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Abstract 
 

Conversion of Linkages in Covalent Organic Frameworks 
 

by 
 

Peter J Waller 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Omar M. Yaghi, Chair 
 

Chapter 1: Linking small organic molecules into an extended solid typically generates 
amorphous, disordered polymer. The introduction of order into such a material is of 
interest because it allows for fine control of the overall structure. Covalent Organic 
Frameworks (COFs) represent a solution to this problem. They are a new class of porous 
highly crystalline solids formed by combining organic precursors into an extended 
structure. Notably, the judicious choice of linkers can give rise to highly regular and 
predictable materials. Much research is directed toward the development of new 
methods of linking building blocks together to generate crystalline COFs. These efforts 
promise not only new materials, but also the chance to extend the principles of molecular 
covalent chemistry to the formation of organic crystals. 
 
Chapter 2: The formation of a COF linked through carbon-carbon bonds is targeted via 
the Diels-Alder reaction between furan and maleimide. This reaction was chosen since it 
is thermally reversible, allowing for error correction and therefore, the synthesis of 
crystalline material. This material would constitute the first example of a COF linked by 
carbon-carbon bonds. However, these efforts were not rewarded with success; no 
crystalline material was obtained. This is likely due to the large number of diastereomers 
that could result from the combination of any given pair of furan- and maleimide-
functionalized linkers.  
 
Chapter 3: The imine linkages of TPB-TP-COF, formed from the union of 1,3,5-tris(4-
aminophenyl)benzene and terephthalaldehyde, were oxidized to amide linkages. The 
completeness of this reaction was verified by both infrared and solid-state NMR 
spectroscopy. This reaction can be performed under mild conditions, allowing for the 
retention of crystallinity and permanent porosity. The resulting amide-linked COF shows 
greater stability under both aqueous acid and base than the imine-functionalized one. In 
a greater sense, this report serves as a proof of concept for the discovery of new COF 
linkages via postsynthetic conversion. This means that frameworks with less reversible 
linkages can be obtained from easily synthesized COFs with highly reversible ones. This 
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is a new approach to the synthesis of COFs, and has been fruitfully used in the formation 
of a variety of new linkages. 
 
Chapter 4: Imine-linked ILCOF-1 based on 1,4-phenylenediamine and 1,3,6,8-tetrakis(4-
formylphenyl)pyrene was converted through consecutive linker substitution and 
oxidative cyclization to two isostructural COFs, having thiazole and oxazole linkages. 
The completeness of the conversion was assessed by infrared and solid-state NMR 
spectroscopy, and the crystallinity of the COFs was confirmed by powder X-ray 
diffraction. The materials derived in this way demonstrate increased chemical stability, 
relative to the imine-linked starting material. This represents the introduction of 
additional control to our previous approach since new functional groups can be installed 
after COF synthesis, allowing for a broader array of postsynthetic reactions to be 
performed. 
 
Chapter 5: This section provides an outlook on the state of COF postsynthetic linkage 
modification and summarizes the work performed in this area by other groups. 
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1.1 Introduction 
 

The chemistry of linking molecular building blocks by strong covalent bonds to 
make crystals of extended structures, reticular chemistry, has yielded several new classes 
of porous materials among which covalent organic frameworks (COFs) are the most 
recent example.1−3 On a fundamental level, the directionality of covalent bonds provides 
a means of controlling how building units come together into predesigned structures. 
These advantages, combined with the strength of the linkages, lead to robust materials, 
which could be exploited in various applications, including gas storage and separation, 
catalysis, and electronics. The challenge in assembling materials in this way is to 
overcome the “crystallization problem”: the linking of molecular building blocks by 
strong covalent bonds often yields amorphous or poorly defined materials. This problem 
has been addressed fruitfully in making COFs through the formation of B−O, C−N, B−N, 
and B−O−Si linkages.1,4−6 In this Account, we outline how this chemistry was used to 
make crystalline COFs and highlight their synthesis, characterization, and properties.  
 
1.2 The Crystallization Problem 
 

In principle, the formation of dense noncrystalline solids by linking building units 
is expected to be thermodynamically favorable. For example, amorphous cross-linked 
polymers,7 discussed further below, can be readily obtained by the linkage of organic 
building units with strong bonds; however these materials lack both the short- and long-
range order that provide the precise structural characterization and control offered by 
crystalline materials. In order to afford an extended crystalline solid, the formation of 
linkages should be reversible and the reaction rates must be on a time scale that allows 
for self-correction of defects. Using covalent bonds as linkages presents a special 
crystallization challenge because of their tendency to form irreversibly under mild 
conditions. Thus, it is important to find the conditions under which reversible bond 
formation is possible without resorting to extreme temperatures or pressures. In COF 
chemistry, this goal was initially realized by using condensation reactions where 
stoichiometric quantities of a small molecular byproduct (e.g., water) are generated. 
Conveniently, this allows for the modulation of the reaction’s equilibrium simply by 
controlling the amount of this species in the system. In practice, this is accomplished by 
either using solvents where the byproducts have limited solubility or through controlling 
the pressure in the vessel. In the section that follows, we provide examples of how 
covalent chemistry performed on molecular building units can be translated to extended 
structures by linking such units into crystalline two- and three-dimensional COFs.  
 
1.3 Linking Organic Building Blocks into COFs  
 

COFs were first synthesized by the self-condensation of boronic acids to produce 
boroxine anhydride-based linkages in the form of B3O3 rings (Figure 1.1A).  In this way,  
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Figure 1.1. Self-condensation of boronic acid to form COFs. (A) Example of molecular condensation 
reaction to generate boroxine anhydride ring. (B) Structure of one pore of COF-1. (C) Space-filling 
diagram of the powder X-ray crystal structure of COF-1, viewed along the c axis. Carbon, boron, oxygen 
and hydrogen are black, pink, red, and white, respectively.  
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COF-1 was prepared as a crystalline material by the self-condensation of 1,4 
phenylenediboronic acid (BDBA) (Figure 1.1B; note that line drawings of organic 
building units referred to in this scheme are shown in Scheme 1.1) to produce a structure 
consisting of extended layers stacked in staggered form to give hexagonal pores with 15 
Å diameter and a BET surface area of 711 m2 g−1 (Figure 1.1C).1 Control of the headspace 
in the sealed reaction tube modulated the amount of water and therefore the reversibility 
of the condensation reaction to ultimately crystallize the COF. This method has also been 
applied to the synthesis of three-dimensional structures, by condensation of molecules 
with tetrahedral geometry, such as TBPM or its silane analog TBPS.8  

Scheme 1.1. Linkers discussed in this chapter. 
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Figure 1.2. Boronate ester linkages used in the synthesis of COFs. (A) Example of molecular 
condensation to form boronate ester. (B) Structure of a fragment of COF-108. (C) Space-filling diagram 
of the powder X-ray crystal structure of COF-108. Carbon, boron, oxygen and hydrogen are black, pink, 
red, and white, respectively. 
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In addition to self-condensation, boronic acids can also react with catechols to form 
boronate esters (Figure 1.2A), as in the case of COF-5 and the three-dimensional porous 
structure COF-105,1,8 or with silanols to form borosilicate bonds, as in the case of COF-
202.6 In one important case, COF-108 was prepared through the reaction between HHTP 
and TBPM (Figure 1.2B) to produce a material with three-dimensional pores and an 
extremely low density of 0.17 g cm−3 (Figure 1.2C).8 This synthetic route is remarkably 
general in scope and has been applied to a large array of boronic acids. For example, 
isoreticular series of layered COFs with hexagonal9 or square10 topologies have been 
reported. This resulted in families of related materials of systematically increased pore 
sizes, reaching pore apertures as large as 4.7 nm.  

 
COFs have also been synthesized through the formation of C−N bonds. The first 

example, COF-300,4 is linked by imine condensation of aldehyde and amine linkers 
(Figure 1.3A). This material was made by the reaction between TAM and BDA (Figure 
1.3B), resulting in a framework with a 5-fold interpenetrated dia topology11,12 and a BET 
surface area of 1360 m2 g−1 (Figure 1.3C). Again, the key to obtaining a crystalline solid 
was the use of a sealed reaction vessel, which allowed for modulation of the reaction’s 
equilibrium. Similar to boronic acid condensations, the formation of imine bonds has 
proven to be a versatile strategy for the synthesis of COFs, and numerous materials have 
subsequently been prepared with this same reaction.13,14 A similar strategy was pursued 
to enhance the chemical stability of imine-based COFs where the reversible Schiff base 
formation is followed by irreversible tautomerization of the intermediate enol-imine form 
to the keto-enamine species.15 The materials prepared by this route have shown 
remarkable stability in acidic and basic media.  

 
Similarly, C−N bond formation has been applied to COFs with hydrazone linkages.16 
These materials are prepared through the condensation of aldehydes with hydrazide 
building blocks (Figure 1.4A). COF-42 and COF-43 are the first two examples of 
hydrazone COFs. COF-42 was formed from the reaction of DETH and TFB (Figure 1.4B). 
This produced a layered structure (Figure 1.4C) of hexagonal pores (28 Å in diameter) 
and a BET surface area of 710 m2 g−1. This class of materials offers generally higher 
chemical stabilities than imine-based COFs. In particular, these linkages are less prone to 
hydrolysis and thus form more robust frameworks.17 Other COFs prepared with C−N 
bonds include those using azine linkages and those incorporating triazine rings. In the 
first case, azine bonds are formed by the reaction between hydrazine and aldehyde 
building units.18 The triazine linkage is made under ionothermal conditions in molten 
ZnCl2 by nitrile cyclotrimerization.19 More recently, the imidization reaction has also 
been successfully employed to synthesize polyimide COFs with high thermal stability.20  
 

The formation of B−N bonds has also been recently employed to prepare COFs 
through the synthesis of borazine ring linkages, which was achieved by decomposition 
of amineborane-functionalized building units.5  
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Figure 1.3. Application of imine bond formation to COFs. (A) Example of molecular condensation to 
form imine bonds. (B) Structure of a fragment of COF-300. (C) Space-filling diagram of the powder X-
ray crystal structure of COF-300. Carbon, nitrogen and hydrogen are black, blue, and white, respectively. 
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Figure 1.4. Application of hydrazone bond synthesis to COFs. (A) Example of molecular condensation to 
form a hydrazone. (B) Structure of one pore of COF-42. (C) Space-filling diagram of the powder X-ray 
crystal structure of COF-42. Carbon, oxygen, nitrogen, and hydrogen are black, red, blue, and white, 
respectively.  
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1.4 COF Structures by Design and Their Characterization  
 

The fact that the building units used in the assembly of COFs maintain their 
geometry during the reaction makes it possible to predict the structure of the resulting 
solid. Using the symmetry hypothesis where the most symmetric structures are more 
likely to result from such syntheses, it is straightforward to come up with a small number 
of expected structures from a large number of possibilities based on the geometry of the 
starting building units.11,12 The powder X-ray diffraction (PXRD) patterns calculated for 
the expected structures are compared with the experimental patterns to confirm the 
correctness of the prediction. COFs represent the best examples of making materials by 
design, because it would not be possible to solve such crystal structures without prior 
knowledge of the expected outcome of the reaction.  

 
For example, it is known that the combination of tetrahedral and triangular 

building units preferentially generates ctn or bor networks (Figure 1.5A,B, respectively). 
COF-105 and COF-108 are constructed by joining triangular HHTP with tetrahedral 
building units TBPM or TBPS, respectively.8 To determine the topologies of each COF, 

Figure 1.5. Structural elucidation through modeling. (A, B) Idealized ctn and bor topologies as the most 
symmetric possibilities for the assembly of tetrahedral and trigonal building units, respectively. (C, D) 
Experimental PXRD patterns obtained for COF-105 and COF-108 (black), respectively, and calculated 
patterns for crystal models based on bor and ctn (blue and red) topologies.  
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calculated models based on the bor and ctn networks were constructed by placing the 
TBPM or TBPS units at the tetrahedral nodes and the HHTP linkers at the triangular 
nodes, followed by geometry optimization along with energy minimization. The 
comparison of the simulated PXRD patterns with the experimental data indicates that 
COF-105 exhibits the ctn topology, while COF-108 assumes the bor topology (Figure 
1.5C,D).  

