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Electronic Structure of a Semi-conducting Imine-Covalent

Organic Framework

Vipin Mishra,? Vivek K. Yadav,P! Jayant K. Singh,! and Thiruvancheril G. Gopakumar*i!

Abstract: Imine COF (covalent organic framework) based on Schiff
base reaction between p-Phenylenediamine (PDA) and Benzene-
1,3,5-tricarboxaldehyde (TCA) is prepared on the HOPG-air (air =
humid Nj) interface and characterized using different probe
microscopes. Role of the molar ratio of TCA and PDA has been
explored, and smooth domains up to a few um are formed for high
TCA ratio (> 2) compared to PDA. It is also observed that the
microscopic roughness of imine COF is strongly influenced by the
presence of water (in the reaction chamber) during the Schiff base
reaction. The electronic property of imine COF obtained by tunneling
spectroscopy and dispersion corrected Density Functional Theory
(DFT) calculation are comparable and show semiconducting nature
with a band gap of ~ 1.8 eV. Further, we show that the frontier orbitals
are delocalized entirely over the framework of imine COF. The
calculated cohesive energy shows that the stability of imine COF is
comparable to that of graphene.

Introduction

The magnificent upsurge in the area of 2D (two dimensional)
materials comes with the emergence of graphene.[1] This aspired
scientific community to look for novel 2D materials beyond
graphene, like graphyne,[2] germanene,[3] MoS,,[4] Boron Nitride
(BN),[5] etc. Application based on these 2D materials[6] may play
a pivotal role in the development of advanced thin and flexible
electronics. To increase the applicability, it is vital to modify the
electronic properties of these materials. Several methods have
been proposed for graphene, which includes substrate[7],
adsorption of atoms[8], doping of heteroatoms within the sheet[9,
6a] and so on. En-route to the development of 2D materials a new
class has emerged where organic molecular building blocks are
used to form covalently linked molecular 2D materials on
surfaces. These 2D materials are generally referred to as covalent
organic framework (COF).[10] Paramount advantage is the
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potential for tailoring the electronic properties of 2D COF based
on the selection of building blocks. One may choose building
blocks predisposed with heteroatoms, which allows symmetric
incorporation of them in the 2D COF. The vast variety of building
blocks available in the molecular library is an added advantage.
COF has been explored towards applications and properties like
luminescence,[11] switching,[11a] electrical conductivity/charge
mobility,[12] thermal stability,[12] defect induced
mobility[13], mechanical stability,[13] and oxidation induced
conductivity[14,15] have been intensively studied. Electronically
conjugated (sp? hybridization) COFs which are semiconducting in
nature has been also demonstrated.[12,15]

Typically 2D COF is formed via chemical reactions like
Ullmann coupling,[16] Schiff base reaction[17], triazine
coupling[18] and ester linkage[19] on surfaces. 2D COFs have
also been addressed using density functional theory (DFT) with
van der Waals correction.[20] The effects of strain[21] and
variation in the length of building blocks[22] on the nature of the
band gap of COFs have been explored theoretically. It was also
observed that the presence of graphene or inert substrate does
not alter the electronic properties of COFs, which is the same as
observed for gas phase calculations.[23]

While Schiff base coupling (imine linkage) reaction occurs
at mild conditions, Ullmann’s reaction occurs on catalytic surfaces
(metal surfaces) and triazine coupling is possible at high
temperature. Ease of equilibrating the reaction with water for self-
repair of COF during its formation is an added advantage of
Schiff's base reaction over the other methods. Though imine COF
has been used for diverse applications like catalysis,[17f,18]
sensing[24], the major challenge in the formation of COF using
the above methods is its limited domain size. It is desirable to
increase the size of 2D sheets for practical applications based on
these materials.

