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ABSTRACT 
 

Two-dimensional (2D) benzoxazole-linked covalent organic frameworks (COFs) provide an opportunity to 
incorporate the strength and modulus of corresponding 1D rigid-rod polymers into multiple directions by extending covalent 
bonding into two dimensions while simultaneously reducing density. Thus far, this potential has been elusive because of 
the challenge of producing high-quality COF films, particularly those with irreversible, rigid benzazole linkages. The 
majority of COF syntheses use a single-step process approach where polymerization occurs faster than crystallization and 
typically result in a poorly ordered and insoluble powder. Here, we present a one-step synthesis and two-step process that 
allows the deposition of a uniform intermediate film via reversible, non-covalent interactions. This network then undergoes 
an annealing step that facilitates the irreversible conversion to 2D covalently-bonded polymer product. The resulting films 
are semi-crystalline with platelet-like crystals embedded in an amorphous matrix with sharp crystal-amorphous interfaces. 
By this approach, we achieve free-standing films for which we demonstrate the first example of mechanical testing of 
benzazole-linked COFs. These initial films have promising mechanical properties with an in-plane ultimate tensile strength 
of nearly 50 MPa and axial tensile and transverse compressive elastic moduli on the scale of several GPa. These mechanical 
properties already rival the performance of solution-cast films of 1D polybenzoxazole (PBO). 

 
 
INTRODUCTION 
 

Covalent organic frameworks (COFs) are an 
emerging category of materials that extend traditional 
one-dimensional polymer chemistry into two or three 
dimensions to produce nano-porous networks linked 
entirely by covalent bonds. COFs have attracted much 
attention because of their favorable properties such as 
permanent porosity, high surface area, low density, 
tailorable structure and stability under harsh conditions.1-

7 While much progress has been made regarding synthetic 
techniques3, 4, 6, 8-11 and expanding into novel structures 
and linkages7, 12-22, the study of intrinsic material 
properties and implementation into various applications 
remains limited by the challenge of producing high-
quality, highly-crystalline, mechanically robust COF 
films. Conceptually, translating the connectivity of one-
dimensional (1D) polymers into 2D to create graphene-
like structures would provide enhanced charge transport 
and mechanical strength in comparison to their 1D 
counterparts that are limited by non-covalent lateral 
interactions between polymer chains.23-25 Additionally, 
COFs are nanoporous materials and thus expected to be 
low-density materials compared to 1D polymeric  
structures. In this report, we choose to focus on the 
benzobisoxazole linkage because their respective rigid 1D  

 
polymers, specifically PBO or Zylon, exhibit exceptional 
mechanical properties and are considered among the 
highest strength polymers. Our motivation comes from 
the potential to produce functional materials that have a 
similar strength and modulus to PBO but across a 2D 
plane, while also decreasing the overall density. 

To date, the most common method for 
synthesizing COF materials remains a solvothermal 
reaction in which a flame-sealed tube is heated for several 
days under vacuum or inert gas. This method typically 
yields a powder that is insoluble in common organic 
solvents and acids. These single-step methods are 
thermodynamically controlled where bond formation 
occurs quickly, followed by slow reorganization into a 
lower-energy structure with limited order,26 as evidenced 
by the presence of only a few broad diffraction peaks. 
While films of 2D and 3D COFs have been previously 
synthesized using methods such as solvothermal 
synthesis, interfacial polymerization and vapor-assisted 
conversion27, major limitations include difficulty of scale-
up, the requirement of a support, long reaction times and 
low yield of starting material converted to actual film.  