 
While this approach has been successful in the structural elucidation of COFs, it 

has many of the limitations associated with powder diffraction techniques. For example, 
PXRD patterns give little information about the stacking sequence of layers in two-
dimensional COFs. In fact, the possibility of various layer-stacking sequences was 
recognized in the first COF report.1 In the case of layered materials, the two extreme 
situations, staggered and eclipsed, are typically modeled. Other intermediate scenarios, 
such as inclined stacking, have been proposed based on energy minimization studies.21 
It is worth noting that in contrast to the strong bonds making up the layers, the 
interactions between them are weak and therefore are not subject to the predictability 
found in reticular chemistry. This limitation also applies to interpenetrated COFs, where 
the interpenetration number is often ambiguous and cannot always be derived 
definitively from the powder diffraction patterns. In these cases, geometrical and 
topological considerations might help in determining the degree of interpenetration. 
However, elucidation of a COF structure goes beyond PXRD methods and involves a host 
of solid-state characterization techniques. For instance, the completeness of the reaction 
between the linkers of COFs can be verified by FTIR and solid-state NMR spectroscopy, 
while gas sorption measurements are valuable in determining pore volume and size. All 
of these techniques, taken together, can provide a holistic picture of the structure.1  

 
Since large COF single crystals remain rare, diffraction techniques applicable to 

submicrometer sized samples provide a possible alternative. For instance, electron 
diffraction is applicable to the study of nanosized crystals because electrons interact more 
strongly with matter than X-rays. This technique already shows promise for COF 
structural elucidation. The use of electron diffraction allowed for the determination of the 
first single crystal structure of a COF, COF-320,22 which has 9-fold interpenetrating dia 
frameworks. For this study, the rotation electron diffraction (RED) technique23 was 
applied, which allows for three-dimensional reconstruction of the reciprocal diffraction 
space by exposing a crystal to a rotating electron beam at varying angles. With this 
technique, a COF crystal with a minimal dimension of about 200 nm was sufficient to 
solve the structure. Given such a large number of interpenetrating frameworks, it would 
have been difficult to determine the structure using only calculated models and PXRD 
analysis, as explained above for other COFs.  

 
1.5 Properties and Applications of COFs 
 
Porosity and Gas Storage  
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COFs’ unique combination of crystallinity and organic functionality provide these 
materials with a variety of useful properties. As a first example, porosity is one of the 
most studied characteristics of COFs. They have been repeatedly shown to be 
permanently porous by measurement of gas sorption isotherms. Their pore size is also 
highly tunable, and COFs with micropores and mesopores have been reported. 

 
In two-dimensional layered structures, porosity emerges from the formation of 

channels that run along the stacking direction. The channel diameters can be finely tuned 
by judicious selection of linkers. For example, COF-1 has a structure based on hexagonal 
layers that stack in a staggered fashion (gra topology), producing a 7 Å pore aperture. 
Isoreticular expansion of this COF produced frameworks consisting of eclipsed layers 
(bnn topology) containing hexagonal channels with pore diameters ranging from 27 Å 
(COF-5) to 47 Å (HHTP-DPB COF).1,10 Similarly, layered COFs with square channels have 
been reported, formed from porphyrin- or phthalocyanine-derived linkers and using 
imine and boron ester linkages.24,25 Furthermore, such layers stack in an eclipsed fashion, 
producing square pores with diagonals as large as 44 Å, some of which have also been 
formed as thin films.26  

 
Their large surface areas and low densities make COFs promising for use in gas 

storage applications. COFs have exhibited high capacities for the storage of important 
gases such as methane, hydrogen, and carbon dioxide.27 In particular, COFs have proven 
to be exceptional methane storage materials, even at room temperature. In general, three-
dimensional COFs have exhibited the largest storage capacities, which can be related to 
their high surface area and pore volumes compared with layered materials. For example, 
the three-dimensional non-interpenetrating COF-102, with a Langmuir surface area of 
4650 m2 g−1, has a methane storage capacity of 25 wt % at 298 K and 80 bar (203 cm3 cm−3). 
Under identical conditions, even the 9-fold interpenetrating COF-320 exhibits high 
methane uptake with a 15 wt % capacity (176 cm3 cm−3).  

 
Due to its importance in clean energy, large efforts have been devoted to finding 

materials with high hydrogen storage capacities, and COFs have also been evaluated for 
this purpose. COF-102 and COF-103 show the largest hydrogen storage capacity among 
all reported COFs, with hydrogen uptake values of 72.4 and 70.5 mg g−1, respectively, at 
77 K and 85 bar. These values are similar to those reported for the highest performing 
MOFs.27 Incorporation of metal sites into COFs has been proposed as a method to increase 
the interaction strength between the adsorbent and the hydrogen molecules and thus 
improve the room temperature storage capacity. Indeed, calculations indicate that 
metalation of COF-301 with PdCl2 produces COF-301-PdCl2, a material that would 
exceed the DOE target for hydrogen storage at room temperature.28 This framework is 
formed through imine condensation of the tetrahedral TAM and DHTA linkers to 
generate multiply interpenetrating dia frameworks. The unique feature of this COF is the 
hydroxyl groups adjacent to the imine linkage, which generate bonding sites for metal 
centers. Hybrid DFT functionals were used to estimate the interactions between H2 
molecules and the framework, and H2 adsorption isotherms were simulated with grand 



 12 

canonical Monte Carlo calculations. The results of these models indicate that COF-301-
PdCl2 would be capable of storing up to 60 g L−1 at room temperature and 100 bar. 

 
COFs are also useful for the capture and storage of harmful gases. For instance, 

ammonia is a widely employed chemical that needs to be safely transported due to its 
toxicity and corrosiveness. As a Lewis base, ammonia can be effectively captured through 
interactions with Lewis acidic groups, such as the boron atoms present in boroxine or 
boronate ester-based COFs. COF-10, formed by condensation of HHTP and BPDBA 
building units, shows high capacity (15 mol kg−1) for ammonia storage.29 Remarkably, 
there is no loss of capacity or crystallinity after three consecutive ammonia 
adsorption/desorption cycles.  

 
Catalysis  

 
The use of porous materials as heterogeneous catalysts is of great interest because 

they offer the advantages of conventional heterogeneous catalysis combined with greater 
accessibility of active sites. However, despite their high porosity and great tunability, the 
use of COFs in catalysis remains largely unexplored relative to other classes of porous 
materials. Two base-functionalized COFs, BF-COF-1 and BF-COF-2, have been recently 
used as catalysts in Knoevenagel condensation reactions with a variety of substrates.13 
These materials are formed by imine condensation between TAA and either TFB or TFP 
to generate BF-COF-1 or BF-COF-2, respectively. The obtained materials exhibit high 
activity in the conversion of benzaldehyde to 2-benzylidenemalononitrile (96% and 98% 
for BF-COF-1 and BF-COF-2, respectively). Importantly, these two COFs have differing 
pore aperture sizes, resulting in modified selectivities.  

 
While BF-COF-1 and BF-COF-2 have intrinsic activity, the catalytic species may 

also be introduced into the framework after its synthesis. For example, Pd(OAc)2 was 
postsynthetically added into an imine-linked COF to generate Pd/COF-LZU-1.14 X-ray 
photoelectron spectroscopy data suggests that the Pd atom is fixed between two 
neighboring COF layers, coordinated to the nitrogen atoms of the framework. The 
material has exhibited high reactivity and good recyclability in Suzuki−Miyaura 
couplings. Similarly, a layered imine COF has also been used for the immobilization of 
gold nanoparticles, prepared by the solution infiltration method after the COF was 
synthesized. The resulting material shows high activity in the reduction of 4-nitrophenol 
to 4-aminophenol.30 Finally, a catalytic system consisting of a hydrazone-based COF 
doped with platinum has recently shown activity in photocatalytic production of 
hydrogen.17 In this case, the COF acts as a photosensitizer for exciton generation, while 
platinum is the proton reduction catalyst.  
 
Optoelectronics  

 
The optoelectronic properties of COFs have also found use outside the field of 

catalysis. For example, TP-COF, synthesized from triphenylene and pyrene linkers, has 
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shown semiconducting and luminescent properties.31 In addition, high charge carrier 
mobility has been measured in porphyrin-based COF-66 and COF-366.24 These materials 
are ideal for this application because they adopt an eclipsed conformation with square 
channels and small interlayer distances. Both frameworks are hole conducting and have 
charge mobility values of 8.1 and 3.0 V−1 s−1 cm2 for COF-366 and COF-66, respectively, 
values that are higher than those exhibited by common conducting polymers. Charge 
carrier mobility has also been demonstrated for phthalocyanine-based COFs25 and for the 
highly conjugated CS-COF32 prepared by condensation of HATP with tBPyTO. In the 
latter case, the COF was mixed with C60 to produce a donor/acceptor composite material, 
which exhibited excellent photoconductive properties. Finally, a COF capable of energy 
storage was prepared by the reaction of the redox-active anthraquinone building unit, 
DAAQ, with TFP.33 This framework exhibits a capacitance significantly higher than both 
non-redox-active COF materials and monomeric DAAQ, and this capacitance is 
maintained even after 5000 charge−discharge cycles.  
 
Thin-Film COFs  
 

Further research is being directed toward improving the use of COFs in 
optoelectronic applications. The synthesis of COF thin-films is a current goal in this area, 
and two approaches have been applied to this task. First, the material may be formed on 
a surface in situ. Second, the COF may be formed first and then deposited on a surface 
afterward. Applying the first strategy, COFs have been synthesized on a Ag(111) 
surface,34 and on single layer graphene.26,35 In the second technique, a layered COF may 
be synthesized as a powder and then exfoliated to yield materials consisting of a limited 
number of sheets, which can be deposited onto a surface. Several methods have been 
reported, including sonication,36 mechanical delamination,37 or immersion38 in 
appropriate solvents.  

 
To further modify and improve the electronic properties of COFs, linkers with 

inherent electrical conductivity, such as thiophene derivatives, are also being explored. 
Two such COFs, prepared with TTDBA39 or BTDBA40 in combination with HHTP have 
been reported. To improve their electronic properties, these COFs were grown as thin-
films on polycrystalline surfaces and then impregnated with fullerene derivatives to 
produce mixed donor/acceptor materials. An isoreticular series of COFs formed by 
condensation of TDBA, BTDBA, and TTDBA with HHTP has also been reported.41 The 
electron donor molecule tetrathiafulvalene has been incorporated into a layered imine-
based COF as a powder and as an oriented thin film. Diffusion of electron acceptor 
dopants, such as iodine or tetracyanoquinodimethane into thin films of this material 
resulted in conductivity values as high as 0.28 S m−1.  

