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We have considered three two-dimensional (2D) m-conjugated
polymer networks (i.e., covalent organic frameworks, COFs)
materials based on pyrene, porphyrin, and zinc-porphyrin cores
connected via diacetylenic linkers. Their electronic structures,
investigated at the density functional theory global-hybrid level,
are indicative of valence and conduction bands that have large
widths, ranging between 1 and 2 eV. Using a molecular approach to
derive the electronic couplings between adjacent core units and the
electron-vibration couplings, the three n-conjugated 2D COFs are
predicted to have ambipolar charge-transport characteristics with
electron and hole mobilities in the range of 65-95 cm2V-is1, Such
predicted values rank these 2D COFs among the highest-mobility
organic semiconductors. In addition, we have synthesized the zinc-
porphyrin based 2D COF and carried out structural characterization
via powder X-ray diffraction, high-resolution transmission electron
microscopy, and surface area analysis, which demonstrates the
feasability of these electroactive networks. Steady-state and
flash-photolysis
measurements on

time-resolved microwave
the zinc-porphyrin COF
appreciable, broadband photoconductivity while transmission
spectral measurements are indicative of extended m-conjugation.

conductivity
point to
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1. Introduction

Two-dimensional (2D) materials are garnering a great deal of
attention due to their remarkable physical and chemical
properties and their high potential for a variety of applications.l-
4 While graphene, the prototypical 2D material, displays
electron and hole mobilities in excess of 5,000 cm?2V-1s1 at room
temperature,® its semimetallic nature prevents its use in many
electronic applications.® More recently, other 2D materials
based on transition metal dichalcogenides have been
developed; these systems have a finite bandgap and charge-
carrier mobilities up to 200 cm?V-1s'! have been reported in the
case of MoS,” and WSe,.8

Covalent organic frameworks (COFs) represent another class of
promising materials.?1> These are porous systems formed by
the precise linkage of organic building blocks through covalent
bonds in order to generate predetermined assemblies, which
can have a three-dimensional (3D)0 or 2D layered structure.®
Promising applications of COFs include gas storage,® 17 gas
separation,’8 energy storage,’® catalysis,2% 2! or optoelectronic
devices.* To date, the measurements of charge-carrier
mobilities have been restricted to bulk COF structures.?2 Also,
pressed pellets of the fully m-conjugated pyrene-based COF
synthesized by Jiang and co-workers show conductivities along
the stacks on the order of 7x10* S/cm after doping with
iodine.!> In such systems, charge transport can be theoretically
described with approaches similar to those used for organic
molecular crystals.2? Up to now, however, except for a few
preliminary studies,?* 2> there has been no comprehensive
investigation of the charge-transport mechanism within the
plane of 2D (isolated) m-conjugated COF sheets. Here, our
objective is to develop a theoretical framework to describe
charge transport in strictly 2D m-conjugated polymer networks.
Our description exploits intra-molecular electron transfer
theory,26 which we have extensively applied earlier in the
context of organic mixed-valence systems. 2D COF structures
are generally designed on the basis of three-arm cores (for
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instance, benzene or tri-phenylene) or four-arm cores (for
instance, pyrene or porphyrins). Three-arm cores turn out to
have the propensity to lead to the formation of highly
symmetric (kagome) lattices,?” which often result in the
appearance of totally flat top valence bands and/or bottom
conduction bands; in such cases, the charge-carrier effective
masses are extremely large and the related carrier mobilities
vanish. Thus, we have chosen to work here with four-arm cores.
Given our earlier experience with quasi-1D polypyrene?® and
polyporphyrin?® conjugated chains and the experimental
interest in pyrene and porphyrin 2D COFs, we investigate three
2D conjugated polymer networks based on four-arm pyrene
(Pyr-COF), porphyrin (Por-COF), and zinc porphyrin (ZnPor-COF)
cores; these are connected via diacetylenic linkers, which are
selected since they are expected to provide larger electronic
couplings between adjacent core units than the typical long,
twisted, phenylene-based linkers.2> 30 31 |n addition, sp2-
carbon-conjugated COFs exhibit a higher degree of conjugation
with respect to imine-linked COFs. This comes, however, at the
expense of a highly difficult synthesis of crystalline, ordered
COFs, due to the irreversible nature of C-C coupling chemistry.>
3236 The chemical structures of the three 2D COFs under
investigation are shown in Figure 1. We note that the synthesis
of Pyr-COF has been reported, with powder
conductivity measurements giving an electrical conductivity on
the order of 10 S/cm.33