Benzoxazole-linked COFs have been synthesized 
previously using different synthetic strategies including 
the traditional sealed-tube solvothermal method7, 9, 28 but 
unfortunately, the product is an insoluble powder. Here, 
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we present a novel one-step solvothermal synthesis that 
involves a two-step processing method, in which a 
network is formed through dynamic bond interactions, 
followed by irreversible conversion to polymer product. 
The molecular structure of the final COF product was 
confirmed by solid-state nuclear magnetic resonance 
spectroscopy (NMR), Fourier-transform infrared 
spectroscopy (FTIR) and Raman spectroscopy and we 
propose that this reaction proceeds via a different 
mechanism through an oxidized quinone intermediate, as 
evidenced by characterization of the intermediate films. 
This bottom-up approach produces free-standing films of 
benzoxazole-linked COFs on the scale of several square 
centimeters within 24 hours. The stability of the 
intermediate films and the COF product free-standing 
films was examined in strong acid and base solutions. We 
find that product films remained stable and intact with no 
apparent dissolution of material even in strong acids such 
as methanesulfonic acid. In contrast to the synthesis of 
powder benzoxazole COFs, the synthetic method we 
report here proceeds via a different mechanism and takes 
advantage of a dynamic intermediate to facilitate a unique 
crystallization of the COF films with exceptional order. 
The micro- and macroscopic morphology is elucidated 
using polarized optical microscopy, atomic force 
microscopy (AFM) and scanning electron microscopy 
(SEM) and reveal rod features embedded within the films 
with birefringence observed in both the rods and the 
uniform film matrix.  Transmission electron microscopy 
(TEM) allows us to investigate the microstructure of these 
COF films and reveals a two-phase semi-crystalline 
structure with amorphous material surrounding well-
defined, faceted crystal platelets. Moreover, these free-
standing films already show promising mechanical 
properties through tensile testing and nanoindentation.  
 
RESULTS AND DISCUSSION 
 
Synthesis: 
 

The benzobisoxazole-linked TFPPy-BBO-COF 
reported herein (initially referred to as “LZU-192” in 
powder form)7 can be synthesized using a one-step 
synthesis, two-step processing approach as shown in 
Figure 1a. First, a dilute reaction mixture is made by 

combining 1,3,6,8-tetrakis-(4-formylphenyl)pyrene 
(TFPPy) and 2,5-diaminohydroquinone dihydrochloride 
(DAHQ) monomers along with benzimidazole catalyst in 
a solvent mixture of 1:1 v/v N-methyl-2-pyrrolidone 
(NMP) and mesitylene. The solution is drop-cast onto a 
substrate in air at ambient pressure and the temperature is 
ramped from room temperature to 100°C (Figure S1) to 
slowly evaporate the solvent. As the temperature 
increases, there is a distinct color change from the initial 
yellow monomer mixture to a transparent orange solution, 
indicating that the initial reaction occurs within minutes. 
After the solvent has fully evaporated over the course of 
about 30 minutes, an opaque orange/brown film remains. 
In the second step, the film is annealed at 200°C under 
vacuum, where the intermediate film is irreversibly 
converted to the final benzoxazole-linked COF structure 
in the form of a dark brown film that is 2-3µm thick and 
can be easily removed from the glass substrate. 
Alternatively, if good adherence to the substrate is desired 
rather than free-standing form, this can be achieved by 
simply performing a UV-ozone treatment of the substrate 
beforehand. During the annealing process, the 
benzimidazole is evaporated off and therefore this method 
does not require subsequent purification to remove the 
catalyst.   

To understand the reaction mechanism of TFPPy-
BBO-COF film formation, we investigated the chemical 
composition of both the intermediate film and the final 
annealed film. We hypothesize that the film formation of 
TFPPy-BBO-COF proceeds via a different reaction 
mechanism compared to previous reports of benzoxazole-
linked COFs,7, 28 particularly given that the first step of 
our procedure is performed in air. Our proposed 
mechanism is illustrated in Figure 1b, where the DAHQ 
monomer is initially oxidized to the p-benzoquinone form 
(DABQ), which then undergoes a condensation reaction 
with the aldehyde groups on TFPPy to form a reversible 
imine-linked intermediate. Finally, dehydrogenation 
results in irreversible ring-closure to form the 
benzobisoxazole. Generally, the DAHQ monomer 
presents a solubility issue in reaction mixtures, however, 
the DABQ form is readily soluble in the NMP/mesitylene 
co-solvent, which likely assists in obtaining a faster and 
more complete conversion to product.  
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Figure 1. TFPPy-BBO-COF Film Synthesis. 
a. Schematic showing reactant and product structures along with photographs depicting the two-step synthesis process for the formation 
of free-standing TFPPy-BBO-COF films. b. Proposed mechanism for the formation of the benzoxazole linker. c. Solid-state

 13C NMR 
spectra show that the intermediate film contains a mixture of unreacted monomer (194 ppm), intermediate (178, 96 ppm) and product 
(163 ppm) and d. after annealing the films are converted entirely to benzoxazole product.   
 