 
1.6 Organic Materials Inspired by COFs  
 

Although the scope of this Account is limited to crystalline COFs, here we briefly 
mention some related materials that share common features such as the use of well-
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defined building blocks (akin to those applied in COFs), organic composition, and 
permanent porosity. Porous organic polymers are built up from rigid organic monomers, 
and although these materials lack the crystallinity and precise structural control found in 
COFs, some have exhibited interesting properties, including high porosity or electronic 
conductivity. These materials have been formed by Sonogashira−Hagihara,42 
Suzuki−Miyaura,43 Yamamoto,44 or Eglinton45 couplings. The resulting solids are 
typically highly stable, and some also have high surface areas. For example, PAF-1 
(polyaromatic framework-1) exhibits a BET surface area of 5600 m2 g−1.44 It was initially 
proposed that this high surface area implies a structure based on the dia topology, since 
the molecular precursors are tetrahedral. However, because the material is amorphous, 
it was later argued that a model based on amorphous silica may also explain its high 
surface area.46 Due to their high porosity and chemical stability, these amorphous porous 
polymers have found use in various applications, including gas capture and separation. 
For example, functionalized versions of PAF-1 that incorporate sulfonyl groups, denoted 
PPN-6-SO3E (porous polymeric network-6, E = H+, Li+, NH4+), have demonstrated high 
selectivity in the adsorption of carbon dioxide.47,48 Recently, the ammonia uptake of a 
number of related porous materials incorporating Brønsted acid groups has been 
investigated.49 It was found that BPP-5 (Berkeley porous polymer-5), a porous polymer 
functionalized with carboxylic acid groups, exhibits an ammonia uptake of 17.7 mol kg−1 
at 1 bar. We believe the synergy between the chemistry of COFs and the assembly of these 
polymers will continue to yield such amorphous materials with interesting properties. 

 
1.7 Outlook 
 

COFs have emerged as an important class of materials because their backbone is 
built entirely from light elements (thus far, C, N, O, B, Si) held together by strong covalent 
bonds (B−O, C−N, B−N, and B−O−Si) to make robust porous materials having the 
advantages of predictable structures and tunable pore functionality and metrics. Since 
the crystallization problem has been overcome in COF chemistry, at least for simple 
condensation and nitrile trimerization reactions, a large variety of COF structures have 
been made and will continue to evolve in their diversity and complexity. Although small 
crystals suitable for single crystal electron diffraction can be obtained, we believe making 
larger crystals is still a challenge and one we expect is being investigated by researchers 
in the field. Such large crystals will be very useful in exploiting the electronic properties 
of COFs.  

 
The future challenges pertain to extending this covalent chemistry to C−O, C−C, 

and other such strong bonds, which will provide access to a whole new area of useful 
materials not the least of which are new forms of carbon.  
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Chapter 2: Efforts Toward the Synthesis of Chemically Stable, Diels-Alder Linked 
COFs 

 
 
 

  



22 
 

2.1 Preface 
 
 Efforts were made toward the development of new COF linkages based on C – C 
bonds. These are attractive, since they promise higher chemical stability than the 
previously reported commonly-employed boroxine, boronate ester, and imine linkages. 
This study focused on the Diels-Alder reaction between furans and maleimides, since it 
is known that this reaction is thermally reversible, and as a result, would provide the 
error correction necessary for the formation of a crystalline material. The development of 
a new linkage is often highly empirical, and must be done such that all variables: 
temperature, solvent, and concentration are optimized. In the end, crystalline material 
was elusive, likely owing to the inherent difficulty of optimization, alongside difficulties 
in the linker design itself.  
 
2.2 Introduction  

 
The synthesis of porous materials is important due to their potential in an array of 

fields including gas storage and catalysis.1 Though a relative newcomer to the field, 
covalent organic frameworks (COFs) hold great promise for future application. They 
feature high surface areas, low densities and easily designable synthesis.2 In spite of these 
advantages, many reported COFs suffer from relatively high susceptibility to hydrolysis 
and chemical degradation, which must be addressed prior to widespread industrial 
adoption. 

 

Scheme 2.1. Reactions successfully applied to COF synthesis: (A) boronic acid condensations, (B) imine 
condensations, and (C) nitrile cyclotrimerization. 
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COFs are synthesized from small molecule organic precursors, known as linkers.3,4 
These linkers form extended structures through one of a few broad classes of reactions: 
boronic acid condensation, imine condensation, and nitrile cyclotrimerization (Scheme 
2.1).4 The application of each of these reactions to COF synthesis is an impressive 
accomplishment, but each has its own disadvantages. Most significantly, the boronic acid 
and imine condensations are affected by the presence of water. Thus, addition of water 
to the synthesized materials can lead to framework decomposition.3 In some cases, this 
process is prohibitively slow but may be catalyzed by small amounts of acid or base. A 
few reports of chemically stable COFs based on the imine linkage have appeared. 
Banerjee and coworkers have synthesized a number of COFs that undergo keto-enol 
tautomerization following imine formation that is stable in strong acid and base for days 
(Scheme 2.2).5,6 However, the scope of this reaction is limited: it appears to only be 
applicable to triformylphloroglucinol, which significantly restricts the number of 
topologies possible. 

 
The cyclotrimerization reaction is also not subject to the control of an ancillary 

molecule and as a result, the generated structures tend to be more robust. However, this 
reaction only proceeds under very harsh conditions (400 ˚C for several days), and is 
hampered by relatively low crystallinity.7 

 
As much as the reversibility of the reaction causes issues for the framework’s 

stability, it is necessary for the generation of crystalline material because the backward 
reaction allows for dynamic error checking and self-correction.2 It is this mechanism that 
allows crystalline material to be obtained via COF synthesis, since it provides a means 
for defects to be easily removed from the structure. 

 
The use of reversible reactions to generate a desired product is referred to as 

dynamic covalent chemistry and features this possibility of molecular proof reading.8 In 
this mode of reactivity, the products of the reaction are determined by the 
thermodynamics of the system, rather than its kinetics. In contrast, irreversible reactions 
are governed by their kinetics, since there is no facile pathway to return products to their 
precursors. 
  

Scheme 2.2. Formation of chemically stable COFs. 
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2.3 Approach 

 
The Diels-Alder reaction has a strong precedent in the literature of dynamic 

covalent chemistry; it is known to be reversible under the correct conditions and has been 
applied to the formation of a number of nano-architectures.9–11 Additionally, like the 
aforementioned cyclotrimerization, the Diels-Alder reaction is unaffected by modulator 
molecules.12 Finally, unlike the cyclotrimerization, this reaction features mild conditions; 
in some cases it is reversible at room temperature.10 
 

As a result of the advantages of the Diels-Alder reaction listed above, it is an 
attractive method for generating COFs. The materials yielded by this reaction are likely 
to have good chemical stability; in particular, they would probably not be susceptible to 
hydrolysis. The aim of this work is to develop a method for crystallizing COFs using this 
linkage. 
 

A large array of dienes and dienophiles are amenable to the Diels-Alder reaction, 
but for this study, furan and maleimide partners were chosen because of their strong 
literature precedent (Scheme 2.3). In particular, the reaction of these two moieties has 
been shown to be readily reversible at relatively low temperature, which may allow for 
more facile generation of crystalline material.9–11 Importantly, these coupling partners 
have been successfully applied to the generation of polymers.13,14 
 

2.4 Reaction Optimization 
 

 To begin, a number of furan and maleimide linkers were obtained for use in 
reaction optimization (Fig. 2.1). As a result of their differing geometries and numbers of 
points of extension, they can give rise to a wide variety of possible topologies. For 
instance, it is predicted that the union of linkers 3 and 4 will generate a three-dimensional 
extended structure, while linkers 1 or 2 combined with 5 will give rise to a two-
dimensional network. Out of the many possible combinations, this preliminary report 
focuses on the attempted synthesis of COF-950, created from linkers 2 and 4. 
 
2.4.1 Hypothesis  

 
Part of the appeal of COFs is their designable synthesis. That is, from knowledge 

of the linkers and their mode of reactivity, some details of the structure of the resulting 
COF can be predicted.3 The first COF targeted can be synthesized from linkers 2 and 4; 

Scheme 2.3. Proposed Diels-Alder reaction for COF formation. 
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and so is formed from the union of a tritopic and a ditopic linker. Applying the design 
principle, the geometry of the material can be predicted to be infinite sheets of planar 
hexagons, with a pore size of approximately 26 Å (though this planarity will be disturbed 
by the presence of the bridging oxygen).15 Even with this information in hand, it is 
difficult to predict how these sheets will stack relative to one another. That is, the sheets 
can arrange themselves in either eclipsed (i.e., in space group P6) or staggered (space 
group P63) orientations (Fig. 2.2). It is reasonable to suspect that the staggered form will 
be favored due to the fact that the bridging oxygen would make eclipsed stacking more 
difficult, but this piece of structural data may not be easily determined at the outset; 
experimental characterization is necessary.  
 

There are several additional complications to these idealized cases. First, the Diels-
Alder reaction is known to give products having two different stereochemistries: endo 
and exo. Unfortunately, the formation of both isomers is inevitable in reactions involving 
unsymmetrical dienophiles. However, this effect may be mitigated by the 
thermodynamics of the reaction: in literature reports, it is demonstrated that the endo 
product will be formed first, but the exo product will be ultimately generated as the 
thermodynamic product.16 Since the reaction is fully reversible, it is hypothesized that 
the exo product will dominate in the final material, and any generated endo intermediates 
will decompose under the reaction conditions.  

 

Figure 2.1. Appropriately functionalized linkers for use in Diels-Alder COFs. 
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As an additional issue, the furan rings attached to the central benzene of linker 2 
may undergo rotation. Thus, the symmetry at the linker’s center may be lower than 
expected. Finally, the developing oxabicycle may lead to deviations from planarity, 
which might introduce kinks into the otherwise planar structure.   
 
2.4.2 Computational Modeling  
 

With a few possible structures in hand, the framework can be modeled 
computationally. This was done by generating the layered structures in the appropriate 
space groups and then performing a geometry optimization using the Forcite module in 
Materials Studio.17,18 This process is important because it allows the theoretical 
determination of the possible structures’ PXRD patterns and unit cell parameters using 
the software’s Reflex module (Fig. 2.3, Table 2.1).19 Because single crystals of COFs are 
difficult to obtain, PXRD serves as the most powerful characterization technique and is 
the method used to guide optimization of the reaction conditions.  

Figure 2.2. Simulated exo structures of COF-950. Top: 
Eclipsed configuration. Bottom: Staggered configuration.  
Left: View down c-axis. Right: View down a-axis. 
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Table 2.1: Unit Cell Parameters for Simulated COF-950 Structures. 
Stacking Space 

group  
a (Å) c (Å) 

Staggered 
Exo P63 34.12 7.84 
Endo P63 30.46 9.53 

Eclipsed 
Exo P6 32.88 5.67 
Endo P6 30.91 5.16 

 
2.4.3 Method  
 

In spite of the growing number of COFs reported, their synthesis is still a largely 
empirical endeavor. From a theoretical standpoint, a successful synthesis must balance 
the rates of reaction in the forward and backward directions, all the while controlling the 
solubilities of the reactants and products to ensure slow and reversible growth of 
crystalline material. Practically, this means that the choice of temperature, solvent, 
concentration, and additives must all be tuned by trial and error. Throughout this study, 
over 1400 small-scale reactions were performed to control all of these variables. These 
reactions produced highly amorphous material, but via careful comparison to simulated 
patterns, insight into the reaction was gained. 
 

Prior to reaction optimization, PXRD measurements of both linkers 2 and 4 were 
performed so as to have a reference (Fig. 2.4). Importantly, these patterns do not show 
intense low angle peaks, allowing for easy differentiation between COF material and 
unreacted linker (cf. Fig. 2.3). 
 

Figure 2.3. Simulated PXRD patterns for possible 
configurations of COF-950. 
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2.4.4 Temperature  
 
Literature reports of reversible furan-maleimide diene-dienophile reactions 

suggest that the reaction only proceeds toward products above approximately 60 ˚C, but 

Figure 2.4. PXRD patterns of Linkers 4 and 2. 

Figure 2.5. Representative PXRD patterns. Reaction 
conditions: 6.9 mg linker 2 (0.025 mmol, 1 equiv), 10.1 mg 
linker 4 (0.0375 mmol, 1.5 equiv), 1 mL n-butanol, 3 days. 
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becomes largely reactant-directed above approximately 120 ˚C.10,20 Knowing this, 
reactions were routinely performed between room temperature and 160 ̊ C. During initial 
optimization, a few syntheses were attempted at even higher temperatures, but above 
170 ˚C linker oxidation due to ambient oxygen was observed as evidenced by the 
generation of black, ashy material. 