In this work, we first combined density functional theory (DFT)
calculations with an oligomer approach to estimate the charge-
transport parameters. In view of the strength of the connection
between the electronic structure and geometric structure in 1t-
conjugated systems,3” we then evaluated the charge-carrier
mobilities by taking explicit account of electron-vibration
couplings. We synthesized the Zn-Por COF and, with the insight
from the theoretical calculations, carried out: (i) its structural

recently

characterization via IR, transmission spectral measurements,
solid-state 13C NMR, powder X-ray diffraction (PXRD), high-
resolution transmission electron microscopy (HR-TEM), and
Brunauer-Emmett-Teller (BET) surface area analysis; and (ii) its
charge-transport characterization via steady-state and flash-
photolysis time-resolved microwave conductivity (fp-TRMC)
measurements.

2. Computational methodology

The geometry optimizations of the 2D periodic structures were
performed at the density functional theory (DFT) level with the

(a)

(b)

Figure 1. Chemical structures of the: (a) pyrene (Pyr-COF); (b) porphyrin (Por-COF); and
(c) zinc porphyrin (ZnPor-COF) 2D COFs.

2| J. Name., 2012, 00, 1-3

global-hybrid PBEO functional and the POB-TZVP basis set
(optimized for periodic solid-state calculations),38 using a 5x5 k-
point mesh. During the optimizations, both the atomic positions
and the unit-cell parameters were fully relaxed. The electronic
band structures were calculated at the same level of theory. The
effective masses were evaluated by diagonalizing the inverse of
the effective mass tensor (1/mj); the latter was obtained from
the valence band maximum or conduction band minimum using
a finite-difference method with a 0.01 1/Bohr step. All these
calculations were performed with the CRYSTAL17 package.39 40
The electronic couplings and electron-vibration (phonon)
couplings were evaluated from the energies of the ground and
excited states of molecular fragments, as discussed below. All
molecular electronic-structure calculations were performed
with the PBEO functional and the 6-31G(d,p) basis set, using the
Gaussian 09 package.*!

3. Results and Discussion

3.1. Geometric and electronic structure

The unit cell of Pyr-COF contains four ethynylene linkers that
are connected to the 1, 3, 6, and 8 positions of a pyrene core, as
illustrated in Figure 1(a). The optimized Pyr-COF lattice
symmetry belongs to the p2gg plane group (characterized by
glide reflection symmetry), with unit-cell parameters a; = a; =
12.08 A and y = 96°. In both Por-COF and ZnPor-COF, the four
ethynylene linkers are connected to the meso positions of the
porphyrin or zinc porphyrin cores, see Figure 1(b) and 1(c). The
optimized unit-cell parameters of the Por-COF and ZnPor-COF
area;=a,=13.44Aandy=90° anda;=a,=13.43Aandy =
90°, respectively. Assuming that in Pyr-COF the two hydrogens
effectively delocalize among the four inner N atoms, both
systems belong to the p4mm plane group (characterized by
reflection symmetry with mirrors at 452). The band structures
of the three COFs are shown in Figure 2. They are direct-gap
semiconductors with calculated bandgaps of 1.63 eV (at the I'-
point) for Pyr-COF, 0.99 eV (at the K-point) in Por-COF, and 1.23
eV (at the K-point) in ZnPor-COF. These systems can thus be
classified as low bandgap COF materials, which are of current
great interest.*?2 Importantly, the conduction and valence bands
exhibit large widths in all three COFs: 1.5 eV [1.5 eV] for the
valence band [conduction band] in Pyr-COF; 1.7 eV [1.1 eV] in
Por-COF, and 1.8 eV [1.0 eV] in ZnPor-COF. As a direct result of
the strong dispersion of the frontier electronic bands, the
effective masses for both holes and electrons are small. Given
that the Pyr-COF unit cell is oblique and thus deviates from a
square unit cell, the charge-transport properties are expected
to be anisotropic; we find indeed effective masses in Pyr-COF of
0.13 mo and 0.24 mg for holes and 0.12 mg and 0.26 mg for
electrons. In the porphyrin COFs, the hole effective masses are
calculated to be even smaller and more isotropic (in view of the
quasi-square lattice symmetry): 0.07 mg and 0.09 mg in Por-COF
and 0.08 mg and 0.10 mg in ZnPor-COF. In the case of electrons,
the situation in the porphyrin systems turns out to be more
complex due to (quasi-)degeneracy of the LUMO and LUMO+1

