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act as a “core” while the second acts as a 
“linker” between cores, and both can be 
precisely modified.[3] This approach, for 
example, has been used to create donor-
acceptor COFs that are made by either 
directly fusing donor/acceptor molecules 
into core/linker arrangements or by intro-
ducing either donor or acceptor guests 
into the pores of COFs to yield ordered 
arrays of molecular charge-transfer pairs, 
with potential applications in optoelec-
tronics and catalysis.[4] Such electrically 
modulated COFs, however, have up to now 
been fabricated using techniques that do 
not allow synthesis of a single-layer struc-
ture, and no local probe measurements 
have been performed to verify the effects 
of local charge-transfer. Here we report a 
new technique for fabricating COFs that 
exhibit internal electronic heterojunc-
tions with staggered potential offsets. The 

core of the COF is tuned independently from charge-transfer  
elements that are placed between adjacent cores. This is accom-
plished through directed Schiff-base condensation reactions 
that allow oriented dipoles to be placed between core elements 
in an alternating arrangement, thus causing adjacent cores to 
experience a relative potential offset. The surface compatibility 
of this chemistry allows bottom-up fabrication of single-layer 

The synthesis of a single-layer covalent organic framework (COF) with 
spatially modulated internal potentials provides new opportunities for 
manipulating the electronic structure of molecularly defined materials. 
Here, the fabrication and electronic characterization of COF-420: a single-
layer porphyrin-based square-lattice COF containing a periodic array of 
oriented, type II electronic heterojunctions is reported. In contrast to 
previous donor–acceptor COFs, COF-420 is constructed from building 
blocks that yield identical cores upon reticulation, but that are bridged 
by electrically asymmetric linkers supporting oriented electronic dipoles. 
Scanning tunneling spectroscopy reveals staggered gap (type II) band 
alignment between adjacent molecular cores in COF-420, in agreement with 
first-principles calculations. Hirshfeld charge analysis indicates that dipole 
fields from oriented imine linkages within COF-420 are the main cause of 
the staggered electronic structure in this square grid of atomically–precise 
heterojunctions.

Covalent Organic Frameworks

Covalent organic frameworks (COFs) are 2D or 3D crystal-
line structures constructed from organic molecular building 
blocks stitched together through strong covalent bonds.[1] 
Different electronic and chemical properties can be engineered 
into COF networks by modifying the molecular properties of 
the building-blocks.[2] Two-component COFs provide a high 
degree of electronic tunability since one molecular element can 
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COF-420 whose local electronic structure we have characterized 
at the atomic scale using scanned probe microscopy.

The new COF was fabricated by first synthesizing two 
square planar tetratopic building blocks (5,10,15,20-tetrakis(4-
aminophenyl)porphyrin (TAPP) and 5,10,15,20-tetrakis(4-
formylphenyl)porphyrin (TFPP)) as shown in Figure  1. Upon 
reticulation at a surface these precursors yield cores that have 
identical chemical composition but are rendered electrically 
asymmetric by the relative orientation of the imine linkages 
connecting them. Charge-transfer functionality thus resides in 
the linker and is separated from the core electronic properties.  
This unique COF is termed COF-420 ([(TAPP)(TFPP)]
imine) and exhibits a square lattice (sql) topology. Due to the 
asymmetrical configuration of the linkage (Figure  1a), each 
5,10,15,20-tetraphenyl porphyrin core in COF-420 experiences a 
different chemical environment than its four nearest neighbor 
porphyrin cores. For example, if we denote cores arising from 
TAPP as “core A” and cores arising from TFPP as “core B”, then 
the nitrogen atom of the imine linkage is the first atom encoun-
tered as one moves outward from core A, whereas for core B the 
first atom encountered is carbon. Scanning tunneling micro
scopy (STM) was used to experimentally verify that this asym-
metrical bonding scheme results in the spatial separation of the 
conduction band (CB) and the valence band (VB) onto different 
porphyrin cores (i.e., different sublattices), thus forming a grid 
of molecular type II heterojunctions within COF-420. Hirshfeld 
charge analysis[5] performed using density functional theory 
(DFT) suggests that these molecular heterojunctions arise from 
dipole fields generated within the imine linkages of the COF.