 
In general, it was found that reactions taking place below 70 ˚C only showed 

unreacted starting material, while temperatures between 80 ˚C and 120 ˚C provided the 
best opportunities for crystallization. Figure 2.5 shows an example of this: at 65 ˚C, only 
starting materials are seen, but as the temperature is increased, an amorphous yellow 
product is formed. Raising the temperature to speed up the reaction can also produce 
poor material. That is, a given reaction condition might produce better material at lower 
temperatures than at higher ones (e.g., the peak seen at 2θ = 6˚ almost completely 
disappears at 140 ˚C in Fig. 2.6). As a result of this, the temperature must be carefully 
controlled; temperatures that are too high or too low do not provide desirable outcomes. 

 
2.4.5 Solvent 
 

The choice of solvent is perhaps the most important variable in successfully 
generating COFs. It plays a significant role in developing crystalline material: it is 
necessary to solubilize the starting materials sufficiently to allow for reaction in the 

Figure 2.6. Representative PXRD patterns. Reaction 
conditions: 6.9 mg linker 2 (0.025 mmol, 1 equiv), 10.1 mg 
linker 4 (0.0375 mmol, 1.5 equiv), 0.300 mL DMF, 0.700 mL 
mesitylene, 3 days. Note that the peak at 2θ = 6˚ seen at 
lower temperatures broaden at 140 ˚C. 
 



30 
 

forward direction, but not so much so that the generated material (oligomers and small 
polymeric units) precipitate prior to error-checking and correction.  

 
All this is to say that solvent choice is a largely experient factor, requiring lengthy 

optimization. In pursuit of suitable conditions, reactions with aromatic (benzene, toluene, 
p-xylene, mesitylene, PhCl, PhBr, 1,2-dichlorobenzene, PhNO2), amide [DMF, DMA, 
NMP and N,N-diethylformamide (DEF)], alcohol (MeOH, EtOH, i-PrOH, n-BuOH, 1,5-
pentanediol), ethereal (1,4-dioxane, THF, DME), haloalkane (DCE, chloroform, 
methylene chloride, chlorobutane) and other (DMSO, MeCN, MeNO2) solvents were 
performed. As expected, the choice of solvent played an enormous role in the outcome of 
the reaction (Fig. 2.7).  

 
Interestingly, even closely related solvents often gave dramatically different 

results. As just one example, DMA, DEF, DMF, and NMP are polar aprotic amides, but 
they cannot be substituted for one another (Table 2.2). 
 

Table 2.2: Effect of Solvent Choice on COF Formation. 
Solvent DMA DEF DMF NMP 
Result No Solid Amorphous Amorphous Starting Material 

Reaction conditions: 6.9 mg linker 2 (0.025 mmol, 1 equiv), 10.1 mg 
linker 4 (0.0375 mmol, 1.5 equiv), 1 mL Solvent, 85 ˚C, 3 days. 

 

Figure 2.7. Representative PXRD patterns. Reaction 
conditions: 6.9 mg linker 2 (0.025 mmol, 1 equiv), 10.1 mg 
linker 4 (0.0375 mmol, 1.5 equiv), 0.5 mL solvent, 85 ˚C, 3 
days. 
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Unfortunately, no one solvent was capable of furnishing crystalline material in 
small-scale reactions. As a result, binary solvent mixtures were explored and were 
ultimately found to be more tunable, offering a wide range of reactivity (Fig. 2.8).  

 
In the end, trends in solvent choice were difficult to find and optimization remains 

an ongoing task. In general, experiments showed that nonpolar solvents are incapable of 
sufficiently solvating the reactants and do not allow the reaction to proceed. At the same 
time, solvents that are too polar generate the product too quickly to yield crystalline 
material. Outside of these two observations, it is challenging to even retroactively 
rationalize experimental outcomes. 
 
2.4.6 Concentration  
 

Much like solvent, concentration plays a large role in both the crystallization of the 
material and the fundamental molecular reaction itself. This can be understood 
theoretically by balancing competing effects. First, lower concentrations slow 
crystallization by physically separating nucleation sites. In the extreme case, only low 
mass oligomers may be formed and precipitation may never take place. At higher 
concentrations, generation of solids may take place too quickly, without allowing 
adequate time for error-correction. From the standpoint of reaction kinetics, lower 
concentrations will also result in lower reaction rates, which may allow for the production 

Figure 2.8. Representative PXRD patterns. Solvent ratios 
given as PhNO2 : p-xylene. Reaction conditions: 6.9 mg 
linker 2 (0.025 mmol, 1 equiv), 10.1 mg linker 4 (0.0375 
mmol, 1.5 equiv), 1 mL solvent, 130 ˚C, 3 days. Note that 
reaction conditions with less xylene led to more intense 
low angle peaks. 
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of more highly crystalline material in the long run. On the other hand, if the reaction 
proceeds in the forward direction too slowly, solid may never be observed.3,4 
 

The ideal concentration was found to be strongly connected to solvent choice and 
temperature, as all three variables are connected to both solvation and reaction rate. Thus, 
concentration was routinely re-optimized.  

 
2.4.7 Characterization of Generated Materials 

 
During optimization, some measures were regularly used in an attempt to 

determine success. As a first step, dissolution of the material was attempted in a variety 
of solvents, including DMF, DMSO and acetone. Many examples of insoluble products 
have been observed, which may imply that extended structures may be formed.  
 

Then, IR spectroscopy was applied to the samples to try to verify that the reaction 
occurs (e.g., Fig. 2.9). The furan linker’s IR spectrum has strong absorbance bands at 1607 
and 1505 cm-1.23 These signals result from the C=C bonds in the furan and are not present 
in the synthesized material’s spectrum, which would be expected if the reaction did 
occur. The maleimide linker’s spectrum shows two bands at 1697 and 1686 cm-1; which 
correspond to the C=O and C=C bonds respectively. The first stretch is retained (though 
shifted to 1705 cm-1 in the product), but the second is strongly diminished. This implies 
that the C=C bond of the maleimide is lost, and is replaced by the newly formed C=C 
bond which appears as a stretch at 1646 cm-1 in the product’s spectrum. These 
observations are consistent with the formation of the expected Diels-Alder product.  

Figure 2.9. IR Spectra of Linkers 2, 4, and the resulting 
product. 
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To further verify these results, a molecular model will be constructed by reaction 
of the monotopic compound 6 with ditopic linker 2 to generate the Diels-Alder product 
7 (Scheme 2.4). By comparing the IR spectra of 7 with that of the purported extended 
structure, parallels with the purported extended structure may be observed. This task is 
in progress; crude product 7 has been obtained, but purification and characterization has 
proved difficult and is currently ongoing. 

 
Finally, gas uptake measurements were performed (Fig. 2.10). These experiments 

allow for the determination of surface area, which serves to demonstrate whether a 
compound has permanent porosity. Some of the products of these reactions have 
relatively high surface area (e.g., in Fig. 15, Langmuir surface area: 660 m2/g), while no 
significant step in the low-pressure region was observed. This implies that the average 
pore diameter of the products is in the micropore range (i.e. it is unlikely that these 
products exhibit the eclipsed stacking configuration). 

 

Figure 2.10. N2 uptake isotherm of synthesized material 
measured at 77 K. 

Scheme 2.4. Synthesis of molecular model 7. 
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In spite of these indications of successful synthesis, no highly crystalline material 
has been observed yet. More optimization is being performed with hopes of identifying 
well-honed reaction conditions capable of reproducibly generating the COF. 
 
2.4.8 Analysis 
  

As mentioned above, linker 2 has conformational flexibility, which may prevent it 
from attaining three-fold symmetry (Figure 2.11). It is likely that only one of the two 
conformers will be productive toward crystallization of the desired material; conformer 
B lacks the symmetry necessary to be a suitable vertex in the formation of a hexagonal 
pore (cf. Fig. 2.2). This problem is made worse by the small calculated energy difference 
between the symmetric and asymmetric conformations, making it difficult to form 
crystalline material. 
 

 In addition to this conformation flexibility, there is also the issue of facial 
selectivity: each maleimide can approach the furan from either the top or the bottom (Fig. 
2.12). Therefore, the oxabicycle can be formed in either an “up” or “down” orientation. 
The synthesis of crystalline material relies on the formation of symmetric material, where 
all of these deviations from planarity are oriented in a uniform way.  

 
Finally, there are also complications related to the various diastereomers formed 

during the reaction. In other words, even though one is favored, both exo and endo 
products are possible. In order to achieve a high degree of crystallinity, we would need 
to selectively form one isomer, and such selectivity may be difficult to achieve. 
 
 
 

Figure 2.11. Conformational flexibility between three-fold 
symmetric A and rotationally-asymmetric B. 
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Figure 2.12. Representation of facial 
selectivity of the reaction. 
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2.5 Conclusion 
 
To conclude, after significant optimization, no COFs have been generated. 

However, there are some indications that the reaction is generating porous, extended 
structures and this system may be capable of generating crystalline material.  

 
Forming a new type of linkage is usually difficult, but in this case, the problem is 

made more challenging by numerous selectively problems that are inherent in the chosen 
system. Ultimately, this led to a search for new ways to form novel linkages from 
previously known, easily synthesized COFs. 
  



36 
 

 
2.6 Supporting Information for Chapter 2 
 
2.6.1 General Considerations 
 
General Remarks: NMR spectra were obtained on Bruker 300, 400, 500, and 600 MHz 
instruments. 1H NMR chemical shifts are reported in parts per million (ppm) relative to 
tetramethylsilane, with the residual solvent peak used as an internal reference. 
Multiplicities are reported as follows: singlet (s), doublet (d), doublet of doublets (dd), 
triplet (t), multiplet (m), and broad resonance (br). Microwave reactions were performed 
with a CEM Discover microwave synthesizer. Powder X-ray Diffraction (PXRD) analysis 
was performed with either a Bruker D8 Advance or a Rigaku MiniFlex 600 instrument. 
In each case, a copper X-ray source was used, producing Kα radiation with a wavelength 
of 1.54 Å. Gas sorption was measured with a Quantachrome Quadrasorb Evo, using 
nitrogen gas (99.999%) as analyte. IR spectra were collected using a Bruker ALPHA ATR 
FT-IR spectrometer. 
 
Materials: All commercially available chemicals were used as received unless otherwise 
noted. Furan-3-boronic acid was obtained from Boron Molecular, Inc. 1,4-
Dibromobenzene and palladium(II) acetate were acquired from Chem-Impex, Inc. 1,3,5-
Tribromobenzene was obtained from Acros Organics. 1,2-Dimethoxyehtane, p-
phenylenediamine, maleic anhydride, potassium carbonate, melamine, acetic anhydride 
and bromine were obtained from Aldrich. Anhydrous sodium acetate was obtained from 
Alfa Aesar. Solvents used in COF screening and optimization were obtained from Acros, 
Fisher, EMD Chemicals and Aldrich and stored over molecular sieves. Flash 
chromatography was performed using Silicycle silica gel 60 (230-400 mesh) and thin layer 
chromatography was performed on Silicycle TLC plates pre-coated with silica gel 60.  
 
2.6.2 Synthetic Procedures 
 
Synthesis of Furan Linkers: In general, furan linkers were synthesized via Suzuki couplings 
with the appropriate boronic acid. 
 