This journal is © The Royal Society of Chemistry 20xx
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orbitals (see Supplementary Information), which results in a 4 — 1
strong mixing of the electronic states around the conduction 3 sieg /j_:\‘“\
band minimum; this feature is particularly evident in the case of (a) _ RIS

ZnPor-COF where the two corresponding sub-bands are 24 .2
degenerate at the M point. In this instance, in analogy with the

3

case of the valence band in GaAs, it would be necessary to é o r X
introduce effective masses for each sub-band;*3 since a full §o ] / y
account of this issue is beyond the scope of the present work, tu SRIEES R
we simply mention that, based on a fitting of the lowest - \‘-\,/" \‘\_\ _,/'/
conduction sub-bands in Por-COF and ZnPor-COF, the electron -21
effective masses are estimated to be as small as ca. 0.1 mo. It is o B
important to emphasize that, overall, such small effective _3r X L Y AB r
masses are among the lowest calculated for organic-based 4
semiconductors and can be expected to give rise to high charge- /\
carrier mobilities. (b) 3

5]
3.2. Electronic couplings /

E —Evpm (eV)

/_
As a useful step towards determining the strength of the |
electronic couplings between adjacent core units, we take Pyr- —1’_/—
COF as an example and show next that its electronic structure e
can be rationalized in the framework of a simple tight-binding,
Huckel-like model. Inspection of the 2D-periodic wave functions -3
indicates that the charge transport for both electron and holes
can be viewed as originating in electron/hole transfer between

adjacent pyrene units, which play the role of charge-carrying 37/-
moieties. This is more clearly seen when considering the

2_
frontier orbitals (see Figure 3) of a molecular model consisting /

_|
>
=
-

—
(@]

~—

IS

of two diacetylene-linked pyrene units (to which we refer below
as a dimer; see also Figure S1). As illustrated by Figure 3, the
HOMO (highest occupied molecular orbital) and HOMO-1
represent symmetric and anti-symmetric linear combinations of -11
the HOMOs of the pyrene units. The same holds true for the
LUMO (lowest unoccupied molecular orbital) and LUMO+1, see 2 %

Figure S2. It is also useful to note the similarity between the —3r = =
dimer HOMO and the wavefunction of the 2D Pyr-COF at the

valence band maximum (I-point). Importantly, this picture is (the two bands depicted with dashed lines refer to those derived from the
strongly reminiscent of that typically found in the case of intra- tight-binding modelling); (b) Por-COF; and (c) ZnPor-COF (the Brillouin
molecular electron transferin organic mixed-valence S\/S'EemS.26 zones and high-symmetry points are shown in the insets). The valence and
Indeed, since there is no direct overlap between the frontier conduction bands are colored in blue and red, respectively. The zero of
orbitals of the pyrene cores, the electron transfer between two ~ enersy is taken as the valence band maximum, Evew (shown by the
localized (diabatic) pyrene states is in fact mediated by the
linker units, as is usually the case for mixed-valence systems.
Thus, the electronic couplings between the (charge-carrying)
pyrene moieties has a super-exchange nature and come from
the mixing of the pyrene frontier with the diacetylenic linker
orbitals. This feature clearly underlines that the choice of both
the charge-carrying units and the linkers is critical to secure
good charge-transport properties. Taking advantage of the
similarity with mixed-valence systems, we can use the energies
of the frontier orbitals of the pyrene dimer to estimate the
effective electronic couplings, ter, between adjacent core units
by means of the dimer energy-splitting approach:23.26

E —Evgm (eV)
=
_ll\

-

Figure 2. DFT-PBEO-calculated electronic band structures of: (a) Pyr-COF

horizontal dashed gray line).