In this article, we show that the domain size and microscopic
quality of an imine COF[17b, 17c, 25] can be optimized by the
ratio of building blocks. The building blocks of imine COF are p-
Phenylenediamine (PDA) and Benzene-1,3,5-tricarboxaldehyde
(TCA). Surprisingly, a higher ratio of aldehyde (> 2) favors the
formation of uniform smooth domains of imine COF up to a few
um. A combination of Scanning Tunneling Microscope (STM),
Atomic Force Microscope (AFM) and photoelectron spectroscopy
(XPS) has been employed to prove the formation of imine COF
unanimously. The electronic structure of the imine COF
determined using tunneling spectroscopy and density functional
theory (DFT) suggests that the imine COF is semiconducting in
nature with a band gap of ~1.8 eV.

carrier
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Results and Discussion

Figure 1(a) shows the formation of imine COF from TCA and
PDA building blocks on the HOPG surface in the presence of
water at ~ 230 °C. Figure 1(b-d) show typical constant force AFM
topographs of imine COF formed at different ratios of TCA and
PDA. Bright blue regions in all the images (Figure 1(b-d)) are the
imine COF on HOPG (appears dark blue). White dashed lines
depict a few terrace edges. Three different ratios of TCA and PDA
have been used to form imine COF. Figure 1(b) shows COF
formed by mixing TCA and PDA in the ratio of 1:3. Figure 1(c and
d) show imine COF formed from 1:1 and 2:1 ratio of TCA and
PDA. The imine COF formed from 1:3 ratio of TCA and PDA is
rough as evident from the small and large fractures (indicated
using green dotted lines). These fractures are distributed
uniformly over the entire imine COF. Strikingly the imine COF
appears more uniform as the TCA ratio increases. Uniform
smooth regions of imine COF are indicated using the red dotted
line in Figure 1(c,d). Particularly for the 2:1 ratio, the area of the
smooth region of imine COF increases by many folds. We
attribute these smooth uniform regions to be well-ordered
domains of imine COF. The regions in between the uniform
domains are attributed to defective imine COF or pristine graphite
(green dotted lines). This indicates that increasing the proportion
of TCA in the mixture of building blocks has a positive effect in the
formation of large uniform domains of imine COF of the order of a
few um. S3 in the Sl illustrates additional AFM images of imine
COFs prepared at different mixing ratios and S4 in the S| shows
large uniform domains of imine COF of the order of a few pm.

Figure 1. (a) Schematic of the preparation of imine COF from TCA and PDA in
the presence of water. Constant force AFM Topography of imine COF formed
from TCA and PDA at different molar mixing ratios, 1:3 (b), 1:1 (c) and 2:1 (d).
The concentration of TCA and PDA was kept at ~ 10 M, and the reaction was
carried out at ~ 230 °C. Red dotted regions show uniform imine COF and green
dotted regions show a few defects formed on HOPG. White dashed line
represents a few graphite terrace edges.
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Figure 2(a,b) show constant current STM topographs of imine
COF formed from TCA and PDA (ratio 2:1) on HOPG-air interface
at ambient conditions. The bright regions correspond to imine
COF, and the dark blue regions are pristine graphite. White
dashed line in figure 2(a) shows a graphite terrace edge. Figure
2(b) shows a moderately resolved topograph and the
corresponding fast Fourier transform (2D-FFT) is included in the
inset. The FFT shows clear, bright spots, which corresponds to a
hexagonal pattern. The sharp spots indicate that the imine COF
is uniform and have low defects. Figure S4 in the S| shows
additional STM topograph with a large area (~ 1 pm) along with a
moderately resolved part of the large domain. Figure 2(c) shows
a mesh averaged image of COF obtained from a high-resolution
topograph. Since imaging is performed at the solid-air interface
the quality of the images are not as good as the reported solid-
liquid interface,[17¢c] and therefore we use the mesh average
image. A=F=235+0.17 nmand o = 59 + 3° represent the unit
cell vectors and the angle between them, respectively. The unit
cell vectors correspond to the expected COF unit cell. A
theoretically calculated imine COF is overlaid on the mesh
averaged image (Figure 2(c)), which matches very well with the
experimental unit cell.

