence
the square lattices with a = b = ~2 nm, which are
in  well  consistence  with  the  WAXS  analysis
(Figure  1c).  The  corresponding  elemental
mappings demonstrate the aggregated particles
in  as-made  powders  and  the  homogeneous
distribution  of  carbon,  nitrogen,  oxygen,  and
metal  elements  throughout  the  frameworks
(Figures S6-8).

 

Figure 1. (a)  Top  (ab plane)  and  side  (bc plane)
view of the simulated crystal structure of PAE-PcCu
with serrated AA stacking.  (b)  Experimental  WAXS
pattern  for  PAE-PcCu  (red),  PAE-PcNi  (purple)  and
simulations  based on serrated  AA (green)  and AB
(dark cyan) stacking (λ = 1.54 Å). (c) High resolution
TEM images of PAE-PcCu. Inset: corresponding fast
Fourier  transform  (FFT)  result.  (d)  Oxygen  K-edge
XANES spectra for PAE-PcM and PcMOH8.

The  successful  formation  of  ether  bond  was
confirmed by the new peaks centered at ~1260
and ~1040 cm-1 for PAE-PcM COFs in the Fourier-
transform infrared (FTIR) spectra (Figure S9).30 To
further  probe  the  chemical  environment  of
oxygen,  K-edge  X-ray  absorption  near  edge
spectroscopy (XANES) was employed, and a new
feature around 536.7 eV can be assigned to the
transitions  from  the  1s electron  of  the  central



oxygen  to  the  2pπ* (O  1s-πp*;  C-O-C).43-44 In
addition,  the  broad  peak  centered  at  544  eV
corresponds with the O 1s- σs* (C-O) excitation.45

X-ray  photoelectron  spectroscopy  (XPS)  also
revealed the presence of C, N, O, metal atoms as
well  as  a  trace  amount  of  F  (Figures  S10-12).
From the content of residue F, the conversions of
the polycondensation reaction were calculated as
75.6%,  84.5%,  and  74.8%  for  PAE-PcCu,  -PcNi,
and  -PcCo,  respectively.30 Deconvolution  of  the
O(1s)  signal  for  PAE-PcCu  generates  two peaks
centered at  532.7 and 533.8 eV,  which can be
attributed  to  the  aromatic  C-O-C  bond  and
adsorbed  H2O/CO2 from  atmosphere  (Figures
S13).46 The  core  level  spectrum  of  Cu(2p)
resembled  that  of  PcCuOH8 with  two  dominant
peaks at  940.0 eV (Cu  2p3/2)  and 954.9 eV (Cu
2p1/2),  which  indicates  the presence of  Cu(II)  in
the tetragonal framework (Figure S14). Analogous
results from deconvolution of O(1s) and transition
metal atoms (2p) were obtained for PAE-PcNi and
PAE-PcCo (Figures S15-16), respectively.

The porosity of PAE-PcM was further measured
by nitrogen sorption at  77 K,  and all  isotherms
show sharp uptakes at low pressure range (P/P0 <
0.05),  indicating the microporous nature for the
frameworks (Figure S17). The Brunauer-Emmett-
Teller surface areas (SABET) were calculated to be
321, 398 and 367 m2·g-1 for PAE-PcCu, -PcNi, and -
PcCo,  respectively.  The  related  pore  size
distribution demonstrates an average pore size of
~1.4 nm (Figure S18 and Table S1). Due to the
ultra-stable  polyarylether  linkages,  the obtained
COFs showed great robustness with no apparent
loss  of  crystallinity  was  observed  after  the
treatment under harsh conditions such as polar
solvent  in  NMP (N-methyl-2-pyrrolidone),  boiling
water, concentrated HCl (12 M) and KOH (7 M and
14 M) solutions (Figures S19-20). 

Owing to the small distance (~3.3 Å) between
the  close-packed  phthalocyanine  rings,  it  is
believed that considerable carrier transport could
occur in PAE-PcM COFs. DFT calculation was first
employed to study the intrinsic  electronic  band
structures of PAE-PcM COFs. The electronic band
structure  and  the  projected  density  of  states
(PDOS)  for  monolayer  and bulk  models  of  PAE-
PcCu were first calculated (Figure 2a-c), and the
band  structure  of  the  monolayer  shows  the
typical  semiconducting  feature  with  a  direct
bandgap of ~1.33 eV. The relative flat conduction
band (CB)  and valence band (VB)  indicate  that
the  charge  transport  along  the  2D  plane  is
relatively  null  due  to  the  localized  electron
density trapped within the phthalocyanine moiety.
Notably, the stacked multi-layer structure (along
Γ-X,  M-Γ,  Figure  2b  and  2d)  showed  slight
improved  band  dispersion  with  a  moderate
bandgap  of  ~  0.94  eV.  In  contrast,  the  band
structures of bulk PAE-PcCu (along Z-A, M-Γ, Z-R,
X-Γ;  Figure  2c  and  2d)  demonstrated  a  distinct
reduced  bandgap  of  0.46  eV  with  appreciable
band dispersion.  These results indicate that the