1,4-Di(furan-3-yl)benzene (1): To an oven-dried 50-mL round bottom flask equipped with 
a magnetic stirbar was added 1,4-dibromobenzene (750 mg, 3.18 mmol, 1.0 equiv), furan-
3-boronic acid (854 mg, 7.63 mmol, 2.4 equiv), K2CO3 (2.46 g, 17.8 mmol, 5.6 equiv), 
Pd(OAc)2 (71.4 mg, 0.318 mmol, 0.1 equiv), PPh3 (333 mg, 1.27 mmol, 0.4 equiv) under an 
inert atmosphere. DME (10 mL) and H2O (5 mL) were added, and the resulting mixture 
was heated to 75 ˚C for 2 days. The reaction was filtered through silica gel, eluting with 
100 mL of EtOAc, which was evaporated to give a black residue. This was purified by 
column chromatography (hexanes/EtOAc = 95/5, v/v) to yield an off-white solid (433 
mg, 65%). 1H NMR (300 MHz, CDCl3) δ 7.75 (t, J = 1.2 Hz, 2H), 7.51 – 7.48 (m, 6H), 6.72 
(dd, J = 1.9, 0.9 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 143.7, 138.4, 131.1, 126.2, 126.1, 
108.8. MS (HR-EI), m/z calcd. for C14H10O2 [M]+ 210.0681, found 210.0684. 
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1,3,5-Tri(furan-3-yl)benzene (2): In an oven-dried 100-mL round bottom flask with a 
magnetic stir bar, 1,3,5-tribromobenzene (2.00 g, 6.36 mmol, 1.0 equiv), furan-3-boronic 
acid (2.56 g, 22.9 mmol, 3.6 equiv), potassium carbonate (8.80 g, 63.6 mmol, 10 equiv) and 
Pd(PPh3)2Cl2 were combined under an inert atmosphere. DME (19 mL) and water 
(degassed, 9 mL) were added, and the resulting mixture was heated to 75 ˚C and allowed 
to stir for three days. After three days, the reaction was filtered through a 2-cm plug of 
silica gel, eluting with 250 mL of EtOAc. The solvent was removed in vacuo to give a red-
orange residue, which was purified by column chromatography (hexanes/EtOAc = 95/5, 
v/v). The product was obtained as a colorless solid (1.34 g, 76%). 1H NMR (300 MHz, 
CDCl3) δ 7.80 (s, 3H), 7.52 (t, J = 1.7 Hz, 3H), 7.49 (s, 3H), 6.77 – 6.74 (m, 3H). 13C NMR 
(100 MHz, CDCl3) δ 143.8, 138.8, 133.5, 126.2 122.3, 108.9. MS (HR-EI), m/z calcd for 
C18H12O3 [M]+ 276.0786, found 276.0789. 
 
Tetrakis(4-(furan-3-yl)phenyl)methane (3): Bromine (4.29 mL, 13.4 g, 83.6 mmol, 20 equiv) 
was added to an oven-dried 50-mL round bottom flask equipped with a magnetic stir bar 
under inert atmosphere. The flask was equipped with an outlet needle vented into 100 
mL sat. aq. NaOH solution. Tetraphenylmethane (1.34 g, 4.18 mmol, 1.0 equiv) was 
slowly introduced, and the resulting slurry was stirred at room temperature for 30 min. 
Afterward, the reaction mixture was cooled to -40 ˚C using dry ice and acetonitrile and 
20 mL of EtOH was added slowly. The solution became orange and a precipitate formed. 
The mixture was allowed to warm to 22 ˚C and stirred overnight. The reaction was 
quenched by addition of 30 mL of sat. aq. NaHSO3 solution and filtered. The precipitate 
was washed with 3 × 30 mL H2O and dried in vacuo affording tetrakis(4-
bromophenyl)methane as an off-white solid (2.52 g, 95% yield). This was taken onto the 
next step without further purification. 1H NMR (600 MHz, CDCl3) δ 7.39 (d, J = 8.7 Hz, 
8H), 7.01 (d, J = 8.7 Hz, 8H). 13C NMR (151 MHz, CDCl3) δ 144.4, 132.4, 131.1, 120.8, 63.7. 
MS (HR-EI), m/z calcd for C25H16Br4 [M]+ 635.7945, found 635.7941. 
 
In an oven-dried 50-mL 3-neck round bottom flask with stirbar, tetrakis(4-
bromophenyl)methane (1.50 g, 2.36 mmol, 1.0 equiv), furan-3-boronic acid (1.30 g, 11.3 
mmol, 4.8 equiv), K2CO3 (4.20 g, 30.7 mmol, 13 equiv), Pd(OAc)2 (53.0 mg, 0.236 mmol, 
0.1 equiv), and PPh3 (248 mg, 0.944 mmol, 0.4 equiv) were combined under an inert 
atmosphere. DME (19 mL) and degassed H2O (9 mL) were added to yield a deep red 
solution. This mixture was heated to 75 ˚C and stirred for 3 days. The mixture was cooled 
to 22 ˚C and filtered through silica gel, eluting with ethyl acetate (100 mL). The resulting 
mixture was evaporated to a red-brown residue, which was purified by column 
chromatography (hexanes/EtOAc = 95/5, v/v). After purification, the desired product 
was obtained as a colorless solid (236 mg, 20%). 1H NMR (300 MHz, CDCl3) δ 7.72 (t, J = 
1.1 Hz, 4H), 7.46 (t, J = 1.7 Hz, 4H), 7.43 – 7.36 (m, 8H), 7.31 – 7.26 (m, 8H), 6.69 (dd, J = 
1.9, 0.9 Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 143.4, 144.8, 139.8, 131.2, 130.9, 130.1, 
125.6, 109.2, 64.2. MS (HR-EI), m/z calcd for C41H28O4 [M]+ 584.1988, found 584.1987. 
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3-Phenylfuran (6): To an oven-dried 50-mL round bottom flask was added furan-3-boronic 
acid (427 mg, 3.82 mmol, 1.2 equiv), K2CO3 (1.23 g, 8.92 mmol, 2.8 equiv), Pd(OAc)2 (71.8 
mg, 0.32 mmol, 0.1 equiv) and PPh3 (333 mg, 1.27 mmol, 0.4). Then, under an inert 
atmosphere, DME (10 mL) and degassed water (5 mL) were added. Finally, 
bromobenzene (500. mg, 3.18 mmol, 1 equiv, 0.334 mL) was added. The resulting mixture 
was heated to 75 ˚C, and allowed to stir for 10 h. The resulting mixture was cooled to 22 
˚C and filtered through silica gel, eluting with 100 mL EtOAc. The solvent was removed 
in vacuo to yield a yellow/orange residue. This was purified by column chromatography 
(hexanes/EtOAc = 98/2 v/v) to give a colorless solid (110 mg, 24%). 1H NMR (600 MHz, 
CDCl3) δ 7.75 (s, 1H), 7.53 – 7.48 (m, 3H), 7.39 (t, J = 7.7 Hz, 2H), 7.28 (t, J = 7.4 Hz, 1H), 
6.72 (s, 1H). 13C NMR (151 MHz, CDCl3) δ 143.6, 138.4, 132.4, 128.8, 128.8, 127.0, 125.8, 
108.8. 
 

Synthesis of Maleimide Linkers: In general, maleimide derivatives were produced by 
condensation of maleic anhydride with an aryl via a modified literature preparation.25 
 
1,1',1''-(1,3,5-Triazine-2,4,6-triyl)tris(1H-pyrrole-2,5-dione) (5): Maleic anhydride (2.56 g, 
26.1 mmol, 3.3 equiv) was dissolved in 20 mL of anhydrous THF and the resulting 
mixture was slowly added to a solution of melamine (1.00 g, 7.92 mmol, 1.0 equiv) in 20 
mL of THF. The resulting cloudy colorless solution was stirred at 22 ˚C for 1h. The 
precipitate was collected, and transferred to a 35-mL microwave tube equipped with a 
stirbar. To this tube was added acetic anhydride (20 mL) and NaOAc (2.34 g, 28.5 mmol, 
3.6 equiv). This tube was capped and irradiated at 120 ˚C (microwave power was set to 
350 W, with 10 min allowed for temperature ramping) for 1 h. This resulted in a black 
slurry, which was poured over celite and eluted with 500 mL EtOAc, then 500 mL water. 
The aqueous layer was extracted with 3 × 300 mL EtOAc. The combined organic layers 
were rotovapped to give an orange solid. This solid was recrystallized from hot 
toluene/hexanes to yield a colorless solid (152 mg, 5%). 1H NMR (400 MHz, DMSO-d6) δ 
10.49 (s, 6H). 13C NMR (100 MHz, DMSO-d6) δ 170.6, 164.3, 25.5. MS (HR-EI), m/z calcd 
for C15H6N6O6 [M]+ 366.2490, found 366.2509. 
 
COF Synthesis and Activation: In a 4-mL scintillation vial, 2 (6.9 mg, 0.025 mmol, 1 equiv) 
and 4 (10.1 mg, 0.0375, 1.5 equiv) were dissolved in an appropriate solvent. The vial was 
then closed using Teflon tape and was sonicated for 10 min to ensure adequate mixing. 
Then, the reaction was heated in an oven for several days, resulting in a flocculent 
yellow/brown solid. This was filtered from the reaction mixture and subsequently 
washed with 50 mL acetone. The washed solid was collected in a 20-mL scintillation vial, 
and the vial was filled with acetone. The solvent was exchanged three times over the 
course of 8 h. After washing, the acetone was removed, and the solid was washed with 
liquid CO2 three times. Then, the sample was heated in the presence of liquid CO2 to 
generate supercritical CO2 fluid, which was slowly released to yield guest-free samples. 
Finally, the solid was transferred to a gas adsorption cell and was evacuated for 18 h at 
22 ˚C at which point a pressure of 8 mTorr was observed. 
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3.1 Preface 
 
 Covalent organic frameworks (COFs) are formed from the union of small 
molecular building blocks that are linked through covalent bonds. While the chemical 
identities of these building blocks are in principle infinitely variable, it is generally the 
chemistry of the linkage which dictates the properties and reactivity of the framework 
itself. That is, the essential properties of COFs, especially those connected to thermal and 
chemical stability, are often more strongly influenced by the reaction used to link the 
material’s building blocks together than by the functionalities of those linkers. Therefore, 
the discovery of new linkages remains a focus of intense study. This endeavor has been 
limited by the requirement that such linkages be reversible, which necessarily constrains 
the scope of applicable reactions. Here, we demonstrate the first example of altering a 
framework’s linkages postsynthetically, allowing access to functionally irreversible 
bonding motifs. 
 
3.2 Introduction 
 

Covalent organic frameworks are crystalline, porous networks formed from the 
union of small molecular building blocks.1–5 As a result of these properties, they have 
garnered interest as platforms in various applications, including catalysis, gas storage 
and separations, and in optoelectronic devices. However, the use of these materials has 
been limited by their instability. The determining factor in stability is often the linkage 
used to connect the material’s building blocks. For example, the first COFs, based on the 
condensation of boronic acids to form either boroxine anhydrides, or with catechols, to 
form boronate esters, suffered significant hydrolytic instability even in humid air. The 
more recent development of imine-linked frameworks, which now constitute the largest 
class of COFs has provided materials with better stability, but these are often still 
susceptible to hydrolysis in the presence of acid or base. Efforts have been directed 
towards the synthesis of materials with more stable linkages, but these have been difficult 
to form.6–8 
 
 Ultimately, this challenge is rooted in the way that COFs are formed. It is typically 
understood that the linking reaction must be reversible, such that amorphous material 
can be broken down and re-formed into a crystalline phase.9,10 Therefore, the linking 
reaction must be sufficiently reversible for the formation of crystalline material, but this 
means that the synthesized COF remains susceptible to decomposition via that same 
reverse pathway. This also implies that, in general, less reversible linkages may provide 
material with greater chemical stability, but will also generally result in less crystallinity. 
Finding a way to bypass this problem would be highly desirable. 
 
 Our solution to this problem is to separation the process of crystallization from the 
final bond formation. More concretely, we seek to convert less stable COFs to more stable 
ones after synthesis. By doing so, we can take advantage of the higher crystallinity 
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afforded by a relatively reversible linking reaction, but then eliminate this reversibility 
with its associated instability. 
 