 

Solid-state 13C nuclear magnetic resonance 
(NMR) spectroscopy experiments allow analysis of the 
composition of the films at the different steps in the 
synthesis. As expected, the cross-polarization/magic 
angle spinning (CP/MAS) 13C NMR spectrum of the 
intermediate film (Figure 1c) differs significantly from 
that of the final product7 with contrasting peaks appearing 
at 194, 178 and 96 ppm. In the non-quaternary 
suppression (NQS) experiment, the peaks at 194 ppm and 

96 ppm decay completely, indicating that these signals 
originate from non-quaternary carbons. The peak at 194 
ppm is consistent with the chemical shift of the aldehyde 
carbon from unreacted TFPPy monomer (Figure S5). The 
peaks at 178 ppm and 96 ppm are assigned to the DABQ 
intermediate (Figure S6).29 Lastly, the signature oxazole 
quaternary carbon peak at 163 ppm appears in the 
intermediate film, suggesting that there is already some 
final product formed. The solid-state 13C NMR results of 
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the intermediate film show a mixture of unreacted 
monomer, intermediate and final product. Since different 
carbons cross polarize at different rates, we are unable to 
quantitatively estimate a percent conversion of the 
intermediate film. Additionally, the aldehyde monomer 
signal is underrepresented due to washing steps in order 
to remove the benzimidazole catalyst from the 
intermediate samples since they are not annealed (see SI 
for more details).  

The CP/MAS NMR spectrum of the final product 
film (Figure 1d) confirms the structure of benzoxazole 
product.  The standard CP and CP with NQS spectra are 
clearly consistent with those previously reported for the 
powder form.7,9 The highlighted peak at a chemical shift 
of 164 ppm is attributed to the substituted C-2 carbon of 
a 1,3-oxazole ring and confirms the formation of new 
bonds between the small molecule building blocks. 
Furthermore, the signal at 164 ppm in the NQS 
experiment, remains at full intensity, confirming a 
quaternary carbon.  As with the intermediate film, this 
signal cross polarizes relatively slowly in a series of 
experiments with different contact times.  Additional peak 
assignments are provided in the SI (Figure S3). Finally, 
the solid-state 13C NMR clearly shows that the annealed 
film consists solely of benzoxazole product with no 
starting materials. 

Fourier Transform Infrared Spectroscopy (FTIR) 
is also used to characterize the chemical composition of 
the intermediate film and COF product film (Figure S7). 
We performed a series of varied anneal times, starting 
from no anneal then 4, 8, and 16 hours of annealing at 
200°C under vacuum. From this series, we can observe 
the gradual emergence of a peak at 1603 cm-1 that is 
attributed to the -C=N- stretching in the oxazole 
heterocycle. This peak can be clearly distinguished from 
the aromatic -C=C- bending at 1577 cm-1. Because of the 
proximity of these two peaks, it is sometimes difficult to 
distinguish the -C=N- signal, which is evident in previous 
work by Waller et al. for the same structure.9 We also 
identify a peak at 1119 cm-1 that can be attributed to the -
C-O- stretching within the oxazole ring.7, 9, 30 These FTIR 
results support the findings of the solid-state NMR 
experiments and allow us to not only identify the 
formation of oxazole product, but also confirm the 
absence of starting material.  

Our hypothesized reaction mechanism through 
the DABQ intermediate is consistent with small molecule 
synthesis of benzobisoxazoles starting from the DABQ 
monomer 31 as well as our ability to make TFPPy-BBO-
COF directly from the p-benzoquinone form (Figure S9). 
Interestingly, the films made directly from the DABQ 

monomer result in small flakes rather than a single 
continuous film, indicating there is some benefit to 
oxidizing the hydroquinone form simultaneously with the 
condensation reaction, rather than performing the 
oxidation step beforehand. 