charge transport in bulk PAE-PcCu is anisotropic
and the pathways from interlayer π-π interactions
are much more favorable to the carrier mobility
due to the formation of periodic  π-columns.22,  47

The average carrier effective mass along the out-
of-plane direction were calculated to be mh = 1.2
m0

* and  me =  1.5  m0
* for  holes  and  electrons,

respectively, further suggests the conductivity in
the out-of-plane direction is more favorable. Bulk
PAE-PcNi and PAE-PcCo also demonstrate similar
indirect  bandgaps  of  0.52  eV  and  0.51  eV,
respectively (Figure S21-22). Taking together, the
DFT calculation reveals that the metal center has
a  neglectable  effect  on  the  electronic  band-
structures on PAE-PcM COFs.26

Figure  2. (a)  Calculated  band  structure  of  a
monolayer PAE-PcCu with GGA+U correction and the
corresponding projected density of states (PDOS) for
C (p), N(p), O(p) and Cu(d) states (red arrow: spin-
down;  blue  arrow:  spin-up).  (b)  Electronic  band
structure  of  serrated  AA  stacked  PAE-PcCu  layers
along  the  in-plane  high  symmetry  K-points.  (c)
Calculated band structure of bulk PAE-PcCu along in-
plane and out-of-plane high symmetry K-points. The
light-yellow regions are pathways along the out-of-
plane  directions.  (d)  Corresponding  first  Brillouin
zone and high symmetry K-points.

Next, the charge mobility behavior of PAE-PcM
frameworks  was  analyzed  experimentally.  In
consideration  of  the  challenges  posed  by  the
numerous grain boundaries of bulk COF powders,
the direct growth of oriented thin films of PAE-PcM
on  confined  interfaces  was  explored  to  reveal
their intrinsic electronic properties. The PAE-PcM
films were prepared on ITO, quartz,  and Si/SiO2

substrates via solvothermal reactions (Figure 3a
and  Figure  S23,  see  Supporting  Information  for
detailed synthesis procedure). Their morphologies
were  characterized  by  the  optical  microscopy
(OM),  scanning  electron  microscopy  (SEM),  and
atomic force microscopy (AFM). The OM and SEM
images  demonstrated  that  all  films  are
continuous with microscopic lateral size of several
millimeters  (Figure  3b  and  S24).  Tapping  mode
AFM was then used to characterize the obtained
thin  films,  and  based  on  the  cross-sectional
analysis,  and  the  average  thicknesses  of  PAE-



PcCu,  PcNi,  and  PcCo  are  46,  86,  and  78  nm,
respectively  (Figure  S25).  The grazing-incidence
wide-angle  X-ray  scattering  (GIWAXS)  studies
further confirmed the formation of crystalline COF
thin  films.  As  shown  in  Figure  2c-d,  the
corresponding GIWAXS patterns for PAE-PcCu thin
film showed strong reflections  at  ~  0.42,  0.75,
and 1.60 Å-1 with the corresponding d-spacings of
18.4, 9.0, and 3.5 Å, respectively, indicating the
successful formation of layered tetragonal lattices
of PAE-PcCu with an interlayer d-spacing of 3.5 Å
on confined interfaces, consistent with the PXRD
result of the bulk powder sample. Similar results
were  obtained  for  PAE-PcNi  and  PAE-PcCo  with
slightly reduced crystallinity (Figure S26-27).

Figure 3. (a) Schematic illustration of in-situ growth
of  PAE-PcM  films  on  different  substrates  via
solvothermal  reactions.  (b)  Optical  microscope
image  of  PAE-PcCu  and  the  corresponding  SEM
image, indicating the homogeneous and continuous
film. (c) The GIWAXS pattern of PAE-PcCu thin films
grown on SiO2/Si.  (d) Corresponding 1D XRD curve
converting  from the  GIWAXS  result  ( =  1.54  Å).
Asterisks indicate the SiO2 signals. 