3.3 Approach 

 
 The targeted reaction in this experiment was the selective oxidation of imine 
linkages to amide ones (Scheme 3.1). This reaction was chosen because we expected that 
the amides would be less susceptible to hydrolysis than the imines. By the same token, 
since amides are less reversible than imines, it was hypothesized that the formation of 
amide-linked COFs de novo would be challenging. Therefore, this would constitute an 
attractive method for the formation of materials that would be difficult to form directly. 
  
 The application of even straightforward organic reactions to COFs has numerous 
constraints. For instance, the reaction yield must be high, since there is no easy way to 
separate the desired product from unreacted starting material and side products. In 
addition, as imines are susceptible to hydrolysis and nucleophilic attack, the reaction 
conditions must be relatively mild. 

 
 

Scheme 3.1. Proposed reaction for the formation of amide-linked COFs 
from imine-linked ones. 

N [O] H
N

O

NH2

NH2H2N

O

O

+
6M AcOH

n-BuOH/o-DCB
120 ˚C

Scheme 3.2. Solvothermal synthesis of the imine-linked starting material, TPB-TP-COF. 
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 With these criteria in mind, initial efforts at reaction optimization focused on a 
previously reported Pinnick-type oxidation.11,12 This transformation seemed promising, 
as the desired product was obtained in high yield, with only a short reaction time at or 
near room temperature. With these conditions in hand, the reaction was optimized on 
TPB-TP-COF, formed from the union of tris(4-aminophenyl)benzene and 
terephthalaldehyde (Scheme 3.2). This material was chosen for its large hexagonal pores, 
which should promote facile diffusion of reactants. Through empirical reaction 
optimization, a set of conditions were found allowing for the conversion of imine to 
amide linkages in this COF with retention of crystallinity and overall structure (Scheme 
3.3). 

 
3.4 Characterization 
 
 The first indications of conversion of the imine-functionalized material to the 
desired amide-linked COF came from Fourier transform infrared (FT-IR) spectroscopy 
(Fig. 3.1a). The spectrum of the imine shows the expected C=N imine stretch (1622 cm-1), 
which is replaced by the expected C=O amide carbonyl signal (1651 cm-1). The identities 
of these peaks were confirmed by comparison with molecular models (see Section 3.7.3). 
Notably, no residual imine signal is evident, suggesting good conversion. 
 
 Further support for the conversion of the COF was provided by 13C cross 
polarization magic-angle spinning nuclear magnetic resonance spectroscopy (CP-MAS 
NMR). At natural 13C abundance, the loss of the iminyl carbon signal at 157 ppm was 
evident (see Section 3.7.4). Furthermore, a new signal corresponding to the carbonyl 
carbon emerged at 166 ppm. To unambiguously determine conversion, 13C CP-MAS 
NMR spectra were also obtained of material isotopically enriched at the iminyl position 
(Fig 3.1b). This provided a means of monitoring the transformation of that carbon from 

NaClO2 (11 equiv)
2-methyl-2-butene (100 equiv)

AcOH (10 equiv)
Dioxane/H2O

2 days

Scheme 3.3. Optimized reaction conditions for the formation of the desired amide-linked TPB-TP-COF. 
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imine to amide. The peak corresponding to the imine carbon was not seen the spectrum 
of the amide across various cross-polarization contact times between 100 µs and 7 ms. 
 
 As stated above, a key goal of this research was to develop a method to access 
regularly ordered amide-linked COFs, and as a result, the preservation of crystallinity 
was paramount. The crystallinity of the material was assessed by powder X-ray 
diffraction (PXRD, Fig 3.1c). The obtained powder pattern of the amidated material fits 
well with the one predicted from the simulated model (see Section 3.7.5). This analysis 
suggests that the space group of the amide is the same as that of the imine (P6, No. 168), 
implying that the eclipsed stacking mode is conserved. Further, only small changes in the 
unit cell parameters were observed between the imine (a = b = 35.93, c = 4.42 Å) and the 
amide (a = b = 36.54, c = 4.05 Å). The fact that we do not note significant structural changes 

Figure 3.1. (a) FT-IR spectra taken of imine- and amide-linked TPB-TP-COF. (b) 13C CP-MAS NMR 
spectra of the materials before and after the transformation. (c) Diffraction patterns of the materials. (d). 
Nitrogen sorption isotherms of the COFs showing retention of permanent porosity. 
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between the starting material and the product demonstrates the predictable nature of this 
transformation. 
 
 After structure elucidation, the amide material was solvent exchanged and 
activated. Permanent porosity of the activated material was established by N2 sorption 
(Fig 3.1d). From the measured isotherms, Brunauer-Emmett-Teller (BET) surface areas of 
1250 and 655 m2 g-1 were calculated for the imine and amide, respectively (see Section 
3.7.7). This constitutes a loss of approximately 45% of the initial surface area of the imine. 
A loss of c. 15% of the starting surface area is expected, due to increased pore occupancy 
and framework mass. The remaining surface area discrepancy is likely due to oligomeric 
guests residing in the pores of the COF. We hypothesize that the framework may undergo 
acid-catalyzed hydrolysis during the oxidation, due to the use of acetic acid in the 
reaction mixture. This process may leave oligomers in the pores of the framework, 
lowering surface area. In order to probe this hypothesis, the 13C MAS NMR spectrum of 
the 13C-labeled amidated material imbibed with d6-DMSO was obtained (see Section 
3.7.4). This indicated the presence of mobile amide-containing species, supporting the 
presence of included oligomers. 
 
3.5 Chemical Stability of Synthesized Frameworks 
 
 As stated above, one consideration in the choice of amidation as our focus was the 
hypothesized greater stability of the amide linkage relative to the imine. To probe this, 
the imine and amide materials were characterized by PXRD and sorption after 24-hour 
treatment in aqueous 12 M HCl and 1 M NaOH. The difference in stability between the 

Figure 3.2. PXRD patterns of the amide- (left) and imine-linked (right) COFs before and after treatment 
with aqueous acid and base. 
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imine and amide is obvious in the PXRD, where the amide retains its diffraction pattern, 
while the imine is made almost entirely amorphous under both acid and base treatment 
(Fig 3.2). Some surface area loss is noted after treatment (see Section 3.7.8), but it is clear 
that the amide outperforms the imine. 
 
3.6 Conclusion 
 
 To conclude, we have demonstrated a method of converting imine-linked 
frameworks to amide-linked ones. This can be done with good conversion, and retention 
of crystallinity and permanent porosity. Further, the resulting COFs exhibit higher 
chemical stability than the imine-functionalized progenitors. Finally, this demonstrates a 
new way of forming COF linkages that would be difficult to achieve in de novo synthesis. 
We expect this to be a fruitful way of discovering new linkages and developing COFs 
with novel properties. 
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3.7 Supporting Information for Chapter 3 
 
3.7.1 General Considerations 
 
Chemicals used in this work: Tris(4-aminophenyl)benzene and 4-bromobenzaldehyde were 
purchased from TCI Chemical. Terephthalaldehyde, sodium dihydrogen phosphate, and 
N,N-dimethylformamide-(carbonyl-13C) were purchased from Sigma Aldrich. 1,4-
Dioxane, toluene, THF, and ammonium chloride were purchased from Fisher Scientific. 
2-Methyl-2-butene and 2.5 M n-butyllithium in hexanes were purchased from Acros 
Organics. Aniline was purchased from Alfa Aesar. Sodium chlorite was purchased from 
VWR. Glacial acetic acid, trifluoroacetic acid, dichloromethane, and anhydrous 
magnesium sulfate were purchased from EMD Millipore. Ethylene glycol was purchased 
from Spectrum Chemical. These chemicals were used without further purification.  
 
Analytical Techniques: Powder X-ray diffraction data were collected using a Bruker D8-
advance θ-θ diffractometer in parallel beam geometry employing Cu Kα1 line focused 
radiation at 1600 W (40 kV, 40 mA) power and equipped with a position sensitive detector 
with at 6.0 mm radiation entrance slit. Samples were mounted on zero background 
sample holders by dropping powders from a wide-blade spatula and then leveling the 
sample with a razor blade. Data were collected using a 0.01˚ 2θ step scan from 1 – 50˚ with 
exposure time of 3 s per step.  
 

Thermogravimetric analysis (TGA) curves were recorded on a TA Q500 thermal 
analysis system under air-flow.  
 

Elemental microanalyses (EA) were performed in the Microanalytical Laboratory 
of the College of Chemistry at UC Berkeley, using a Perkin Elmer 2400 Series II CHNS 
elemental analyzer.  
 

FT-IR spectra were collected in-house using a Bruker ALPHA Platinum ATR-FT-
IR Spectrometer equipped with a single reflection diamond ATR module.  
 

Low-pressure N2 adsorption isotherms were recorded on Quantachrome 
Quadrasorb Evo and Micromeritics ASAP 2420 volumetric gas adsorption analyzers. A 
liquid nitrogen bath was used for the N2 measurements at 77 K.  
 

Liquid-state NMR spectra were referenced to the chemical shift of residual solvent 
signals. 
 
Notes on Amidation: All reagents must be of high purity. In particular, the 2-methyl- 2-
butene must be of greater than 95% purity. The reactions are sealed with a PTFE cap to 
minimize evaporation of the volatile olefin. The imine COFs used in this synthesis have 
previously been solvent-exchanged with acetone by Soxhlet extractor, followed by 
supercritical carbon dioxide activation. The sodium chlorite solid should be handled with 
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a ceramic spatula, not stainless steel. All solutions should be handled with a micro-
pipetter; no metallic needles should be used. The aqueous sodium chlorite solution 
should be freshly made, as it decomposes over time. The oxidation must be performed in 
the dark.   
 

Best diffraction is observed in material that has been solvent exchanged and 
activated. COF containing a significant amount of solvent does not diffract well.  
 
3.7.2 Synthetic Procedures 
 
 

 
(1E,1'E)-1,1'-(1,4-phenylene)bis(N-phenylmethanimine) (1): To a 100 mL round bottom flask 
was added terephthalaldehyde (2.0 g, 14.9 mmol, 1 equiv), aniline (2.91 g, 2.86 mL, 31.3 
mmol, 2.1 equiv), magnesium sulfate (9 g, 74.6 mmol, 5 equiv), and dichloromethane (30 
mL). The reaction mixture was stirred at r.t. for 15 h before being filtered. The filtrate was 
concentrated via rotary evaporation, and the resulting solid recrystallized in 
dichloromethane/hexane to afford the product as a pale green-yellow solid (2.5 g, 59 %).  
1H-NMR (400 MHz, DMSO-d6, δ): δ 8.72 (s, 2H), 8.09 (s, 4H), 7.45 (m, 4H), 7.32 (m, 6H); 
13C-NMR (100.6 MHz, DMSO-d6, δ): δ 160.53, 151.65, 138.88, 129.73, 129.50, 126.80, 121.57. 
MS (HR-ESI), m/z calcd. C20H16N2 [M]+ 284.1313, found 284.1313. Found spectral data 
were identical to those published in literature.13 

 

 
N1,N4-diphenylterephthalamide (2): To a 50 mL round bottom flask was added 1 (0.50 g, 
1.75 mmol, 1 equiv), 2-methyl-2-butene (2 mL, 18.9 mmol, 10.8 equiv), NaClO2 (1.58 g, 
17.5 mmol, 10 equiv), and THF (10 mL). To the reaction mixture was added an aqueous 
solution of NaH2PO4 (5.25 mL, 3.3 M, 17.3 mmol, 9.9 equiv) dropwise while stirring 
vigorously. A white precipitate was observed immediately. The reaction mixture was 
stirred at r.t. for 30 minutes before the white precipitate was isolated by filtration and 
washed with water (5 mL) and chloroform (5 mL) to obtain the product (460 mg, 82%). 
1H-NMR (400 MHz, DMSO-d6, δ): δ 10.41 (s, 2H), 8.11 (s, 4H), 7.81 (d, 4H), 7.38 (t, 4H), 
7.14 (t, 4H); 13C-NMR (100.6 MHz, DMSO-d6, δ): δ 165.26, 139.43, 137.91, 129.12, 128.18, 
124.36, 120.92. MS (HR-ESI), m/z calcd. C20H16N2O2 [M]+ 316.1212, found 316.1212. 
Found spectral data were identical to those published in literature.13 