A series of acid and base stability tests can be 
performed to support the formation of the ultra-stable 
benzoxazole-linked polymer product. Both intermediate 
films and product films were soaked in neat hydrochloric 
acid (HCl), methanesulfonic acid (MSA) and 9M NaOH 
for 16 hours. In all cases, the product films remained 
stable and intact with no apparent dissolution of material 
into the acid or base solutions (Figure S10).  We can 
confirm the stability by collecting FTIR spectra before 
and after the treatments (Figure S11). In comparison, 
during acid treatments of the intermediate films, a distinct 
color change in the solution is observed, indicating 
dissolution of starting material and/or reversibly-linked 
intermediate. In MSA, the intermediate film breaks up 
and almost entirely dissolves. Additionally, the acid 
treatments result in a reversible color change to a red hue 
for both the intermediate and product films, indicating 
reversible protonation of the nitrogen’s in the oxazole 
ring. 

A curious feature observed in these films is the 
presence of rod-shaped areas that are roughly 20-30 µm 
in length and about 2 µm wide embedded within the film 
(Figures S12-16). The formation of similar rods has been 
previously observed both for the TFPPy-BBO-COF in 
powder form as well as similar COF structures that also 
use the TFPPy monomer, even though the crystal 
structure varies.7, 19, 32, 33 SEM reveals that the rods have 
sharp edges and planar surfaces that resemble facets, 
suggesting single crystals (Figure S13). We hypothesize 
that for our process, the rod features are initially formed 
from the ordering of the reversibly-linked building blocks 
and directed by the pyrene-based monomer units, 
considering the TFPPy monomer alone forms rod-shaped 
crystals. As the intermediate film is converted to 
irreversibly-linked polymer in the solid-state, the 
macroscopic form of the rod is preserved. This 
preservation of monomer crystal faceted morphology has 
been reported in solid-state polymerizations.34, 35 From 
polarized optical microscopy, the rods appear to have 
birefringent characteristics along with areas of film 
between rods (Figure S15).  

Using Raman spectroscopy, we can collect 
spectra for the intermediate and product films directly on 
the rod-shaped features (Figure S17). The presence of 
sharp, intense Raman signals from both the intermediate 
and product exposed rods indicate that these are highly 
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crystalline regions. Comparing to the spectrum for 
TFPPy, we can see many contrasting peaks, suggesting 
that the rods are not simply unreacted monomer crystals. 
In the TFPPy spectrum, we identify key peaks at 1178, 
1386 and 1703 cm-1 that are attributed to vibrations 
resulting from the aldehyde functionality. In the product 
film rods, we identify a peak at 1572 cm-1 that can be 
assigned to the oxazole C=N stretching36. Further details 
of peak assignments are provided in the SI. 

In order to gain insight into the surface area and 
porosity of the COF films, gas adsorption experiments 
were performed using both N2 and CO2 gases. From the 
N2 isotherm (Figure S18), we can see a small degree of 
micropore filling and stepwise character in both the 
adsorption and desorption curves. This may be due to 
unfavorable interactions between our films and the 
adsorbate molecules. From this experiment we can 
calculate the surface area for the films to be 36.4 m2/g. In 
contrast, when CO2 is used as the adsorbate, we observe a 
more regular isotherm (Figure S19) with a higher 
calculated surface area of 76.7 m2/g, although this is still 
relatively low for COFs. The low calculated surface areas 
could be attributed to the thin film morphology, 
semicrystalline microstructure, or a staggered-type order 
as opposed to an eclipsed formation with channel pores. 
In both types of experiments, the pore size distribution is 
fairly consistent, indicating large pores with a distribution 
maximum at 27.7Å. 
 
