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Directing the long-range order and orientation of organic
semiconductors is critical to improving their performance.!!!
Multicomponent films used in bulk heterojunction organic
photovoltaic devices (OPVs) present the greatest difficulty, as
the packing, alignment, and interfaces of two incompatible
materials must be controlled in a systematic manner.”!
Strategies for manipulating molecular or polymer organiza-
tion over micrometer length scales combine aspects of
chemical design and processing techniques. Notable synthetic
approaches include crystal engineering of acene-based
organic semiconductors®! and noncovalent assembly medi-
ated by appended functionality,” including discotic liquid
crystals,! or shape complementarity.’! However, it remains
extremely difficult to predict or design the packing of
functional aromatic systems, as small chemical modifications
often induce major changes in solid-state structure. Order and
orientation over longer length scales are typically achieved
during film formation or annealing through substrate pattern-
ing,["! electrical or magnetic field alignment,® zone refining,”!
or diblock copolymer phase separation.!'”

Covalent organic frameworks (COFs) are an emerging
class of materials that organize and align organic semi-
conductors predictably."" COF syntheses use reversible
covalent bond-forming reactions to link molecular building
blocks into periodic two-dimensional (2D) or three-dimen-
sional networks. The 2D variants crystallize into layered
structures containing stacked aromatic subunits ideal for
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interlayer exciton and charge transport.'>'1 2D COFs exhibit
several desirable and unique features: The length and relative
orientation of their linking groups determine the lattice
structure, in contrast to the unpredictable packing of tradi-
tional organic semiconductors. Also, their permanent porosity
provides a continuous, high surface area interface for addi-
tional functionalization. COFs are typically isolated as
insoluble and unprocessable powders not easily incorporated
into devices, but we recently synthesized oriented COF thin
films on single-layer graphene (SLG).' These films would be
well suited for ordered heterojunctions except their pores are
too small to accommodate continuous domains of comple-
mentary semiconductors. Feasible lattice expansion is a tenet
of reticular chemistry but is largely undemonstrated in COFs.
Only the smallest possible pore width (2.3 nm) of the square
phthalocyanine network most relevant for OPVs has been
reported.”! Here we describe 2D Zn phthalocyanine (ZnPc)
COFs with expanded diagonal pore widths of 2.7, 3.4, 4.0, and
4.4 nm (Figure 1), by using the longest linkers incorporated
into COFs thus far. We prepared each COF under similar
reaction conditions, both as an insoluble powder and as an
oriented film on SLG. One of the ZnPc COF films exhibits
superior crystallinity and vertical alignment compared to any
other film we have prepared. Tuning the porosity and
composition of these materials while maintaining their
desirable topology demonstrates the versatility and power
of the COF approach.

The COFs were synthesized as powders by condensing Zn
octahydroxyphthalocyanine (5) with each of the four different
linear diboronic acid linkers shown in Scheme 1. The COF
syntheses were performed in sealed glass ampoules in 2:1, 3:1,
or 5:1 mixtures of dioxane:MeOH at 120°C for 72 h. The
COFs were reproducibly isolated as insoluble microcrystal-
line powders whose FT-IR spectra confirmed the formation of
boronate ester linkages resonant near 1340 cm ' and showed
attenuated hydroxy stretches (see Supporting Information,
Figures S8-S17). The COFs display excellent thermal stabil-
ity, each retaining about 90% of its mass upon heating to
350°C (Figure S26). ZnPc-Py COF and ZnPc-NDI COF
crystallize as needle-like structures, while ZnPc-DPB COF
forms rough irregular sheets and ZnPc-PPE COF forms
smooth um-size aggregated spheroids, as observed by scan-
ning electron microscopy (SEM, Figure S31).

The crystallinity of the synthesized COFs was determined
by powder X-ray diffraction (PXRD). As observed in
Figure 2, each of the COFs displays a PXRD pattern with
a large diffraction peak at 26 (Cug, radiation) and d spacings
of 3.20° (27.6 A) for ZnPc-Py COF, 2.67° (33.1 A) for ZnPc-
DPB COF, 2.44° (362 A) for ZnPc-NDI COF, and 2.36°
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Figure 1. Chemical and extended structures of the expanded ZnPc COFs. Each COF forms a two-dimensional layered network containing zinc
phthalocyanines joined by (left to right) pyrene, diphenylbutadiyne, naphthalenediimide, and phenylbis(phenylethynyl) units.
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Scheme 1. Synthesis of 2D ZnPc covalent organic frameworks.