The  optoelectronic  properties  of  the  PAE-PcM
films  were  then  evaluated  by  the  UV/vis
spectroscopy  and  cyclic  voltammetry  (CV).  As
shown in Figure S28, typical Q band (~700 nm)
and  B  band  (~416  nm)  were  observed  for  all
three  films  (on  quartz).  The  corresponding
indirect  optical  bandgaps were calculated to be
1.27, 1.42, and 1.50 eV for PAE-PcCo, -PcNi, and -
PcCu,  respectively  (Figure  4a).  Electrochemical
bandgaps  from  CV  measurements  show  similar
values for PAE-PcCo (1.29 eV), PAE-PcNi (1.40 eV)
and PAE-PcCu (1.22 eV),  as shown in Figure 4b
and S29.  To evaluate their  carrier mobility,  Hall
effect  measurements  were  conducted  at  room
temperature after depositing four gold electrodes
on  the  top  of  the  COF  films  on  Si/SiO2 (Figure
S30). The results reveal that all PAE-PcM COFs are
p-type  semiconductors  with  inferred  average
charge  carrier  densities  of  7.2(±1.8)1012,

2.4(±1.5)1012, and 0.7(±0.4)1012  cm−3 for PAE-
PcCu,  -PcNi  and  -PcCo,  respectively.  The
corresponding Hall mobility in the dc limit shows
that PAE-PcCo has the highest carrier mobility of
~19.4 (±5.1) cm2 V-1 s-1, while the carrier mobility
of  PAE-PcNi  and  PAE-PcCu  are  3.2(±1.9)  and
3.2(±0.2)10-1 cm2 V-1 s-1,  respectively  (Figure
S31).  These  results  show  that  the  tetragonal
framework  with  the  cobalt  center  exhibits  the
best transporting performance that ranks among
state-of-art  COF  semiconductors  (Table  S2).
Notably,  the  difference  in  mobility  among  the
three  PAE-PcM COFs could  be  attributed to  the
intrinsic difference of the metal centers and some
extrinsic  factors  such  as  grain  boundary
diffraction,  crystalline  domain  orientation,  etc..
We also measured the electrical dc conductivity
of  the  as-made  PAE-PcCu  film  via  a  two-probe
method  and  observed  a  linear  current−voltage
(I−V)  relationship,  and  a  conductivity  of
~3.8×10−5 S  m-1 with nearly  ohmic behavior  at
room temperature was obtained (Figures 3d and
S32-33). This value is comparable with previous
reported  phthalocyanine-based  COFs  such  as
CuPc-pz26 (3.3×10−5 S  m-1)  and  NiPc-CoTAA23

(8.2×10−3 S m-1). Notably, after iodine doping, a
significant increase of four  orders of  magnitude
with the conductivity reaching 0.2 S m-1could be
observed.

Figure 4. (a) Tauc plots of PAE-PcM thin films. (b)
Experimental HOMO and LUMO energy levels of PAE-
PcM calculated from CV. (c) Average carrier density
and  (d)  carrier  mobility  of  PAE-PcM  thin  films
obtained from Hall measurements.

Considering its good porosity, carrier transport
property,  and  high  chemical  stability,  the
capacitance  behavior  of  PAE-PcCo  was  further
explored.  Owing  to  its  large  open  channels  of
~1.4  nm,  PAE-PcCo  could  accommodate  large
electrolyte  ions,  e.g.,  1-ethyl-3-methyl-
imidazolium (EMIm+; size 0.8 nm48). A 3-electrode
system in 0.5 M [EMIm]Cl electrolyte was used to
first  study  the  electrochemical  performance.  As
shown  in  Figure  S34,  CV  curves  of PAE-PcCo
showed stable  potential  windows  both  cycled



catholically (–0.6 – 0.0 V) and anodically (0.0 – 0.8
V) with three pairs of broad redox peaks at –0.2 V,
0.2  V  and  0.4  V  ,  suggesting  the  capacitance
characteristics  of  PAE-PcCo  in  a  wide  potential
window range of –0.6 – 0.8 V, with charge storage
contribution  from  both  electrical  double  layer
capacitance (diffusion-controlled, Cdl) and pseudo-
capacitance  (redox  process,  Cp).  The  detailed
capacitance contribution of Cdl and Cp were then
subsequentially  studied  via  the  Dunn  method49