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Figure 3. (a) lllustration of the HOMO and HOMO-1 wavefunctions in the Pyr-COF dimer
and estimation of the transfer integrals (t) for holes, based on the energy-splitting
approach; A denotes the difference between the HOMO and HOMO-1 energies of the
dimer; the red and blue dots express the symmetry of the tight-binding wavefunctions.
(b) HOMO of the pyrene building block. (c) Wave-function of the valence band maximum
of the 2D Pyr-COF at the -point.

_ Expr+11= En-1p
leff =— 5 (1)

where Eppy and Enapsy) are the energies of the HOMO and
HOMO-1 [LUMO (and LUMO+1] levels of the dimer in the 2D
COF geometry. We note that, to confirm the validity of this
approach, we applied it as well to tetramers and obtained
similar results for tes (see Figure S2d). Since the results based on
dimers are more straightforward to discuss, we focus on them
below. In Pyr-COF, tefs is ca. 204 meV and has the same value for
holes and electrons. It must be stressed that such values are
much larger than those reported in the case of the organic
molecular crystals with the highest charge-carrier mobilities
(for example, tefr is estimated to be 85 meV in the pentacene
crystal and 83 meV in the rubrene crystal).?3 2D periodic tight-
binding (Hiickel) calculations, where we consider one effective
orbital energy per site and use the effective transfer integrals
coming from the dimer calculations, reproduce very well the
DFT-PBEO valence and conduction bands of Pyr-COF (see the
dotted-line frontier electronic bands in Figure 2a). Also, the
bandwidths can be estimated as 8 times tef (i.e., 1.6 eV), which
is as well in very good agreement with the DFT bandwidths (1.5
eV). Even larger transfer integrals, 232 meV, are predicted for
holes in both Por-COF and ZnPor-COF (see Figures S3 and S4);
there again the tight-binding simulations reproduce very well
the DFT valence bands (see Figures S5 and S6). As noted above,
the orbital (quasi-)degeneracy between the LUMO and LUMO+1
levels (see Figures S7 and S8) in Por-COF and ZnPor-COF
preclude a straightforward application of the dimer approach to
estimate the transfer integrals for electrons in these systems.
However, the similarity between the calculated effective
masses for holes and electrons (see Table S1) indicates that the
corresponding transfer integrals are also comparable. This
conclusion is also supported by the inter-valence charge-
transfer data reported for the mixed-valence cation and anion
radicals of bis(porphyrinyl)butadiyne (which is a structural
analogue to the Zn-Por dimer considered here); the transfer

4| J. Name., 2012, 00, 1-3

integrals deduced from these experimental data are 225 and
253 meV for electrons and holes, respectively;** these values
compare extremely well with our 232 meV DFT estimate.

3.3. Electronic-vibration couplings

In addition to the electronic couplings, the characterization of
the charge-transport properties also requires the knowledge of
the electron-vibration (phonon) couplings. As was shown in the
case of organic molecular crystals,?3 there exist two electron-
vibration mechanisms that affect charge transport. The first
mechanism comes from the vibration-induced modulations of
the site energies and is usually referred to as the local electron-
vibration coupling; the local coupling is the key interaction
accounted for in Holstein-type polaron models*®: 46 and Marcus
electron-theory;*’ its strength is expressed in terms of the
polaron binding energy, Eyo, or the reorganization energy, A
(whose value is twice Epa). The local electron-vibration
contributions can be evaluated from the energies of the neutral
and anion or cation states of the charge-carrying moieties, as
discussed in detail elsewhere.?* The DFT calculations yield Epo
values for holes [electrons] of 67 [96] meV, 27 [85] meV, and 28
[47] meV in Pyr-COF, Por-COF, and ZnPor-COF, respectively.
Since these Epq values are significantly smaller than the relevant
electronic bandwidths, the local electron-vibration interactions
are not strong enough to lead to charge-carrier localization and
the formation of small (molecular) polarons. The second
electron-vibration coupling mechanism is referred to as non-
local or Peierls coupling;23 48 it stems from the modulation of
the transfer integrals by vibrational (phonon) modes:

where v; and Q; denote the vibrational coupling constants and
coordinates of the vibrational modes, respectively. Since a
comprehensive description of this mechanism in 2D COFs still
poses a very challenging task, it is useful here as well to take
advantage of the dimer approach developed for mixed-valence
systems; the strength of the non-local electron-vibration
coupling, L (with L= Zvjz/ hwj, where w; denotes the
frequency of vibrational mode @Q;), can be accessed from the
potential energy surfaces of the ground and first excited states
of the charged dimers, which have been used for the transfer-
integral calculations.?3 26 The L values derived for hole
[electron] transport are 48 [49] meV, 76 meV, and 67 meV in
Pyr-COF, Por-COF, and ZnPor-COF, respectively. These values
are significant and result in substantial modulations of the
transfer integrals at elevated temperatures (see Table S2). Thus,
these results point out that the non-local electron-vibration
interactions represent an important scattering mechanism for
charge carriers in the 2D systems investigated here.

3.4. Charge-carrier mobilities

This journal is © The Royal Society of Chemistry 20xx
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In order to estimate the carrier mobilities, the local electron-
vibration coupling, being mainly due to high-frequency
vibration modes, can be taken to contribute only to a
renormalization of the transfer integrals and non-local electron-
vibration couplings. Following Zhu et al.,*? the renormalization
parameter o corresponds to:

a = exp{—Ep, coth(hw/2ksT)/hw} (3)

where w is the frequency of an effective vibration mode. By
using a value of w= 1200 cm?, representative of carbon-carbon
bond stretches in m-conjugated systems, and the E,q values
given above, the derived a values are 0.63, 0.83, and 0.83 in Pyr-
COF, Por-COF, and ZnPor-COF, respectively. Since the ratio L't =
Cis in all cases smaller than 1 (T = 0.24 in Pyr-COF, 0.29 in Por-
COF, and 0.32 in ZnPor-COF), which means that the electronic
couplings are significantly stronger than the electron-vibration
couplings, the carrier mobilities can be evaluated by considering
that charge transport takes place in the band regime and
treating the non-local coupling as a perturbation (relaxation-
time approximation).>°

The mobilities along the [10] and [01] directions can then be
calculated by means of Eq. 4, which has originally been derived
for a one-dimensional case in the limit where the bandwidth is
much larger than kgT, which is the case here:>0 51

ea

21 t \/2
Mband = =~ 57= (kB—T) “4)

In Eq. 4, a denotes the distance between two adjacent core
units. Taking into account the (renormalization) effect of the
local electron-vibration interactions, the mobilities are
estimated to fall in a range from ca. 66 cm2V-1s1 for both
electrons and holes in Pyr-COF, to ca. 82 cm2V-1s'1 and 94 cm?2V-
1s-1 for holes in Por-COF and ZnPor-COF, respectively (see Table
S3, where we also list the mobility values when the
renormalization due to the local electron-vibration coupling is
neglected). These mobility values are of the same order of
magnitude as those experimentally measured in graphdiyne (up
to 100 cm?2V-1s1), where benzene cores are connected via six
diacetylenic linkers.>2

Finally, we note that we also calculated the mobilities by
treating the electron-vibration couplings in the framework of
the deformation potential (DP)5® model (see *ESI for details).
The reason is that this model has been recently used to estimate
the mobilities in single-layer Hittorf’s phosphorus,>* graphene,>>
graphdiyne sheets,%¢ and triangulene-based COF.>” The DP-
based mobilities (see Table S4) are calculated to reach nearly
8x103 cm?2V-1s1 for both holes and electrons in Pyr-COF and are
even one order of magnitude larger in Por-COF. These results
underline that the charge-carrier scattering due to the DP
mechanism plays only a minor role on the charge-transport
properties of the 2D COFs investigated here; thus, given the
propensity of the DP model to hugely overestimate the

This journal is © The Royal Society of Chemistry 20xx
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mobilities of m-conjugated 2D COFs, its application to such
systems should be made with much caution.>”

3.5. Synthesis and characterization of ZnPor-COF

To demonstrate that these diacetylene-linked porphyrin COF
materials can be realized, the zinc-metallated porphyrin 2D
COF, ZnPor-COF, 2, was synthesized under copper-catalyzed