The synthesis of single-layer COF-420 was carried out on a 
Au(111) surface in ultrahigh vacuum (UHV). TFPP molecules 
were first deposited onto the surface via thermal evaporation, 
followed by deposition of TAPP molecules (see Figure  S6, 
Supporting Information for the electronic structure of the 
constituent molecules before reticulation into COF-420). The 
adsorbed precursors were then gradually annealed to 180  °C 
and held at that temperature for 45 min to induce the condensa-
tion reaction that results in imine bond formation (Figure 1a). 
Figure  1b shows an STM topographic image of the resulting 
single-layer COF-420. Square lattice patches are observed that 
exhibit a “checkerboard” pattern, indicating an alternating array 

of two electrically distinct porphyrin cores (a small fraction 
of cores near the edge of the COF do not exhibit the checker-
board pattern, possibly due to metalation of core B).[6] The unit 
cell determined via STM imaging has equal sides of length 
a = b = 27 ± 1.6 Å. Figure 1c shows a zoomed-in image of COF-
420, with a superimposed line drawing of the chemical structure 
in the top right corner. We are able to unambiguously identify 
the darker porphyrin cores as core A (originating from TAPP) 
and the brighter porphyrin cores as core B (originating from 
TFPP) through the use of subsidiary reaction with 2,5-dimeth-
oxybenzene-1,4-dicarboxaldehyde (DMA) test molecules (see 
Section 3, Supporting Information, for details).

The local electronic structure of COF-420 was character-
ized by STM dI/dV point spectroscopy performed at different 
positions on the single-layer COF as shown in Figure 2 (point 
spectroscopy positions are shown in Figure 2a). The black curve 
in Figure  2b shows a reference spectrum taken at a nearby 
bare Au(111) region (the sharp drop at −0.5  V corresponds to 
a Shockley surface state band edge[7]). The blue curve shows 
a typical dI/dV point spectrum recorded on core A within the 
COF, whereas the red curve shows a typical dI/dV point spec-
trum recorded on the neighboring core B. Both cores exhibit 
two well-defined resonances that arise from bands composed 
of porphyrin molecular orbitals. The bands localized on core A, 
however, are shifted up in energy by ≈0.25  eV relative to the 
bands whose weight lies on core B (i.e., the bands are localized 
on different sublattices). This causes the VB to lie on core A 
while the CB lies on core B. Similarly, the outlying VB−1 and 
CB+1 bands are located on core B and core A, respectively. The 
resulting experimental bandgap for COF-420 is 1.92 ± 0.06 eV 
(i.e., the difference in energy between the CB and VB peaks).

The spatial localization of the COF-420 bands onto different 
sublattices is better seen in the dI/dV maps of Figure  2c–f, 
obtained at the different peak energies in the same COF 
region as imaged in Figure 2a. Figure 2c shows the dI/dV map 
obtained at the CB energy, where the local density of states 
(LDOS) lights up (i.e., has highest intensity) on core B sites. 
The CB LDOS pattern at each core exhibits a nearly fourfold 
symmetric structure with two orthogonal nodal lines crossing 
through the center of the porphyrin core. The LDOS intensity at 
the VB energy is shown in Figure 2d, and is found to be shifted 
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Figure 1.  Bottom-up fabrication of COF-420. a) Schematic representation of the synthesis of COF-420 from molecular precursors TAPP and TFPP. 
b) Representative large-scale STM topographic image of COF-420 on Au(111) (sample bias Vs = 0.8 V, tunnel current It = 10 pA). c) Close-up STM 
image of COF-420 with the chemical structure overlaid in top-right corner (Vs = 0.8 V, It = 10 pA).
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from core B sites to core A sites. The VB LDOS symmetry is 
also quite different than the CB LDOS in that it is “dumbbell” 
shaped and twofold symmetric rather than fourfold symmetric. 
The difference between the VB and CB LDOS shapes reflects 
the difference in symmetry between the highest occupied 
molecular orbital and the lowest unoccupied molecular orbital 
for isolated porphyrin molecules and their derivatives.[8] Unlike 
the CB states seen on the core B sublattice, some of the core 
A sites do not show LDOS intensity at the VB energy. This is 
caused by small, spatially inhomogeneous shifts in the energy 
of the VB peak, likely due to surface defects and conformational 
changes within the COF (including the number of complete 
nearest neighbor bonds). The VB peak has the narrowest width 
and so slight shifts in energy for molecules on the core A sublat-
tice causes dramatic reductions in VB intensity in constant bias  
dI/dV maps. Figure  2e,f show that the CB+1 and VB-1 LDOS 
also reside separately at core A and core B sites, respectively, thus 
separating onto different sublattices just as seen for the VB and  
CB states. The COF-420 spectroscopy shows all of the hallmarks 
of type II heterojunctions, including a staggered band structure 
and spatial localization of VB and CB states at different physical 
locations. Unlike a conventional type II heterojunction which 
has only a single interface, COF-420 exhibits a periodic array of 
heterojunctions that exist between each adjacent molecular core.