Crystal Structure: 
 

Transmission electron microscopy (TEM) and 
electron diffraction were used to observe the nano-scale 
structure of the as-synthesized COF films in order to gain 
structural insight. Generally, specimen areas are too thick 
for high-resolution TEM imaging, however thin edge 
areas of fractured pieces can be observed as well as 
regions in thinner films made from a diluted reaction 
mixture. The low-magnification bright-field TEM 
micrograph in Figure 2a shows a two-phase morphology 
of the films with platelet-like crystals embedded in an 
amorphous matrix (see SI for more details). The crystals 
have facets that often intersect at angles of about 55, 70 
or 110 degrees. As mentioned earlier, we observe 
microscopic rod features embedded in the films. From 
low-magnification TEM, however, we can see that the 
size of the rods is almost 2 orders of magnitude larger than 
the polymer crystal platelet size (Figure S21). We also 
observe that the semi-crystalline nature of the polymer 
product is not only located in the rod features but within 

the uniform film matrix as well. For this semicrystalline 
morphology, the amorphous region encapsulating 
crystallites allows the formation of a uniform flexible, 
macroscopic film. 

Through electron microscopy, we are able to 
elucidate the complex structural features of these COF 
films on both the micro- and nano-scale down to the unit 
cell (Figure 3).The TFPPy-BBO-COF material is very 
resistant to beam damage, allowing acquisition of lattice 
images and diffraction patterns. Additionally, as with the 
crystals, the amorphous region is not easily damaged by 
the electron beam. We hypothesize that the amorphous 
region is formed from nonplanar connectivity of the COF 
structure while maintaining the same chemical 
composition and covalent linkages. Given that the lateral 
dimensions of the crystallites are on the scale of several 
1,000’s of Angstroms, it is easy to isolate a crystal using 
a selected-area diffraction (SAD) aperture. SAD patterns 
were obtained using a double-tilt holder to produce 
patterns from zone axes. The SAD pattern in Figure 2c 
shows a large array of sharp, intense reflections, which 
indicates exceptional periodic order within this crystal. 
Figure 2b shows a single crystal area from within one of 
the platelets with well-resolved lattice fringes throughout 
the entire image.  Such order is rarely observed thus far 
for COFs, and especially for 2D COFs.11, 37 For 
comparison, the TFPPy monomer crystals are observed 
using TEM in Figure S24. Unlike the COF crystal 
platelets, the TFPPy crystals display a ribbon-like 
morphology with a corresponding selected-area 
diffraction pattern. The intensity of the pattern dissipates 
within seconds of beam exposure and no lattice images 
could be obtained due to beam damage of the small 
molecule crystals.  This indicates that the crystals we 
observe in the product material are not simply unreacted 
monomer crystals. 
 We designed a to-scale-schematic model of the 
COF molecular structure (Figure 2d) in order to simulate 
a diffraction pattern via a 2D Fast Fourier Transform 
(FFT). The model FFT in Figure 2e indicates a base-
centered structure where b > a. Allowed reflections 
appear for indices where h+k = 2n with the most intense 
being the diagonal reflections corresponding to the {1 1 
0} family. The experimental SAD pattern corresponds 
well a based-centered unit cell, except for the scale of the 
main reflections (d-spacings of 3.2,  2.7 and 2.0 Å) are at 
q’s that are a factor 6x larger, indicating that these are 
high order reflections ((6 6 0), (0 12 0) and (12 0 0) 
respectively). The experimental FFT of the multibeam 
lattice image in Figure 2f shows a very similar pattern,
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Figure 2. TEM and Electron Diffraction Analysis of Single Crystal TFPPy-BBO-COF Platelets.  
a. Low-magnification BF TEM micrograph of a thin film region showing platelet-like crystals (triangular regions, some containing 
dark bend contours) surrounded by the lighter amorphous matrix material.  b. High-resolution BF TEM micrograph from within a 
crystal with lattice fringes throughout the image. c. Selected-area {hk0} electron diffraction pattern from the [0 0 1] zone axis. d. 
Molecular model of a single layer of the base-centered TFPPy-BBO-COF structure and e. the simulated 2D FFT of this model. f. 
Experimental FFT of BF multi-beam lattice image shows large d-spacing features that match well with the simulated FFT pattern in e. 
 
moreover, we are able to additionally resolve 2 pairs of 
quite large d-spacing spots corresponding to a spacing of 
20Å. Comparing the FFT of the lattice image to the FFT 
of the model, these intense reflections at 20 Å match well 
with the {1 1 0} family in our proposed unit cell. These 
low order reflections are not resolved in the SAD pattern 
most likely due to their low relative intensity and 
proximity to the bright central (0 0 0) spot. Indexing of 
the SAD and FFT patterns is included in the SI. The 
angles between {1 1 0} reflections in the SAD pattern and 
experimental FFT are measured at 70 and 110 degrees, 
which is consistent with the angles between major facets 
observed at the edges of the crystal platelets. 
 