Figure 2. Constant current STM topographs (0.74 V, 40.0 pA) of imine COF
obtained from 2:1 ratio of TCA and PDA. The concentration of TCA and PDA
was kept at ~ 10#M and the reaction was carried out at ~ 230 °C. (b) Further
high resolution with the corresponding FFT of imine COF. (c) Mesh averaged
STM image of a selected region of imine COF with overlaid theoretically
optimized model. 4, B and a are the lattice parameters of imine COF.

To ensure that the observed domains in both STM and AFM
are not the assembly of unreacted molecules, we have carried out
STM experiments of the mixture of TCA and PDA (for 1:1 molar
ratio) on the surface without annealing. The topographs of the
mixture reveal close-packed assembly of molecules (STM image
is shown in S| S5). After annealing, we have not observed
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domains with close-packed molecules (XPS also supports the
above results, which will be discussed later) and the majority of
the surface is covered by honeycomb pattern corresponding to
COF.

To confirm the formation of imine COF we have performed
XPS. Figure 3 shows the N1s XPS spectrum of imine COF (ratio
2:1) on HOPG. We have used C1s (sp?) resonance from HOPG
as a reference according to literature (~ 284.4 eV). The C1s
spectrum is provided in S6 of SI. The spectrum is fitted with two
Gaussian peaks with peak maxima at 399.07 eV and 400.68 eV.
These resonances correspond to imine bond (-N=C-) and amine
(-NHy_), respectively. The major resonance from imine indicates
the formation of imine COF and the weak amine indicates
unreacted precursor molecules. Near the C1s edge, we observe
a shoulder corresponding to —-C=N- (285.2 eV, see S6 in the SI),
which further confirms the formation of imine and therefore the
imine COF. The XPS result is in agreement with previous
reports.[17b, 17¢c, 34] The XPS spectra from 1:3 (TCA:PDA) ratio
is included in S7 of the SI. N1s resonance in the XPS spectrum
for 1:3 show indication of excess amine together with imine, which
might be leading to the rougher surface and incomplete formation
of imine COF.

We show using AFM, STM, and XPS that imine COF can be
prepared on the HOPG-air interface. We show using AFM and
XPS that the formation of imine COF is dependent on the ratio of
the precursors. As we increase the ratio of TCA, smooth large
domain of imine COF is forming up to a few um. However, for high
amine ratio (1:3) the domains of COF appears rather defective
with uniformly distributed fractures. We also observed defect free
domains of COF upto a few um for a very high ratio of TCA (4:1)
(corresponding AFM images in S3 of the SI). However, the overall
percentage of the COF on the HOPG surface for this ratio
decreases compared to that of 2:1 and 1:1 ratio. The dependence
of the ratio of TCA and PDA in the formation of imine COF is
striking. In general, one would expect the imine COF formation
from 2:3 ratio of TCA and PDA according to the stoichiometric
ratio of the reaction (cf. Figure 1(a)). Previous report also shows
formation of imine COF at 2:3 ratio of TCA and PDA.[17g, 17h,
17i] High crystallinity is also observed for 1:1 molar ratio of the
building blocks in Schiff base reaction.[11b] Our observation is,
however, opposite to what is previously reported. We argue that
possible desorption of TCA during the preparation (heating) leads
to lowering of the actual amount of TCA on surface. Thus to
maintain the stoichiometric ratio of the reaction higher ratio of TCA
is required on the hot surface with respect to PDA. The defective
imine COF obtained for higher amine ratio (expected
stoichiometric ratio) may be justified due to excess of amine
present on the surface (also observed in XPS, see S7 in the SI).
We also note that the optimum temperature for the formation of
imine COF in our case is higher than that of reported
(~ 150 °C).[17b] This is possibly due to the different type of
experimental set-up employed in our case compared to literature.