In order to identify the underlying cause of the staggered band 
structure and wave function localization observed in our experi-
ments, we performed first-principles calculations of COF-420 

using DFT at the generalized gradient approximation (GGA) 
level. These efforts were aimed at answering three fundamental 
questions. The first question is simply whether DFT-based 
simulations are able to reproduce the experimental phenomena 
observed in order to confirm that it is consistent with the phys-
ical system we believe to be measuring. The second is whether 
this behavior is intrinsic to the COF, or rather a byproduct of the 
interaction between the COF and the Au(111) substrate. The third 
question is what microscopic mechanism causes type II hetero-
junction behavior to arise between the sublattices of COF-420.

We addressed the first question by modeling the behavior of 
COF-420 on Au(111) using the unit cell sketched in Figure 3a. 
The STM dI/dV spectra were simulated by separately calcu-
lating the projected density of states of this system onto core A 
and core B, as shown in Figure 3b. The core A sublattice (blue 
curve) shows two prominent peaks corresponding to the VB 
and CB+1 bands whereas core B (red curve) shows two peaks 
shifted down in energy with respect to core A (corresponding 
to the VB-1 and CB bands). The resulting bandgap is 1.10 eV, 
≈0.82  eV smaller than the experimental value, which is due 
to the known behavior of GGA-DFT calculations to underesti-
mate quasiparticle bandgaps.[9] Other than the gap, however, 
the calculation reproduces the experimental results closely. For  
example, the VB and CB are seen to localize on different sublat-
tice cores, precisely as seen in the experiment (Figure  S1, 
Supporting Information). Also, the energy differences between 
VB and VB-1 as well as between CB and CB+1 have an average 
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Figure 2.  Electronic structure of COF-420. a) Close-up STM image of COF-420 (Vs = 0.8 V, It = 10 pA). Red and blue x’s indicate the positions where 
dI/dV spectra were recorded. b) dI/dV spectra taken at location of core B (red curve) and core A (blue curve) shown in (a), as well as spectrum from 
bare Au(111) surface for reference (black curve). Each curve is normalized by the value at Vs = −1.28 V and the red (blue) curve is upshifted by 4 a.u. 
(1.75 a.u.) for clarity (open feedback set point parameters: Vs = 0.8 V, It = 20 pA for all the curves; modulation voltage Vrms = 10 mV). c−f) Experimental 
dI/dV maps for: c) the COF CB at 0.72 V, d) the COF VB at −1.09 V, e) the COF CB+1 at 0.98 V, and f) the COF VB−1 at −1.35 V (dI/dV map parameters: 
It = 20 pA; modulation voltage Vrms = 10 mV).
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magnitude of 0.31  eV, very close to the average experimental 
value of 0.25  eV (these differences do not suffer the known 
GGA-DFT tendency to underestimate bandgaps). The simulated 
electronic structure thus yields a robust network of molecular 
type II heterojunctions in agreement with the experiment.

The behavior of freestanding COF-420 layers was also calcu-
lated in order to check that the staggered electronic structure of 
COF-420 is an intrinsic property and not the result of substrate 
interactions. The behavior of freestanding COF-420 was found 
to be nearly identical to COF-420 on Au(111). This can be seen in 
the projected density of states (PDOS) plots of Figure S3 in the 
Supporting Information as well as in Figure 4a,b which show 
that the VB and CB wave functions of freestanding COF-420 
are separately localized on core A and core B, just as observed 
experimentally and in the COF-420/Au(111) simulation. 
The bandgap calculated for freestanding COF-420 is 1.38  eV 
(Figure  S3, Supporting Information), slightly larger than the 
energy gap calculated for COF-420 on Au(111) (1.10 eV). This 
difference is expected to be due to the enhanced screening 
experienced by COF-420 when it is in contact with Au. The 
band offset obtained from the average energy difference of the 
VB and VB-1 bands as well as the CB and CB+1 bands for free-
standing COF-420 is 0.31  eV, almost identical to the average 
band offset calculated for COF-420 on Au(111) (0.31  eV), as 
well as the average experimental offset (0.25 eV).