Mechanical Properties: 
 

Tensile testing and nanoindentation techniques 
demonstrate highly-promising mechanical properties of 
the TFPPy-BBO-COF films. From tensile testing 

experiments, fracture of the film typically results in a 
single macroscopic crack propagating across the width of 
the specimen and normal to the applied force (Figure 4a). 
Through cross-sectional SEM imagining, we observe the 
formation of voids on the fracture surface (Figure S25). 
The ultimate tensile strength (UTS) is calculated to be 48 
± 8 MPa (Figure 4b). The strain at fracture varied 
considerably from sample to sample most likely due to 
flaws and defects that are unique to individual film pieces 
(see Figure S26). The measured stress-strain curves take 
on a J-shape with a concave upward region before 
reaching the linear elastic region. This behavior has been 
observed for rehydrated collagen fibers38 where, as the 
material extends, the lower modulus components elongate 
initially and the fibrils reorient in the direction of the 
applied force, resulting in a stiffening of the polymer.38, 39 
The initial low modulus toe region in the TFPPy-BBO-
COF films is likely due to the deformation of the 
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Figure 3. TFPPy-BBO-COF Film Structure.  
Schematic summarizing the complex structural hierarchy that exists within the films from the macro-scale to unit cell.   
The material consists of crystalline platelets embedded in an amorphous matrix. 
 
 
amorphous regions between crystals that then undergo 
strain hardening.  The resulting 2% strain in-plane elastic 
modulus is 2.6 ± 1.5 GPa. 

Nanoindentation experiments were conducted for 
displacements ranging from 40-800 nm on films 3 
microns thick. We found for these samples that hardness 
values are reliable above a displacement of about 120 nm 
(Figure S27). Beyond 250 nm, however, modulus values 
begin to increase with depth due to interference from 
substrate interaction. Generally, a good rule of thumb for 
nanoindentation is to use an indentation depth of about 
10% of the film thickness.40 The displacement range we 
defined from these experiments is consistent with this 
standard. The loading and unloading curves indicate a 
highly elastic material as there is little hysteresis and 
minimal, if any, plastic deformation observed (Figure 4c). 
The average hardness was 1.15 ± 0.08 GPa with a 
compressive reduced elastic modulus of 10.6 ± 0.6 GPa. 
In order to quantify elastic modulus from 
nanoindentation, knowledge of the Poisson’s ratio of the 
material is required to convert from the reduced elastic 
modulus value. Another important factor is the semi-
crystalline nature of the material as well as the anisotropic 

shapes of the COF crystals such that the Poisson’s ratio 
and elastic modulus would vary based on the direction in 
which the force is applied. Since the mechanical 
properties of this material are heretofore unexplored, 
there are, as yet, no reported values for an experimental 
or theoretical Poisson’s ratio.  

The strongest materials made from rigid-rod 
benzazole derivatives, such as the commercial Zylon 
(poly(p-phenylene-2,6-benzobisoxazole)), are spun from 
liquid crystalline solution  into highly oriented fibers in 
order to greatly enhance axial mechanical performance.41-

43 The mechanical properties of our 2D TFPPy-BBO-COF 
thin films fall far short of such 1D PBO fibers, however, 
our film properties already rival those of solution-cast 
planar isotropic PBO films, which have UTS values 
ranging between 40-135 MPa and tensile elastic moduli 
between 2-6 GPa.44-49 Nanoindentation studies for vapor-
deposited-polymerized as well as solution-cast thin films 
of PBO reported a compressive elastic modulus of about 
11-12 GPa and a hardness of ~ 0.5-0.7 GPa.50 Since the 
crystal density of the COF structure would theoretically 
be lower than that of PBO fibers51, this means that the 2D-
linked benzoxazole COF with comparable strength and 
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modulus to PBO films offers an advantage when 
considering density-normalized specific properties. 