We also studied the effect of concentration of TCA and PDA
in the working solutions. It is observed that imine COF prepared
from higher concentration (~ 103 M) also produces smooth and
defect free domains for high TCA ratio (4:1) compared to that
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formed from the equimolar ratio (1:1). The COF formed at
equimolar ration of TCA and PDA shows rough morphology for
the film with an average roughness of ~ 1.5 nm. This indicates
possible multilayer formation. The XPS data corresponding to
these films shows resonances related to —C=N- linkages on the
surface. The roughness together with —C=N- linkages suggest
that at high concentration of precursors, cross-linked multi-layer
COF is formed. Corresponding AFM images with cross sectional
line profile and XPS results are shown in S| S8.

We also note that increasing the temperature during the
preparation of imine COF above optimum temperature produce
rather rough and defective domains. AFM images of 4:1 imine
COF prepared at ~ 300 °C is provided in S9 of the Sl. This
indicates that there exists a critical temperature for the imine COF
formation on HOPG. For metallic surfaces, lower COF formation
temperature has been reported,[16b,16c] where the catalytic
effect of metal plays arole. To confirm the effect of water, we have
prepared imine COF (2:1 ratio) without water and has yielded
defective COF (AFM images are provided in S10 of the Sl). The
quality of the imine COF formed in the presence of water is in
accordance with the equilibration of water in the chemical reaction
and its role in correcting the defects formed during the reaction.
Water vapour has been used previously for 2D COF preparation,
to self-repair possible defects formed within the imine COF.[17c,
194]

T . T * T . T . T x T .

e Raw data 8 N1s
Imine Nitrogen (-N=C-) 2%

Amine Nitrogen (-NH,)

—— Cumulative Fit

Intensity (arb. units)

408 406 404 402 400 398 396 394
Binding energy (eV)

Figure 3. N1s resonances from XPS of imine COF obtained from 2:1 ratio of
TCA and PDA on HOPG. The concentration of TCA and PDA was kept at
~ 10 M and the reaction was carried out at ~ 230 °C. Independent Gaussian
peaks correspond to imine (-N=C-) and amine (~NHz) nitrogen.

Figure 4 shows a normalized differential conductivity (dl/dV)
obtained from imine COF on HOPG using Scanning Tunneling
Spectroscopy (STS). Three independent dl/dV spectra (each
spectra is an average of ~ 30 measurements) are included. The
normalization procedure is as follows. Simultaneously recorded
dl/dV spectra on bare graphite is subtracted (using a factor) from
dl/dV spectra obtained on imine COF. This procedure is
implemented to reduce the influence of graphite density of states
(DOS) (see details and raw dI/dV obtained on imine COF in S1in
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the Sl). The raw dl/dV spectra obtained from imine COF on HOPG
has zero band gap and is due to the influence of the DOS of
graphite. The dI/dV spectra typically represent local DOS of a
sample near the Fermi energy. We observe a clear band gap (a
region with no DOS) near the Fermi energy in the dI/dV spectra
measured on imine COF after normalization. The band gap is
~ 1.8 eV; the onsets of valance and conduction band edges are
indicated with red dashed lines. The bandgap is asymmetric
around the Fermi energy. Semiconducting COF has been
reported previously using different molecular precursors.[20]

. ' 078ev
1 L‘ L 1 1 '1
-15 -1.0 -05 0.0 05

\
-1.01eV,

© Normalised dl/dV (a.u.)

o
§

0.0
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Figure 4. Differential conductivity (dl/dV) recorded on imine COF on HOPG
surface (same as in Figure 2). Three dl/dV spectra (black, dark grey and light
grey) represent three averaged independent measurements on imine COF.

To understand the stability and the electronic structure of
imine COF on graphite, we employed the first principle density
functional theory (DFT) approach. The structure of imine COF
after relaxation/optimization on bilayer graphite shows that both
imine COF layer and graphite retain their planarity (see S11 in the
SI). Top view of the imine COF extracted from the calculation is
overlaid in Figure 2(c), which shows an excellent agreement with
experimentally obtained lattice parameters. S11 in the Sl provide
side view, lattice parameters, and unit cell of the imine COF. The
presence of graphite ensures the COF retains its planar geometry
without any rippling. This is evident from the computed C-C and
C-N bond lengths for the bare COF and the COF on graphite,
which shows only slight variations in the bond lengths (less than
0.01, see details in Table-S1 in the Sl). The average distance
between the COF and the top layer of graphite is 3.40 A, whereas
the graphite inter-layer distance is found to be 3.31 A. The
computed distances fall in the range of van der Waals interaction.
We further calculated the binding energy E, of COF on graphite
using the following equation.