To understand the microscopic mechanism driving the 
formation of a periodic array of type II heterojunctions in 
COF-420, we took a closer look at the simulated charge distribu-
tion within the COF network. This suggests that the staggered 
band structure originates from the dipole field generated by the 
oriented imine bonds linking the porphyrin cores. The charge 
distribution was calculated for a freestanding COF-420 single-
layer using the Hirshfeld charge analysis as implemented 
by the Tkatchenko–Scheffler method in the Vienna Ab Initio 
Simulation Package (VASP) (see Experimental Section). This  
technique allows evaluation of the difference in charge density 
that arises in the vicinity of each atom due to the formation of 
surrounding chemical bonds[5] and has been used to analyze 
other extended molecular systems.[10] A Hirshfeld popula-

tion plot of the freestanding COF-420 is shown in Figure  4c. 
While significant charge redistribution can be seen throughout 
the COF, the distributed net charge on core A is very similar 
to the distributed charge on core B (the dashed circles enclose 
the identical porphyrin macrocycles of core A and core B). 
The formation of dipoles can be seen between the porphyrin 
macrocycles that are generated by charge accumulation on the 
nitrogen atom (blue, qN = −0.128 |e|) as well as the carbon and 
hydrogen atoms (red, qCH = 0.075 |e|) within the imine bonds. 
The lower energy of core B relative to core A arises because the 
positive end of the imine dipole always points toward core B, 
whereas the negative end always points toward core A.

To further test this idea we can perform a rough estimate of the 
inter-sublattice electrostatic energy offset arising from the dipole 
field of the oriented imine bonds using the simplified geometry 
of Figure 4d. For an electron placed at the center of core A, the 
energy increase arising from the four nearest imine dipoles is

E
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here p is the strength of the imine dipole, d is the length of the 
dipole, and r is the distance from the dipole center to the core 
center. The strength of the imine dipole is p

q q
d

2
CH N= −

 where qN 
is the charge on the nitrogen atom and qCH is the charge on the 
CH group. From symmetry we see that ΔEB = −ΔEA, and so the 
energy difference arising from the dipole field for an electron 
on core A compared to an electron on core B is ΔET = 2ΔEA. If 
we use the values qN = −0.128 |e| and qCH = 0.075 |e| from the 
Hirshfeld analysis, r = 9.53 Å from the molecular geometry, and 
d = 1.29 Å (the length of a double bond) then we see that ΔET = 
0.16 eV, in reasonable agreement (given the degree of approxi-
mation) with the observed experimental band offset of 0.25 eV.

In conclusion, we have synthesized a porphyrin-based imine-
linked square-lattice single-layer COF with atomically-precise type 
II heterojunctions distributed throughout the entire lattice. Char-
acterization of the COF by STM and spectroscopy measurements 
and ab initio simulations reveals that an asymmetrical chemical 
environment of the adjacent porphyrin cores causes localization 
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Figure 3.  Theoretical electronic structure of COF-420. a) Optimized geometry of COF-420 on a Au(111) surface resulting from DFT calculation (unit 
cell marked by dashed lines). b) Theoretical PDOS calculated for COF-420 on Au(111) (i.e., DOS projected separately onto the two cores). The red 
curve represents the PDOS of core B whereas the blue curve represents the PDOS of core A.
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of the CB and VB onto distinct COF sublattices. Hirshfeld charge 
analysis implies that the origin of the heterojunction behavior 
is the asymmetrical dipole field that arises from oriented imine 
linkages within the COF. We expect this COF to exhibit novel 
optoelectronic properties since exciton formation should lead to 
the generation of electron and hole quasiparticles localized on 
different COF sublattices.