NH2
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Synthesis of isotopically enriched terephthalaldehyde:  
 

 
2-(4-bromophenyl)-1,3-dioxolane (3): To a 250 mL round bottom flask equipped with a 
Dean-Stark apparatus and a water-cooled reflux condenser was added 4-
bromobenzaldehyde (6.75 g, 54 mmol, 1 equiv), p-toluenesulfonic acid monohydrate (170 
mg, 0.9 mmol, 0.02 equiv), ethylene glycol (6 mL), and toluene (100 mL). The reaction 
mixture was then stirred at reflux for 18 h before being transferred to a separatory funnel 
and washed with water (3 x 10 mL). The organic phase was then separated, dried with 
anhydrous magnesium sulfate, filtered and concentrated via rotary evaporation. 3 was 
isolated via vacuum distillation as a colorless liquid (4.65 g, 36%). 1H-NMR (400 MHz, 
CDCl3, δ): δ 7.51 (d, 2H), 7.35 (d, 2H), 5.77 (s, 1H), 4.06 (m, 4H); 13C-NMR (100.6 MHz, 
CDCl3 δ): δ 137.07, 131.53, 128.24, 123.26, 103.06, 65.35. Found spectral data were identical 
to those published in literature.3 

 

4-(1,3-dioxolan-2-yl)benzaldehyde (4): To an oven-dried 250 mL round bottom flask was 
added 3 (2.0 g, 8.73 mmol, 1 equiv) and dry THF (100 mL). The reaction mixture was then 
cooled to -78 ˚C in a dry ice/acetone bath and n-BuLi (4.2 mL, 2.5 M in hexanes, 10.5 
mmol, 1.2 equiv) was added dropwise. After stirring at -78 ˚C for one hour, N,N-
dimethylformamide (1 g, 73.1 mmol, 8.37 equiv) was added dropwise. After stirring for 
30 min. at -78 ˚C, the reaction mixture was warmed to 25 ˚C and stirred for an additional 
2 h before being quenched with saturated aqueous NH4Cl (20 mL). THF was then 
removed via rotary evaporation and the resulting oil dissolved in dichloromethane (100 
mL). The organic phase was then washed with water (3 x 15 mL), separated, dried with 
anhydrous magnesium sulfate, filtered, and concentrated via rotary evaporation to yield 
a yellow oil. 4 was used immediately without further purification.  
 
Terephthalaldehyde (13C-labeled at formyl position) (5): To a 50 mL round bottom flask was 
added 6, trifluoroacetic acid (15 mL), and water (2 mL). The mixture was then heated at 
reflux for 15 minutes then concentrated via rotary evaporation. The resulting off-white 
solid was dissolved in dichloromethane (100 mL) and washed with water (3 x 15 mL). 
The organic phase was then separated, dried with anhydrous magnesium sulfate, 
filtered, and concentrated via rotary evaporation. After purification by column 
chromatography (DCM), 5 (505 mg, 43% over two steps) was isolated as a white powder.  
1H-NMR (400 MHz, CDCl3 δ): δ 10.18 (s, 1H), 10.18 (d, 1H), 8.10 (s, 4H); 13C-NMR (100.6 
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MHz, CDCl3 δ): δ 191.51, 130.18, 102.86; MS (HR-ESI), m/z calcd. for C713CH6O2 [M]+ 
135.0401, found 135.0401. 
 
COF Synthesis: 
 
Imine-linked TPB-TP-COF: A Pyrex tube measuring 10 × 8 mm (o.d. × i.d.) was charged 
with terephthalaldehyde (16 mg, 0.11 mmol, 1 equiv), tris(4-aminophenyl)benzene (28 
mg 0.08 mmol, 0.7 equiv), o-dichlorobenzene (0.5 mL), 1-butanol (0.5 mL) and aqueous 
acetic acid (100 µL, 6M). The tube was flash frozen at 77 K, evacuated to an internal 
pressure of 100 mTorr and flame sealed to a length of 15 cm. The reaction was heated at 
120 ˚C for 72 h yielding a yellow solid that was isolated by filtration and washed with 
acetone in a Soxhlet extractor for 24 h. The material was then activated with supercritical 
carbon dioxide followed by drying under dynamic vacuum at room temperature for 16 
h followed by dynamic vacuum at 120 ˚C for 2 h. EA of activated sample: Calcd. for 
C72H48N6: C, 86.72; H, 4.85; N, 8.43%. Found: C, 85.88; H, 4.80; N, 8.22%. 
 
Amide-linked TPB-TP-COF: To a suspension of COF-317 (10 mg, 0.06 mmol by imine) in 
dioxane (1 mL) was added 2-methyl-2-butene (637 µL, 6.0 mmol, 100 equiv), aqueous 
sodium chlorite solution (100 µL, 3.3 M, 0.33 mmol, 5.5 equiv), and glacial acetic acid (34.4 
µL, 0.6 mmol, 10 equiv) in sequence. The biphasic suspension was let stand without 
stirring at room temperature in the dark for 24 h, after which an additional portion of 
sodium chlorite solution (100 µL, 3.3 M, 0.33 mmol, 5.5 equiv) was added, after which the 
amide was isolated by filtration and washed with water (10 mL), then 10% sodium 
thiosulfate (10 mL), then water (10 mL) and finally acetone (10 mL). The material was 
activated by Soxhlet extraction with dioxane, methanol, and acetone in sequence, each 
for 24 h, and then activated with supercritical carbon dioxide followed by drying under 
dynamic vacuum at room temperature for 16 h followed by dynamic vacuum at 120 ˚C 
for 2 h. EA of activated sample: Calcd. for C72H48N6O6·4H2O: C, 74.95; H, 4.71; N, 7.13%. 
Found: C, 74.21; H, 4.84; N, 7.21%. Addition of water in molecular formula may originate 
in adsorbed water, or in unreacted functionalities at defect sites. 
 



 53 

3.7.3 FT-IR Spectral Comparisons 

  

Figure 3.3. Comparison of FT-IR spectra of imine and amide TPB-TP-COF. 

Figure 3.4. Comparison of FT-IR spectra of amide TPB-TP-COF and 2. 
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3.7.4 Solid-State NMR Spectra 
 
Solid state NMR spectra were collected using a 7.05 T magnet with a Tecmag Discovery 
spectrometer operating at 300.13 MHz for 1H and 75.48 MHz for 13C. 13C chemical shifts 
were externally referenced to the deshielded resonance of adamantane at 38.48 ppm with 
respect to TMS (0 ppm).  Experiments were performed on a Doty 5-mm triple resonance 
MAS probe operating in double resonance 1H/13C mode. Magic angle spinning (MAS) 
was used to collect high resolution NMR spectra at a spinning rate of either 8 kHz (natural 
abundance materials) or 9.5 kHz (13C-labeled materials). The magic angle was calibrated 
by maximizing the number and intensity of rotational echoes for the 79Br resonance for 
KBr under MAS. 13C cross polarization (CP) experiments under the Hartmann-Hahn 
matching condition were performed with a 1H 90˚ pulse time of 3.9 µs, and multiple 
contact times, though the contact time used for spectra shown in figures was 2 ms. Two-
pulse phase modulated (TPPM) 1H decoupling was applied during 13C signal acquisition 
using a 60 kHz B1 field. Natural abundance samples of imine-TBP-TP-COF, amide-TBP-
TP-COF, imine-4PE-1P-COF, and amide-4PE-1P-COF (~20 mg each) were prepared for 
NMR measurement by packing into 75 uL Doty XC5 Kel-F sealing cells and were inserted 
into Doty 5 mm thin-wall zirconia rotors with Kel-F turbine caps. Spectra were collected 
with 8192 scans and a recycle delay time of 4 s. Imine and amide samples of TBP-TP-COF 
that were synthesized with 50% 13C-aldehyde-labeled terephthalaldehyde were each 
packed into Doty 5 mm thick-wall zirconia rotors with Kel-F turbine caps (~80 mg each). 

Figure 3.5. 13C CP-MAS NMR spectra of imine- and amide-linked TPB-TP-COF. 
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Spectra were collected with 1024 scans and a recycle delay time of 4 s. To ensure that 
there was quantitative conversion, CP-MAS experiments for the amide-COFs were 
performed at several contact times ranging between 100 µs and 7 ms. Imine peaks were 
not observed in the CP-MAS NMR spectra at any contact time for the amide material. In 
the spectrum of the 13C-labeled imine COFs, a new resonance not previously observed in 
the natural abundance spectra appeared at approximately 193 ppm, assigned as 13C-
labeled aldehyde. These aldehydes are likely attributable to defects and to surface sites. 
This resonance is greatly diminished in the spectra of the 13C-labeled amide COFs, 
suggesting the possibility of defect correction during the amidation procedure, however 
more experiments must be performed to confirm this hypothesis. 
 
High-resolution direct 13C MAS (HR-MAS) was performed on 13C-labeled TPB-TP-COF 
imbibed with d6-DMSO at 2 kHz using 60 kHz CW 1H decoupling (Figure S6. The sample 
was packed into a Doty sealing cell as described before. The DMSO residual solvent peak 
is present at 40 ppm. The broad peak at 166 ppm is a result of the 13C-labeled amide in 
the COF solid, with its sidebands denoted by ‘*’. The single cross ‘†’ indicates the broad 
resonance beneath the sideband resulting from the teflon background of the sealing cell. 
The double cross ‘‡’ indicates a center artifact resulting from a DC offset in the 
acquisition. The sharp peaks at 166.3 and 168.2 ppm appear as a result of the introduction 
of DMSO, and indicate that some molecular species containing amide carbonyls have 
been dissolved. The presence of these oligomeric species is likely a major cause for the 
reduction in surface area beyond what would be expected as a result of the increase in 
mass and pore size change upon amidation. Efforts are ongoing to determine at which 
point in the synthesis and conversion these species are generated, and how best to remove 
them from the material.  
 

 
Figure 3.6. 13C HR MAS NMR spectrum of 1’ imbibed with d6-DMSO, at 2 kHz MAS. 
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3.7.5 Pawley Refinements 

 
 

 

Figure 3.7. Pawley refinement of imine TPB-TP-COF. 