Eb = E(cor+araphite) - (Ecor + Egraphite)

where E(cor+craphite) represents the total energy of the system,
Ecrapnite is the total energy of the graphite sheet and Ecor denotes
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the energy of COF in the gas phase. The calculated binding
energy (Ep) for imine COF on graphite is - 2.14 eV and - 2.06 eV
per unit cell for PBE and BLYP, respectively. The structural and
thermodynamic stability of imine COF is analyzed by calculating
their cohesive energy. The cohesive energy (6.84 eV (PBE) and
6.25 eV (BLYP)) shows that the imine COF is forming a stable
structure in comparison to graphene (~ 7.8 eV).[35]

3
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Figure 5: Band structure and total density of states (DOS) of imine COF with
graphite (a) and that of imine COF (b). (c) Partial density of states (PDOS) for
imine COF; p-orbital contribution from C and N are shown. The Fermi level is
set at 0 eV. (d) Charge density isosurface of the HOMO (blue) and LUMO (red)
of the imine COF. The isosurface value is set to 0.001 e A"

Next, we investigate the electronic structure of imine COF.
The band structure and the density of states (DOS) of the imine
COF on graphite and imine COF alone are presented in Figure 5
a and b, respectively. The band structure and total density of state
of the graphite, imine COF and imine COF with graphite is shown
in S12 in the Sl for comparison. The k-path selection produces
similar band structure (with gamma point as a minimum) as shown
in the previous report[25] and the corresponding reciprocal lattice
is included in S11 in the SI. The imine COF with graphite shows
a dispersive band gap (i.e., zero band gap), whereas imine COF
alone shows flat band-gap near the Fermi energy. The DOS for
imine COF on graphite is dominated by graphene-like behaviour
near the Fermi level with a band gap of ~ 0.00 eV. The DOS of
imine COF alone shows a striking difference and has a band gap
(HOMO-LUMO) of 2.01 (1.95) eV for PBE (BLYP) functionals.
This band gap is in good agreement with the experimentally
obtained band gap using tunneling spectroscopy (cf. figure 4). In
addition, the band gap is also asymmetric around the Fermi
energy as see in the experiments. In Figure 5c, we have plotted
the partial density of state (PDOS) for the imine COF. PDOS
exhibits that the HOMO and LUMO of imine COF are dominated
by the p-orbitals of the carbon atoms. For imine COF, the charge
density isosurface of the HOMO and LUMO are displayed in

For internal use, please do not delete. Submitted Manuscript

This article is protected by copyright. All rights reserved.



Chemistry - An Asian Journal

Figure 5d. The charge density isosurface of the HOMO and
LUMO are separately shown in S13 of the Sl. It is clear from
Figure 5(d) that the electron density is delocalized over the entire
imine COF. We also notice that frontier bands of imine COF are
decoupled from the graphite band. However, there is a signature
of significant mixing of valance and conduction bands (below
valance-2 and above conduction+2 bands) of imine COF with
graphite bands. Decoupling of electronic states at COF-
graphene/—inert surfaces has been shown previously.[23] Thus,
we conclude that imine COF displays semiconducting behavior.