Experimental Section
Synthesis of meso-Tetra(p-formylphenyl)porphyrin (TFPP): The synthesis 

of TFPP was carried out according to a literature protocol (Section S4, 
Supporting Information).[11] In a first step, 4-bromobenzaldehyde was 
protected using neopentyl glycol to yield 2-(4-bromophenyl)-5,5-dimethyl-
1,3-dioxane (90%). In a second step, lithiation at −78  °C followed by 
formylation with 1-formyl piperidine yielded 4-(5,5-dimethyl-1,3-dioxan-2-yl)
benzaldehyde (91%). In a third step, reaction with pyrrole catalyzed by 
trifluoroacetic acid yielded tetrakis[4-(1,3-dioxa-5,5-dimethylcyclohex-2-yl)
phenyl]porphyrin (3%). Finally, deprotection of the 5,5-dimethyl-1,3-dioxane 
protecting groups yielded meso-Tetra(p-formylphenyl)porphyrin which  

was purified by column chromatography (dichloromethane) and isolated 
as a dark violet solid (78%).

Surface Growth: Standard Ar+ sputtering/annealing cycles were 
applied to a polished Au(111) crystal to yield an atomically clean surface. 
Molecular precursors for COF-420 were deposited onto the clean Au(111) 
surface held at room temperature in an UHV environment (base pressure 
≈2 × 10−10 Torr) using a home-built Knudsen-type dual-cell evaporator. The 
temperature of evaporator for TAPP and TFPP precursors were 330 °C and 
340  °C, respectively. The mixed adlayer was then gradually annealed to 
180 °C and held at that temperature for 45 min to induce the Schiff-base 
condensation reaction to form the COF. All STM and STS measurements 
were performed at T = 7K in a home-built cryogenic STM. A Pt/Ir tip was 
used for all STM measurements. The tip microstructure was changed 
repeatedly for STM imaging and spectroscopy to rule out tip-based artifacts.

Electronic Structure Calculations: Geometry optimization and electronic 
structure calculations for freestanding COF monolayers were performed 
using the projector-augmented wave (PAW) method[12] with the Perdew–
Burke–Ernzerhof (PBE) functional[13] (dispersion interactions were taken into 
account using the Tkatchenko–Scheffler (TS) method[14]). The plane-wave  
cutoff was set at 400  eV. A Gamma-point-only k-sampling was adopted 
for geometry optimizations and a 6 × 6 × 1 k-mesh generated by the 
Monkhorst-Pack scheme[15] for the Brillouin zone was used for electronic 
structure analysis. An energy convergence criterion of 10−6 eV was used for 
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Figure 4.  Local charge transfer leads to spatial separation of CB and VB. a) Charge density distribution for free-standing COF-420 state at the CB 
minimum and b) charge density distribution at the VB maximum. (partial charge density isosurface plotted for 8 × 10−4  |e| (bohr)−3). c) Hirshfeld 
population plot of free-standing COF-420 showing the formation of local dipoles generated by the net charges accumulating on nitrogen atoms (blue, 
qN = −0.128 |e|), as well as carbon and hydrogen atoms (red, qCH = 0.075 |e|) of the imine bonds between porphyrin macrocycles. d) Sketch of a simple 
electrostatic model showing how the dipole field arising from the oriented imine bonds leads to an energy offset between core A and core B.
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self-consistent calculations while atomic positions were relaxed until the 
maximal force on each atom was smaller than 0.01 eV Å−1. A 15 Å vacuum 
layer was placed between periodic images of the COF monolayer to ensure 
decoupling between neighboring monolayers. Charge transfer values were 
obtained by the Hirshfeld charge density analysis.[5]

The COF-420/Au(111) system was modeled using a repeated slab 
approach that included a vacuum region of more than 18  Å along the 
z-direction and four Au layers. The bottom two layers of Au were fixed 
in their bulk positions (primitive lattice constant = 4.17  Å) while all 
other atoms in the slab were relaxed to obtain the optimized structure. 
Dispersion interactions were taken into account using the Tkatchenko−
Scheffler vdWsurf correction (DFT-vdWsurf)[16] which has been known to 
yield accurate absorption heights and binding energies for a variety of 
atoms and molecules adsorbed on metal surfaces.[16,17] The convergence 
of the Hellmann–Feynman force was set at 0.02 eV Å−1. To compensate 
for long-range dipole–dipole interactions among the asymmetric slabs, 
a dipole sheet was introduced in the middle of the vacuum gap; this 
procedure leads to zero electric field in the vacuum region, allowing a 
reliable evaluation of the surface potential.

All quantum-chemical calculations were performed with the VASP.[18]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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