I
CulOAc),
_ Diisopropylamine
-dioxane, 90°C
3days

c D w0
= 2 g1
Experimental T 250 Seer=410m*g
£ 200
Refined gE’150
I
= )L,_\ £5100
" =
s i © 50 =e-Adsorption
= I Partial Offset 3 ) O Desorption
0 T T T T
ﬁ | | A E 0 025 05 075 1
£ Full Offset Relative Pressure (P/Po)
o 0.01
LL_t 2o
Eclipsed £ E 004
£350.002
- v ® E
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Pore Width (A)

F Two Theta (°) G

50 nm

Figure 4. (A) Synthesis of zinc porphyrin 2D COF; (B) modelled porphyrin COF
structure; (C) experimental and simulated PXRD patterns; (D) N, adsorption (closed
circles) and desorption (open squares) isotherms (77 K) for 2, and (E) pore size
distribution of 2. (F) Low-resolution TEM images (inset: SAED pattern particles) (G)
High-resolution TEM images (inset: FFT of boxed region in (F). Side panels: lattice
image of boxed region in (F) and bandpass filtered image of that region) of zinc
porphyrin 2D COF particles.
Eglinton coupling of the 5,10,15,20-tetrakis(ethynyl)porphyrin-
zinc(ll) monomer, 1, ZnTEP, which was itself synthesized
according to literature procedures,>® 5° see Figure 4a and the
*ESI for more details. We note that the metal-free porphyrin
COF, Por-COF, could not be synthesized due to the insolubility
of the 5,10,15,20-tetrakis(ethynyl)porphyrin monomer in
common organic solvents.
To evaluate whether the ZnPor-COF synthesis conditions
created a crystalline network, we collected powder X-ray
diffraction (PXRD) patterns of the resultant materials. The
optimized reaction conditions yielded 2 as a micro-crystalline
solid, as indicated by its PXRD pattern (Figure 4c). A diffraction
feature was observed at approximately two theta = 7.5°, which
we assigned to the approximate spacing between Zn atoms and
the 100 Bragg peak. This, combined with the geometric

J. Name., 2013, 00, 1-3 | 5
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constraints of the monomers, indicated to us that the 2D
structure was that shown in Figure 4b; initially, we thus
modelled the structure using a primitive P4 unit cell. However,
we were also interested in assigning the stacking structure of
the 2D sheets. We first modelled the stacking of a completely
eclipsed (AA stacking) and completely offset structure (AB
stacking), which we then used to predict their respective XRD
patterns (Figure 4c). The relative intensities of the 100 and 110
features indicated that the stacking was between fully eclipsed
and fully offset. Using this information, we conducted a Pawley
refinement to more appropriately determine the correct
structure. This produced a partially offset structure with a
predicted diffraction pattern in good agreement with the
experimentally obtained patterns (Figure 4c). We then allowed
the predicted pattern to broaden due to finite-grain effects
(details available in the *ESI). This analysis indicates that the
crystallites have an average in-plane and out-of-plane
dimension of 30 nm, which is consistent with previously
reported COFs.%0 To assess the extent of functional group
conversion, we collected the attenuated total reflectance-
infrared spectrum of 2, and compared with the
tetraethynylzinc-porphyrin monomer 1 spectrum in Figure S9a,
see *ESI. The characteristic terminal alkyne C-H stretch at 3269
cml of monomer 1 is absent in 2, indicating consumption of
terminal acetylene of 1. The alkyne CC vibration at 2087 cm-! of
1 was observed at 2150 cm in 2. Similar shifts in alkyne CC
vibration peaks were observed for the diphenylbutadiyne®!
model compound, which was synthesized using the same
synthesis conditions as for the COF, see Figure S9b in *ESI. Solid-
state CP/MAS 13C NMR of 2 show three resonances related to
the porphyrin ring, and two weak resonances are attributed to
the acetylene moiety at 85.4 and 74.3 ppm (Figure S9c).
However, the appearance of resonances at 49.1 and 20.7 ppm
suggest that trace amounts of diisopropylamine, which was
used as a base in the COF synthesis, might present in COF 2
sample pores. To more fully characterize the structure of the
COF material, we performed N, isotherm experiments and a
Brunauer-Emmett-Teller (BET) analysis to determine the
surface area and pore size distribution of this COF (Figures 4d &
4e). This measurement shows that the COF has a high surface
area of >400 m?2 g1, to be compared with a theoretical surface
area of 900 m2 g1, see *ESI for details; this deviation in surface
area from the theoretical value is typical for microcrystalline
COF powders. Moreover, the contaminants in the COF sample,
as confirmed by solid-state 33C NMR, may have contributed to
the observed lower surface area values. Additionally, the pore
size distribution shows a maximum at approximately 1 nm,
which is consistent with expected pore size of the offset
structure. However, the broad XRD features, lower than ideal
surface area, and broad pore size distributions indicate that
defects are present within the material. To investigate the Zn-
porphyrin material structure further, we imaged the COF using
high-resolution transmission electron microscopy (HR-TEM).
The low-resolution images in Figure 4f show that the crystallites
are unfaceted sheet-like particles of approximately one-micron
length. Selected-area electron diffraction (SAED) (Figure 4f
inset) of the particles resulted in a four-fold diffraction pattern
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Figure 5. Representative fp-TRMC transients with increasing fluence (1 x 10— 4 x