Conclusions

We have prepared imine linked COF from p-phenylenediamine
(PDA) and benzene-1,3,5-tricarboxaldehyde (TCA) on HOPG.
Microscopic structural and electronic characterization has been
performed using AFM and STM, and the results are compared to
that of first principle DFT calculations. The domain size of imine
COF is controlled using the molar ratio and concentration of
building blocks. The high molar ratio of TCA (> 2) promotes
smooth growth of imine COF up to a few um large domains.
Additionally, we observe that there is a critical temperature
(> 230 °C) for the formation of smooth defect-free domains of
imine COF. Presence of water during the reaction also favours
the formation of smooth imine COF, which regulates a backward
reaction and repairs the defects. XPS further supports the
formation of imine COF. The electronic properties obtained by
DFT calculations show good agreement with the experiments. It
is observed that the imine COF is semiconducting in nature with
a band gap of ~ 1.8 eV. The calculation also shows that the
frontier orbitals of imine COF are delocalized on the network,
which suggests that it may be used in optoelectronic applications.
The calculated cohesive energy indicates high stability of imine
COF, which is comparable to that of graphene.

Experimental Section

Thin Film Preparation and experimental characterization: TCA (purity
=99 %) and PDA (purity = 99 %) purchased from Sigma Aldrich are used
for the experiments with no further purification. The solutions are prepared
using methanol (HPLC grade, = 99:9 %) obtained from Merck. TCA and
PDA molecules are dissolved in methanol (concentration ~ 104 M) and
sonicated for 10 minutes to ensure homogeneous solvation. An equimolar
concentration of TCA and PDA are mixed in the ratio 1:3 to 4:1 (TCA:PDA)
and drop-casted (~ 2 pl) on freshly cleaved HOPG surface. The drop-
casted HOPG is transferred to a reaction chamber (round bottom flask
made up of Borosil glass with rubber stopper), which has a continuous
supply of N2 gas moistened with water (HPLC grade). The reaction
chamber is heated (on hot plate) to a temperature of ~ 230 °C for 5 hours.
This sample is used for the STM, AFM and XPS measurements at ambient
condition. RHK STM and Agilent-5500 AFM are used for samples analysis.
Mechanically cut Pt/Ir wire is used as STM tips. We have used intermittent
contact mode AFM (also referred to as AC Mode due to alternating contact
of the tip to the surface). AFM images are obtained using PPP-NCH silicon
cantilevers purchased from Nanosensors (~ 310 kHz, ~ 35 N/m), which
are designed for intermittent contact mode of operation. A feedback
system is employed to maintain the oscillation amplitude at a set point
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value. The difference between the amplitude and set-point called the “error
signal” is used as the input of the feedback system. The average force is
maintained constant during the measurement. All the AFM and STM
images are post-processed and analyzed using WSxM [26] software. XPS
experiments are performed in UHV PHI 5000 Versa Prob Il. The binding
energy scale calibration was verified using the substrate C1s (284.4 eV)
energy level. dI/dV spectra are measured using a lock in amplifier. Sin
wave with average voltage of 100 mV (peak to peak) is used for
modulation.

Computational Details: Theoretical calculations are performed using
first-principles density functional theory (DFT) as implemented in the
Quantum ESPRESSO code[27]. We used a generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [28]
parameterization of the exchange-correlation energy functional with
ultrasoft pseudo potentials[29]. The Koéhn-Sham wave-functions are
expanded by plane wave basis set with a kinetic energy cut-off of 35 Ry.
Brillouin zone (BZ) integration was done using a uniform Monkhorst-
Pack[30] with a k-point grid of 5 x 5 x 1 for geometry optimization and 10
x 10 x 1 for electronic structure calculations. We have performed
benchmark calculations in order to check the converged values for cut-off
energy and K-points as shown in Figure S2 in the SI. The structures were
relaxed until the magnitude of the Hellman-Feynman force on each ion
became smaller than 0.03 eV/A. To nullify the interaction between periodic
images, a large vacuum of 20 A was employed in a direction perpendicular
to the sheet (along the z-axis). The unit of the system for the calculation
composed of COF (66 atoms) over bilayer graphite (324 atoms). For
analysis, we ran two sets of simulation, one COF with graphite and another
one with only COF, using PBE[28] and BLYP[16i] functionals, respectively.
A recent report shows that the implementation of vdW interaction is
detrimental to adsorption energies.[25] Thus, we have used Grimme’s
dispersion correction to DFT calculations; DFT-D3[32] for PBE and DFT-
D2 [33] for BLYP functional.
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