 
 

 
Figure 4. Mechanical Testing of COF Films.  
a. Photographs of a film sample before and after tensile fracture. 
b. Stress-strain curves from tensile testing of film strips. c. 
Nanoindentation compressive loading and unloading curve 
shows highly elastic behavior.  
 
CONCLUSION 
 

Semi-crystalline thin films of benzoxazole-linked 
COFs were developed using a facile two-step processing 
approach, to take advantage of a unique mechanism in 
which the reaction proceeds through a series of reversible 

intermediate steps followed by irreversible conversion to 
final product. The initial solvent evaporation step occurs 
on a substrate gradually heated to 100°C where, as the 
reaction progresses and solvent leaves the system, the 
growing polymer platelets become confined to a 2D 
geometry. The films are then annealed under vacuum at 
200°C to irreversibly convert the intermediate film 
entirely to benzoxazole-linked product. Analysis of the 
crystal structure using TEM and selected-area electron 
diffraction indicates an exceptional order within the 
material with faceted crystal platelets embedded in an 
amorphous matrix. Fast Fourier Transforms of high-
resolution TEM images of single crystals verify the in-
plane crystal structure. This study elucidates the complex 
hierarchical structure of COF films at the various length 
scales extending from the film micro-structure down to 
the unit cell.  The ability to achieve free-standing films 
permitted the first example of mechanical testing of 
benzoxazole-linked COFs for both in-plane tension and 
transverse compression. These preliminary films exhibit 
impressive ultimate tensile strength and elastic moduli 
comparable to thin films of 1D PBO, warranting 
additional mechanical studies. Further development of 
synthesis and film processing to vary the degree of 
crystallinity and to enable growth of larger and 
interconnected crystals and improved film uniformity will 
bring us closer to being able to study the intrinsic 
properties of these materials.  
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Methods 
 

Materials. All commercial chemicals were used as purchased without further 
purification. 2,5-diaminohydroquinone dihydrochloride, benzimidazole, N-
methyl-2-pyrrolidone (NMP) and mesitylene were purchased from Sigma 
Aldrich. 1,3,6,8-Tetrakis-(4-formylphenyl)pyrene (TFPPy) was synthesized 
according to previously reported methods.19  
 
TFPPy-BBO-COF Film Synthesis. 2,5-Diaminohydroquinone 
dihydrochloride (5.4 mg, 0.025 mmol, 3.0 mg/mL) and TFPPy (7.8 mg, 0.013 
mmol, 4.3 mg/mL) were weighed into a vial with 0.9 mL of NMP and 0.9 mL 
of mesitylene then the mixture was sonicated for 15 minutes. Following 
sonication, benzimidazole (6.6 mg, 0.056 mmol, 3.7 mg/mL) was added to the 
vial and shaken to mix. The solution was immediately drop-casted (250 µL) 
onto 2x2 cm glass substrates or 1.8 mL onto 5x5 cm substrates at room 
temperature. The substrates were then heated to 100°C until the solvent was 
fully evaporated (about 30 minutes), leaving behind an opaque orange/brown 
film. The film was then annealed under vacuum at 200°C for 16 hours to yield 
the final TFPPy-BBO-COF product in the form a dark brown film that 
delaminates from the substrate.  
 
For analysis of intermediate film samples, following the drop-casting and 
solvent evaporation step, the films were treated with N,N-dimethylformamide 
(DMF) for one day followed by dichloromethane (DCM) for one day in order 
to remove benzimidazole and remaining solvent. The films were then 
transferred out of the DCM and dried on a hot plate at 70°C in air then further 
dried at room temperature under vacuum.  
 