(37.4 A) for ZnPc-PPE COF. Additionally, all the COFs show
a small broad peak at 26.58° (ca. 3.35 A), which is similar to
those observed in other 2D COFs and other 2D layered
materials, such as graphite and boron nitride.”” The diffrac-
tion peaks of each COF are consistent with a primitive
tetragonal unit cell in which the (100), (200), (300), (400),
(500) and (001) reflections were observed, as well as the weak
(110) reflection for the ZnPc-DPB and ZnPc-PPE COFs.
Each COF is comprised of square-shaped ZnPc building
blocks and linear linkers of varying length that form square
planar sheets that stack in a highly symmetric eclipsed or
nearly eclipsed fashion. Based on this hypothesis, we modeled
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the eclipsed crystal structures of each material and simulated
their powder X-ray diffraction patterns using the Materials
Studio suite of programs. The COFs display diffraction
patterns consistent with the simulations, crystallizing as
cofacially stacked two-dimensional sheets with P4/mmm
symmetry, similar to the free base and Ni phthalocyanine
COFs linked by phenylene-bis(boronic acid).">*11 We also
considered a staggered structure (/4/mmm) in which the ZnPc
moieties in adjacent layers are offset by half a unit cell
distance along the a and b axes (Figure S25). The simulated
PXRD patterns of these structures do not match the experi-
ments. The excellent agreement between simulated and
observed patterns facilitated indexing of the observed peaks
following Pawley refinement (Figures $21-S24).13161 The
refined patterns resulted in unit cell parameters of a=
26.980 A and ¢=3.338 A for ZnPc-Py COF; a=32.183 A
and ¢=3.356 A for ZnPc-DPB COF; a=35.701 A and c=
3361 A for ZnPc-NDI COF; and a=38.533 A and c=
3.367 A for ZnPc-PPE COF. Despite the good crystallinity
of these samples, the X-ray diffraction data do not preclude
small deviations from perfectly eclipsed stacking. Based on
typical m—m stacking geometries and DFT calculations
performed on other boronate-linked 2D COFs,* it is likely
that adjacent layers are offset by around 1.7 A. These
calculations should be considered in future models of
interlayer exciton and charge transport.”! Diffuse reflectance
absorbance spectroscopy of the COF powders (Figure S18)
shows that each COF absorbs light throughout the visible and
near-IR regions. The highly absorbent ZnPc chromophore
dominates the spectrum of each material, and the spectra of
the four COFs are very similar. They are red-shifted relative
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Figure 2. Experimental vs. predicted (green) PXRD patterns of a) ZnPc-
Py COF, b) ZnPc-DPB COF, c) ZnPc-NDI COF, and d) ZnPc-PPE COF.

to H,Pc COFs and very similar to the phenylene-linked NiPc
COF, which was photoconductive under NIR excitation.'¥]
The porosity and surface areas of the ZnPc COFs were
characterized by N, adsorption after activating the powders
by washing with toluene and heating under vacuum. The
COFs exhibit Type IV isotherms typical of mesoporous
materials (Figure 3), with initial adsorption into the pores at
low relative pressures (0.01 < P/P,< 0.10).?!) Desorption
follows the same general pathway, indicating reversible N,
uptake. The Brunauer-Emmett-Teller (BET) surface-area
model was applied to the 0.02 < P/P,<0.25 region of the
curves (Figures S27-S30), which provided BET surface areas
of 420m’g™" for ZnPc-Py COF, 485 m’g™" for ZnPc-DPB
COF, 4990 m*g ' for ZnPc-NDI COF, and 440 m*g! for
ZnPc-PPE COF. These surface areas are similar to previous
H,Pc and NiPc COFs.'*14181 Application of non-local density
functional theory (NLDFT) models over the measured
isotherms yielded pore-size distribution plots, from which
average pore sizes were obtained (Figures S33-S36). The
average pore sizes determined were 31 A, for ZnPc-Py COF,
ZnPc-DPB COF, and ZnPc-NDI COF, and 34 A for ZnPe-
PPE COF, which correlate in reasonable agreement with the
predicted numbers from the modeled crystal structures.
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Figure 3. N, uptake and surface area analysis of the ZnPc COFs.
Adsorption (squares) and desorption (circles) isotherms for a) ZnPc-
Py COF (gold), b) ZnPc-DPB COF (blue), c) ZnPc-NDI COF (red), and
d) ZnPc-PPE COF (purple).

Despite their intriguing structures, COF powders are
difficult to interface to electrodes or incorporate into devices.
Thus, we grew each 2D ZnPc COF as a crystalline, vertically
oriented thin film on a transparent SLG-functionalized fused
silica substrate (SLG/SiO,). For example, ZnPc-Py COF thin
films were obtained by condensing 1 and § in a mixture of
dioxane, MeOH, N,N-dimethylacetamide (DMA), and 1,2-
dichlorobenzene (DCB) (3:1:2:1 v/v) in the presence of SLG/
SiO,. This solvent combination provided each of the ZnPc
COFs as crystalline, oriented films and was modified from the
DMA/DCB mixture employed by Jiang et al.' for a NiPc
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COF powder. Interestingly, a DMA/DCB mix-
ture lacking the other cosolvents provided
crystalline COF films on the SLG whose grains
showed no preferred orientation. The films were
characterized using grazing incidence X-ray
diffraction (GID, Figure 4a) to assess their
crystallinity and preferred orientation. The
GID pattern of the ZnPc-Py COF film shows
scattering intensity at 022 A", 046 A7,
0.69 A, 0.92 A~!, corresponding to the (100),
(200), (300), and (400) peaks observed in the
powder samples. This intensity is concentrated