using  a  quasi-solid-state  symmetric
supercapacitor with [EMImCl]/acetonitrile (0.5 M)
as the electrolyte. In the working window of 0–1.4
V, the CV curves at different scan rates showed
similar rectangular shapes with quite broad redox
peaks (Figure S35). The relationship between the
current and scan rate were firstly studied at low
scan rates, the corresponding b-value at different
potentials were calculated to be 0.64, 0.61, 0.61,
0.65, 0.69, 0.75, and 0.85 at 0.4,  0.6,  0.8,  1.0,
1.1, 1.2, and 1.3 V, respectively. Since a b-value
of  1.0  represents  an  ideal  pseudocapacitive
process from redox reactions, while a  b-value of
0.5  means  a  diffusion-controlled  process,50 our
results strongly indicate that the charge storage
behavior  of  PAE-PcCo  is  contributed  both  from
diffusion-controlled  (Cdl)  and  capacitive  redox
process  (Cp).  As  shown  in  Figure  5a,  the  Cp

contributes a smaller  fraction (~33.3%) of  total
capacitance behavior  at  2 mV s-1.  As scan rate
increases, the contribution of Cp increases up to
88.7% at the scan rate of 80 mV s-1. Moreover,
the  capacitive  differentiation  from  Trasatti
analysis51 also indicates that the maximum redox
contribution  is  ~88.5%,  which  is  in  excellent
agreement with that from Dunn analysis (Figure
S36). All these results confirmed that the Faradic
reactions  of  redox  active  sites  in  PAE-PcCo
showed  a  dominate  contribution  to  the  total
capacitive behavior.

Figure 5. (a) Respective capacitance contribution of
PAE-PcCo at scan rate of 2 mV s-1. b) Percentage of
capacitance contribution at different scan rates. c)
Cycling stability test at 80 mV s-1. Inset: comparison

of initial and 1500th CV curve. (d) Nyquist plot. Inset:
equivalent circuit of PAE-PcCo electrode (R1: solution
resistance;  R2:  charge  transfer  resistance;  W:
Warburg impedance).

According  to  the  CV  curves,  the  specific
capacitance was calculated to be 100 μF cm-2 at 2
mV s-1 (Figure  S38).  Notably,  the corresponding
normalized capacitance to specific surface area of
PAE-PcCo  is  19  μF  cm-2(Figure  S39),  apparently
higher  than  several  other  pure  electric  double-
layer capacitor materials such as active graphene
(5 μF cm-2; SABET = 3523 cm2 g-1),52 single-walled
CNTs (12 μF cm-2;  SABET = 1300 cm2 g-1),53 and
chemically reduced graphene (7 μF cm-2; SABET =
2400 cm2 g-1).54 This result further confirmed that
the  capacitance  of  PAE-PcCo  are  contributed
mostly from the redox behavior during the energy
storage  process.  Owing  to  the  robust  chemical
stability  of  PAE-PcCo,  the  device  also  showed
good stability, with 86% maintenance after 1500
cycles at 80 mV s-1 (Figure 5c). EIS profile for the
solid-state supercapacitor cell exhibits an almost
vertical low-frequency region in the Nyquist plot
with a low equivalent Ohmic resistance of 2.2 Ω
(Figure  5d  and  S39),  which  verifies  a  superior
accessibility of ions to active sites. Thanks to the
low internal resistance, intrinsic porosity, and rich
redox behavior  of  electrode materials,  the PAE-
PcCo based device delivered high capacitance.

CONCLUSION

In  summary,  we have synthesized a series of
layered  polyarylether-based
metallophthalocyanine  frameworks.  These  PAE-
PcM COFs demonstrate robust chemical stability
and intrinsic p-type semiconducting behavior with
high carrier mobility up to ~19.4 cm2 V-1 s-1 and
the  intrinsic  conductivity  of  PAE-PcCu  film  can
increase by four orders of magnitude to 0.2 S m-1

after  iodine  doping.  As  a  proof-of-concept
application,  PAE-PcCo  COF  with  good  carrier
mobility was used as electrode for all-solid-state
supercapacitors,  and its capacitance behavior is
mostly  attributed  to  the  redox  process  during
charge-discharge  process  with  a  maximum
contribution of 88.5%. It exhibits a high surface
area normalized capacitance of ~19 μF cm-2 and
a good long-term capacitance retention of  86%
after  1500  cycles.  This  work  deepens  the
understanding  of  electronic  properties  of
polyarylether-based  2D  COFs  and  opens  new
opportunities  for  their  potential  energy  related
applications.
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