10%5 photons /cm?) for a ZnPor-COF-PS film at 700 nm photoexcitation with 7 ns

pulse width.
consistent with the spacing observed by bulk XRD. High-
resolution images (Figure 4g) of the same crystallites showed
lattice fringes of approximately 1.2 nm, which were more easily
seen when the image was bandpass filtered, further
substantiating the structural assignment of the offset layers.
Additional TEM images of ZnPor-COF are presented Figures S10-
S11.

fp-TRMC measurements®2 63 were performed on ZnPor-COF and
monomer-like ([5, 10, 15, 20-tetraphenylporphyrinato]zinc(ll),
ZnTPP) films to obtain an estimate of the mobilities for both
materials. In doing so, we seek to deduce empirically the extent
of delocalization in ZnPor-COF relative to ZnTPP. To facilitate
measurements, the ZnPor-COF powder
embedded in inert polymer hosts (poly(methyl methacrylate,
PMMA) or polystyrene (PS), see ESI for film processing details)
to afford films with complete surface coverage of the substrate.
Analysis of the AC mobilities obtained by fp-TRMC for crystalline
particles is usually done with the Kubo relation,%* 6> which
requires as input the crystallite size. Taking for ZnPor-COF the
crystallite size (30 nm) measured by PXRD and assuming the
intrinsic (large-scale) mobility predicted theoretically (90 cm?2 V-
1s-1), the Kubo relation gives 3.5 x 102 cm? V-is? as the
maximum AC mobility that could be measured at 9 GHz for such
particle sizes (Figure S12). Upon photoexcitation at 700 nm of
the ZnPor-COF-polymer films, the fp-TRMC measurements
provide a yield-mobility product (¢Zu) of ca. 3 x 10> cm? V-1s1,
This experimental value of the yield-mobility product combined
with the theoretical estimate of the maximum AC mobility
allows us to place limits on both the actual charge carrier yield
and the AC mobility. The former may range from 0.1 — 100%,
and the latter from 3x10-5 — 3.5x102 cm2V-1s1 (see Figure 5 &
Figures S13-S15). There is no reasonable expectation that every
photon would generate a pair of charges (100% yield); thus, the
AC mobility is likely in the upper end of the estimated range.
Since neat conjugated polymers rarely exhibit charge yields
above 10%, 66-68 this suggests that the AC mobility within ZnPor-
COF 30-nm crystallites should be over 104 cm?2V-1s1,

insoluble was

This journal is © The Royal Society of Chemistry 20xx
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fp-TRMC measurements on a neat film of the monomer-like
ZnTPP upon excitations at 430, 550, and 700 nm — j.e., on
resonance with the Soret (430 nm) and Q-band (550 nm)
transitions, and off-resonance at 700 nm — did not result in
measurable yield-mobility products, see Figure S16. The
generation of photocarriers at 700 nm in ZnPorCOF-polymer
films, far from typical Zn-porphyrin monomer resonances, is
thus indicative of delocalized excitations due to electronic
couplings among Zn porphyrin units in the COF. This is
corroborated by the absorption spectra (acquired via
transmission measurements) of ZnPor-COF-polymer films that
show considerable optical density over the range of 300-1800
nm relative to the more discrete spectrum of ZnTPP (Figure
S17). We note that, to rule out scattering contributions,
absorption spectra of ZnPorCOF-polymer films were collected
using an integrating sphere; these spectra also show extended
absorption over the visible-to-NIR range, see Figure 6.