near O, =0 Al indicating that the c-axis of the 0.0: Ty

COF is oriented normal to the substrate surface.
The (001) Bragg peak that appears at Q=
1.83 A 'in powder samples, absent in the GID
experiment, further confirms that the c-axis is
oriented normal to the substrate. Instead, this
peak is observed as a diffuse arc of scattering
from Q,=1.85 to 1.90 A~! in measurements
performed at large out-of-plane diffraction t
angles (see Figure 5d), indicating an angular % 02
spread of the stacking direction, or mosaicity, of
+11°. Cross-sectional SEM obtained by milling 0.0
the sample with a Ga* focused ion beam
indicates a (400 £ 12) nm thick continuous film.

Similar crystalline, vertically oriented ZnPec- Pt

NDI and ZnPc-PPE COF thin films were COF
obtained by condensing diboronic acid linkers )
3 or 4 with 5§ under similar conditions. GID S
patterns of these films are similar to that of
ZnPc-Py COF, albeit with scattering intensity at
smaller values of Q), corresponding to larger
lattices. The (001) Bragg peak that appears at
0,=1383 A" in each powder sample is again
absent in the GID of each film but is found to be
similar to that shown in Figure 5d in out-of-
plane scans. Cross-sectional SEM indicate
(580 £84) nm and (200 £ 18) nm thick films for the ZnPc-
NDI (Figure 4d) and ZnPc-PPE COF (Figure 4 f), respec-
tively.

Although grown under the same conditions, the ZnPec-
DPB COF films show superior crystallinity and vertical
alignment. The GID (Figure 5a) of a (294 £ 6) nm thick film
(Figure 5b) indicates near complete localization of the
scattering intensity near Q, =0 A~'. In contrast to Figure-
s 4a,c,e, the peak intensity at O , =0.028 A~1is over 20 times
higher than that in the diffuse arc of scattering extending
towards larger Q , suggesting a mosaic spread below 0.2°.
Peaks at 0.19 A™', 028 A™, 039 A~, 0.58 A™', and 0.78 A~
correspond to the (100), (110), (200), (300), and (400) peaks
observed in the powders. (500) and (600) Bragg peaks not
observed in the PXRD pattern (Figure 3b) are observed at
0.97 A~' and 1.16 A™', respectively, in the GID experiment.
The off-specular (001) Bragg peak at Q;=1.86 A~! (Fig-
ure 5c¢) is distinct from ZnPc-Py COF (Figure 5d) or other
2D ZnPc COFs. First, the intensity distribution is flat, rather
than curved, indicating that its width in Q) arises from finite
lateral grain size, rather than mosaic spread. This observation
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Figure 4. Grazing incidence X-ray diffraction patterns and cross-sectional SEM for
a,b) ZnPc-Py COF, c,d) ZnPc-NDI COF, and e,f) ZnPc-PPE COF. The maximum
intensity of each (100) Bragg peak is normalized to 100 counts.
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Figure 5. Superior crystallinity and alignment of a ZnPc-DPB COF film. a) Grazing
incidence X-ray diffraction pattern and b) cross-sectional SEM of ZnPc-DPB COF. The
intensity of the off-specular projection of the (001) Bragg peak for ZnPc-DPB COF (c)
is flat with respect to Q , indicating nearly zero mosaicity, while that of the ZnPc-Py
COF (d) is representative of other COF films and shows an arc of scattering typical of
less ideal vertical alignment.

is consistent with the low mosaic spread deduced from
Figure 5a. Second, the background-subtracted width of the
peak along @, is narrower than that in ZnPc-Py COF
(Figure 5d), indicating a longer correlation length along the
stacking direction. This peak width is resolution-limited due
to the geometric expansion of the beam as a consequence of
the grazing incidence geometry. Additional scans (Figur-
es S37, S38) performed with improved resolution indicate
a correlation length in the stacking direction of around 31 nm
(ca. 94 layers), far exceeding that found in other COF films.
For example, the ZnPc-Py COF data in Figure 5d, which is
not resolution-limited, gives a correlation length of ca. 4 nm
or 12 layers. We attribute the ZnPc-DPB COF’s superior
order partially to its diphenylbutadiyne linker, which can
readily adopt a coplanar conformation needed during COF
formation, although it may prove possible to obtain similar
order in the other ZnPc COF films through further optimi-
zation.

COF films offer an unprecedented opportunity to organ-
ize and orient functional m-electron systems into robust
periodic structures predictably through chemical synthesis.

Angew. Chem. Int. Ed. 2012, 51, 26232627
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We have progressively expanded the pore size of the ZnPc
lattice well into the mesoporous regime, such that many
complementary materials, including fullerene acceptors,
might form continuous nanostructured domains alongside
the vertically stacked ZnPc macrocycles. The superior crys-
tallinity and nearly zero mosaic spread of the diphenyl
butadiyne-linked materials is particularly promising for
forming nearly perfect ordered heterojunction structures.
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