Solid-State 13C Nuclear Magnetic Resonance (NMR). Experiments were 
performed using a 4.7 T (50.3 MHz 13C and 200.1 MHz 1H) Bruker 
spectrometer previously described in detail.52  1H-13C cross-polarization/magic 
angle spinning (CP/MAS) experiments were performed with 7.6 kHz MAS 
and a 5 second relaxation delay after the 32.8 ms FID. Contact times of 3.0 ms 
and 2.0 ms were used in the spectra shown for the TFPPy-BBO-COF films 
and intermediate films, respectively.  To obtain additional information, 
experiments were performed with contact times of 0.2, 0.5, 0.9, 1.4, 2.0, 3.0, 
and 4.5 ms on the TFPPy-BBO-COF films and with contact times of 0.2, 0.5, 
0.9, 1.4, and 2.0 ms on the intermediate films (16,400 scans for each 
spectrum).  FIDs were processed with 50 Hz of line broadening.  Non-
quaternary suppression experiments were performed with a 25 µs dephasing 
delay before and after the 180° 13C refocusing pulse. Chemical shifts are 
relative to glycine carbonyl at 176.46 ppm.53 In light of the limited amount of 
material available, the TFPPy-BBO-COF films were confined to the center of 
the rf coil region in the probe by using a 4mm-diameter rotor with a thick-
bottom and a removable silicon nitride upper plug.  With a little more of the 
intermediate films available, a thick-bottom rotor was again used; there was 
not enough room to insert an upper plug. 

 
Solution-State 1H and 13C NMR. Experiments were performed using a 500 
MHz Bruker spectrometer, also described previously.52  The HSQC 
experiment was optimized for 1JCH = 166.67 Hz. 

 
Fourier Transform Infrared (FTIR) spectra were obtained using a Nicolet 
iS50 FTIR spectrometer using a KBr detector and Smart iTX diamond ATR 
accessory. Data was collected within the range of 525-4000 cm-1.  
 
Scanning Electron Microscopy (SEM) images were acquired using a FEI 
Helios NanoLab 660 DualBeam system operating at 1 kV or 500V with a 
current of 13 pA in order to reduce charging.  

 
Atomic Force Microscopy (AFM) data was acquired using a Park NX20 
AFM operating in non-contact mode with Bruker TESPA-V2 antimony-doped 
silicon AFM tips.  
 
Raman spectra were collected in an inVia Renishaw Raman microscope with 
an excitation wavelength of 633 nm. For collecting spectra from the rods, a 
small (~ 5mm) portion of the COF films were placed on to a glass microscope 
slide and torn with a pair of tweezers. This resulted in the exposure of some of 
the rods. Spectra were collected (typically 4 acquisitions, 30 s each) from a 1 

um-sized focused laser with a laser power of 100 uW to ensure that the 
samples were not heated by the laser. 
 
Gas Adsorption isotherms using N2 at 77 K and CO2 at 273 K were 
performed on the desolvated samples using a QUANTACHROME 
QUADRASORB-SI  analyzer. About 50 mg of each sample was degassed at 
120 °C under 10−1 Pa vacuum for about 12 hours before the measurements. 
99.999% (UHP) pure helium gas was used to measure the dead volume of the 
sample cell. 
 
Thermogravimetric Analysis (TGA) was conducted using a Mettler Toledo 
TGA/DSC 3+ instrument. Measurements were conducted under air or N2 
atmospheres. Film samples were heated from 25°C to 800°C at a ramp rate of 
5°C/min with a 30 minute isotherm at 100°C to remove water from the 
atmosphere. 

 
Transmission Electron Microscopy (TEM) images and selected-area 
diffraction (SAD) patterns were acquired using a JEOL 2100F with a field 
emission gun operating at 200 kV. A double-tilt sample holder was used to 
enable acquisition of zone axis patterns. For high-resolution images, a defocus 
value of -44 nm was used. Selected-area aperture sizes of 10 and 20µm were 
inserted to isolate single crystals and collect electron diffraction patterns using 
camera lengths of 100 to 150 cm. 
 
Micro-Tensile Testing was performed using a Deben Microtest 200N device 
with a 2N loadcell. The COF films were cut with a razor into rectangular 
strips approximately 3mm wide and 5 mm long. Each end of the film strip was 
attached to a metal plate, which was then clamped in the instrument.  

 
Nanoindentation was performed using a Hysitron TI 980 TriboIndenter 
equipped with a pyramidal diamond tip and calibrated using a polycarbonate 
standard sample. The experiments were conducted using a range of specified 
indentation depths from 30-1000 nm in order to identify a range of reliable 
hardness and elastic modulus measurements.  
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