1.2
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ZnPorCOF-PS film
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1
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1
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Figure 6. Absorption spectra for ZnPor-COF-polymer blends taken by integrating sphere,
without scattering contributions. (We note that the lamp output ends at ca. 1400 nm;
the dip at 1250 nm is likely related to overtone absorption losses by the optical fiber
carrying thesource light).

In support of these data, photoconductivity action spectra were
acquired by a steady-state microwave conductivity experiment
(see Sl for details). Like the absorption spectra of ZnPor-COF-
polymer films, the action spectra showed broadband
photoconductivity over the range of 600-1100 nm (Figures S18-
S$19), which is consistent with the band structures calculated in
Section 3.1. Akin to fp-TRMC measurements, neat ZnTPP did not
afford measurable steady-state photoconductivity over a
wavelength range of 400-750 nm.

4, Conclusions

We have investigated at the DFT-PBEO level the electronic
structure of 2D m-conjugated polymer networks based on four-
arm pyrene, porphyrin, and zinc porphyrin cores connected via
diacetylenic linkers. The three 2D COFs are characterized by
large widths of both valence and conduction bands, on the
order of 1.5 to 2 eV, which leads to small hole and electron
effective masses. Our work demonstrates that the charge-

This journal is © The Royal Society of Chemistry 20xx
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transport properties of these 2D polymer networks, based on
fully m-conjugated core and linker building blocks, can be
described by models akin to those used to characterize electron
transfer in organic mixed-valence systems. Thus, calculations on
fragments extracted from 2D COF structures can provide simple
(and quick) estimates of the electronic and electron-vibration
couplings. Our approach can therefore be used for screening
the potential mobility values in new materials, even though
more extended first-principles calculations of the electron-
vibration (phonon) couplings could provide a more
comprehensive description of the charge-transport properties
in m-conjugated COFs. Considering the impact of (local and
nonlocal) electron-vibration couplings, remarkable charge-
carrier mobility values in the 65-95 cm?V-1sl range are
predicted for both electrons and holes in the 2D COFs
investigated here. These rank among the largest values,
predicted and measured, in organic (macro-) molecular
semiconductors.

A COF network consisting of four-arm zinc porphyrin cores was
synthesized. We obtained a micro-crystalline structure, which
based on the correlation between the experimental and
simulated PXRD patterns, nitrogen isotherms, and electron
microscopy, shows the expected tessellated structure. Steady-
state and time-resolved microwave conductivity measurements
reveal appreciable, broadband photoconductivity for ZnPor-
COF whereas monomer-like ZnTPP shows no measurable
mobilities. The next, challenging steps are to develop
experimental protocols that will both enable the formation of
COF with larger grain sizes and allow for exfoliation of the 2D
sheets and direct characterization of their intrinsic charge-
transport properties. Our joint theoretical and experimental
study points to important new directions for the development
of COFs with exceptional electronic properties.
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Two-dimensional fully m-conjugated covalent organic frameworks (COFs) represent an emerging
class of materials with rich chemistry and physics. Up to now, the charge-carrier mobility within
a single, isolated layer of such COFs had not been characterized. Here, we show theoretically
that the mobility in these systems can be described on the basis of concepts similar to those
applied to organic mixed-valence systems and can potentially reach values higher than in the
best organic crystalline semiconductors. We emphasize the importance of considering properly
the electron-vibration couplings that play an important role in all m-conjugated organic
materials (a feature however overlooked in earlier reports). We also demonstrate the synthetic
feasibility of some of these promising materials. Overall, we expect our work to trigger further
experimental and theoretical investigations of these fascinating systems.