Figure 3.8. Pawley refinement of amide TPB-TP-COF. 
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3.7.6 Atomic Coordinates 
 

Imine TPB-TP-COF P6 (168)   
a = b = 35.9258 Å; c = 4.4226 Å   
α = β = 90 ˚; γ = 120 ˚   

Atom 
Name Atom x y z 

C1 C 0.46056 0.47457 0 
C2 C 0.47429 0.51664 0 
C3 C 0.51658 0.54456 0 
C4 C 0.44412 0.53066 0 
N5 N 0.45606 0.56948 0 
C6 C 0.37752 0.69288 0 
C7 C 0.35529 0.71382 0 
C8 C 0.84786 0.43064 0 
C9 C 0.76049 0.38359 0 
C10 C 0.82769 0.38776 0 
C11 C 0.82449 0.44979 0 
C12 C 0.78497 0.36476 0 
C13 C 0.7818 0.42702 0 
H14 H 0.42812 0.45249 0 
H15 H 0.5281 0.57721 0 
H16 H 0.41205 0.50779 0 
H17 H 0.40989 0.71026 0 
H18 H 0.84431 0.37137 0 
H19 H 0.83956 0.48289 0 
H20 H 0.77245 0.33218 0 
H21 H 0.76678 0.44482 0 
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Amide TPB-TP-COF (1’) P6 (168)   
a = b = 36.5346 Å; c = 4.0541 Å   
α = β = 90 ˚; γ = 120 ˚    

Atom 
Name Atom x y z 

O1 O 0.09757 0.60018 -0.12726 
C2 C 0.45751 0.47215 -0.15342 
C3 C 0.47055 0.51408 -0.15436 
C4 C 0.51261 0.54209 -0.16884 
C5 C 0.44017 0.52919 -0.17531 
N6 N 0.44942 0.56253 0.07669 
C7 C 0.37708 0.69023 0.06145 
C8 C 0.35518 0.71119 0.06202 
C9 C 0.8433 0.42582 0.06937 
C10 C 0.75693 0.38009 0.06424 
C11 C 0.82281 0.38626 0.21231 
C12 C 0.82077 0.4427 -0.07332 
C13 C 0.7801 0.36382 0.21471 
C14 C 0.77808 0.41987 -0.0823 
H15 H 0.42534 0.44935 -0.15617 
H16 H 0.52385 0.57455 -0.19408 
H17 H 0.47873 0.57924 0.18643 
H18 H 0.41004 0.70731 0.06051 
H19 H 0.83987 0.37324 0.332 
H20 H 0.8364 0.47322 -0.18653 
H21 H 0.76555 0.33421 0.34401 
H22 H 0.76201 0.43333 -0.21225 
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3.7.7 BET Plots for N2 Isotherms 

 

 

Figure 3.9. BET plot for imine TPB-TP-COF. Theoretical surface area: 2579 m2/g. 

Figure 3.10. BET plot for amide TPB-TP-COF. Theoretical surface area: 2287 m2/g. 
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3.7.8 N2 Isotherms Taken After Stability Tests 

 
3.7.9 Thermogravimetric Analysis 
 
 

Figure 3.12. Thermograms obtained for imine- and amide-linked COFs 

Figure 3.11. Nitrogen sorption isotherms taken after treatment of amide TPB-TP-COF with aqueous acid 
or base. 
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4.1 Preface 
 
 After the first successful demonstration of postsynthetic linkage modification, we 
sought to expand this methodology. In this case, we were interested in moving past 
simple redox chemistry of the imine moiety, and develop reactions that more 
comprehensively modify it. In this case, we first synthesize an imine-functionalized 
covalent organic framework (COF) with an unsubstituted 1,4-phenylenediamine linker 
bridging pyrene-containing subunits. Since these imine linkages remain labile after the 
synthesis of the framework, the diamine linker can be postsynthetically substituted with 
different linkers. For this study, we postsynthetically incorporate linkers with alcohol and 
thiol functionalities that can subsequently attack the imine carbon, resulting in the 
formation of heterocyclic motifs. This process can be performed with high yield, and with 
little sacrifice of crystallinity or porosity. Furthermore, the new materials are stable in a 
variety of strong acids and basics. 
 
4.2 Introduction 
 

Covalent organic frameworks, crystalline, porous networks, are constructed from 
small molecular linkers connected through reversible bond formation.1–6 It is this 
reversibility that leads to crystallinity through dynamic error correction during synthesis, 
but also diminishes the resulting material’s chemical stability. Recently, it has been 
shown that the dynamic nature of the bond also allows for the linkers of a COF to be 
exchanged post-synthetically, yielding an isostructural material with different pore 
metrics while retaining crystallinity.7,8 In this work, we use the linkage’s intrinsic 
reversibility to introduce linkers with functionalities incompatible with COF synthesis 
conditions. Notably, such functionalities cannot be added through established covalent 
post-synthetic modifications for COFs.9–14 These functional groups then incite additional 
reactivity at the imine bond, resulting in multiple irreversible linking chemistries. 
 

This signifies a method of bypassing the crystallization problem; typically, the 
development of linkages relies on serendipity in the optimization of reaction conditions 
that allow for sufficient reversibility to let crystallinity emerge.1,15–23 Furthermore, this 
means that linkages with limited reversibility pose a particular challenge for the field. To 

Scheme 4.1. Proposed strategy for synthesis of benzazole-linked 
COFs through substitution, cyclization and oxidation. 
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circumvent this problem, our goal is to separate the crystallization from the final bond 
formation. As an example, we recently demonstrated that imine-linked frameworks can 
be oxidized to form amide-bonded COFs that retain the structure of their progenitors.24 
Here, we take this approach a step further, showing that new functionalities can be 
incorporated into the framework by post-synthetic linker exchange, in order to bring 
about subsequent reactivity that leads to modified linkages. 
 
4.3 Approach 
 

For this study, we targeted linker exchanges using imine-bonded frameworks. 
These are an attractive starting point since they are the most abundant and well-studied 
COFs. In addition, the imine bond itself is poised for reaction giving rise to a wide array 
of chemical motifs. In this case, we aimed to form oxazole- and thiazole-linked 
frameworks by adding appropriately-substituted linkers to the imine-based material 
after synthesis (Scheme 4.1). As a platform for this transformation, we selected the 
previously reported ILCOF-1, a mesoporous, two-dimensional layered structure with sql 
topology (Scheme 4.2). The material was solvothermally synthesized using a modified 
procedure, wherein 1,3,6,8-tetrakis(4-formylphenyl)pyrene (1) and 1,4-
phenylenediamine (2) were heated in a sealed tube at 120 ˚C for 4 days in a mixture of 
1,2-dichlorobenzene, 1-butanol, and 6 M aqueous acetic acid solution.25 
 

With this material in hand, we began to investigate the exchange process by 
treating ILCOF-1 with four equivalents of the functionalized linker. The synthesis of the 
new thiazole-linked COF, termed COF-921, was accessed through substitution of the 1,4-

Scheme 4.2. Synthesis of azole-linked COF-921 and LZU-192 materials from the imine precursor, ILCOF-1. 
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phenylenediamine linkers in ILCOF-1 with 2,5-diaminobenzene-1,4-dithiol 
dihydrochloride (3). As solvent, a mixture of DMF and water was used. During reaction 
optimization, it was shown that the presence of water provided better conversion of the 
imine functionality. This may be a result of faster imine hydrolysis and therefore, more 
rapid linker exchange. In addition, literature reports suggest that water may assist in ring 
closure in the synthesis of azoles.26,27 Addition of substantial amounts of water, however, 
lowered both crystallinity and surface area. 

 
4.4 Characterization 

 
Since both molecular and amorphous polymeric benzothiazoles have been 

synthesized from aldehydes and amines using air as oxidant, optimization was initially 
performed under ambient conditions.27,28 Using these reaction conditions, the imine 
functionality was well-converted, as evidenced by both Fourier-transform infrared (FT-
IR), and by 13C cross-polarization magic angle spinning (CP-MAS) NMR spectroscopy. 
However, unexpected signals appeared in the FT-IR spectrum at 1510 cm-1 and in the 13C 
NMR spectrum at 46 ppm (coincident with the spinning sidebands of the spectrum, see 
section 4.7.3). In order to explain these, we hypothesized a transfer hydrogenation side-
reaction, which serves to oxidize the intermediate dihydrothiazole linkages through the 
reduction of neighboring imines to amines (Scheme 4.3). Such a process would be 
consistent with the observation of both azole and amine functionalities in the material 
and would allow assignment of the carbon NMR signal at 46 ppm as the benzylic carbon 
of the amine and the IR signal at 1510 cm-1 as arising from the amine moiety. To support 
this notion, the reaction between the molecular species 2-phenylbenzothiazoline (4) and 
imine-linked ILCOF-1 was studied. Others have shown that 4, when combined with 
Brønsted acids, is a powerful reductant of imines via transfer hydrogenation, so we 
anticipated it could be used in the synthesis of amine-linked material.29,30 We found that 
treating ILCOF-1 with 4 in the presence of hydrochloric acid in DMF gave rise to a new 

Scheme 4.3. Proposed inter-COF hydrogenation of 
imine linkages by saturated heterocycles, and control 
reaction with molecular reductant 4. 
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material with the same signals in the FT-IR and solid state 13C NMR. This corroborates 
our understanding that these signals are a result of benzylic amines formed during the 
course of the reaction.  

 
In order to preclude the formation of the reduced side product, a variety of 

oxidants, including DDQ, p-chloranil, benzoquinone and PhI(OAc)2 were applied, but 
their use resulted either in poor conversion, or in loss of crystallinity. Ultimately, it was 
found that performing the reaction under an atmosphere of oxygen gave the desired 
product without structural degradation. 

 
Additionally, we targeted the analogous oxazole-linked framework via linker 

exchange. In contrast to the thiazole case, where no such materials were previously 
reported, oxazole-linked COFs have been synthesized de novo.21,31 In these cases, in order 
to obtain a crystalline material, the reaction conditions required substantial modification 
from those employed in typical imine COF syntheses. Our approach, instead, relies on 
easily-crystallized imine frameworks as bases for subsequent exchange and modification. 
The synthesis of oxazole-linked material from ILCOF-1 produces the previously-reported 

Figure 4.1. (a) FT-IR spectra of the COFs under investigation, with diagnostic imine stretch indicated. (b) 
13C CP-MAS NMR spectra of the imine-linked starting material and the two azole-linked products, with 
iminyl carbon signal highlighted. Spinning sidebands are denoted with asterisks. (c) Comparison of 
liquid-state 13C NMR spectra of benzothiazole model, unoxidized benzothiazoline and the 13C CP-MAS 
NMR spectrum of COF-921. (d) Comparison of liquid-state 13C NMR spectra of hydroxyl-substituted 
imine, benzoxazole and the solid-state NMR spectrum of LZU-192. (e) PXRD patterns of these materials, 
showing retention of crystallinity. (f) Nitrogen sorption isotherms, performed at 77 K, showing permanent 
porosity of all materials. Solid and open circles indicate adsorption and desorption, respectively. Uptake 
is defined as cubic centimeters of N2 at 1 atm and 0 ˚C per gram of COF sample. 
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LZU-192.31 The conversion was performed using 2,5-diaminohydroquinone 
dihydrochloride (5, Scheme 4.2) as the new linker. As in the previous case, under air the 
imine was well-converted, but a side product with the same FT-IR and 13C NMR spectral 
features was evident. The material was converted to the desired product by allowing the 
reaction to proceed under oxygen, though FT-IR indicates a small amount of this side 
product may be present. 

 
Conversion of the material to the desired azoles was spectroscopically verified in 

two ways. The first indication of conversion was the attenuation of the imine stretch in 
the FT-IR spectra (1622 cm-1, Figure 4.1a). In the case of COF-921, a small amount of 
residual intensity remains at 1622 cm-1, implying that a minute amount of the imine 
linkage may still exist, perhaps at inaccessible defect sites. On the other hand, while the 
IR spectrum of LZU-192 shows broad intensity in this region, at least some of this can be 
assigned to the expected vibrations of the oxazole ring.32,33 

 
In addition, affirmative indications of conversion are provided by FT-IR 

spectroscopy. For COF-921, the benzothiazole ring’s breathing (962 cm-1) mode is present 
in the spectrum, implying formation of the desired product.34 In the spectrum of LZU-
192, the benzoxazole ring modes (1590 and 1056 cm-1) are observed, further supporting 
synthesis of the product (Section 4.7.4).32,33 

 
These compounds were also characterized using 13C CP-MAS NMR spectroscopy 

(Figure 4.1b). In the converted materials, the peak corresponding to the imine carbon (156 
ppm) is attenuated. In turn, it is replaced by new resonances at 167 ppm for the thiazole 
and 163 ppm for the oxazole. The assignment of these signals to C2 of the azoles was 
confirmed by comparison to molecular models (Figure 4.1c,d). Given the difficulty 
normally encountered in accomplishing the oxidative cyclization of the hydroxy-
substituted imine compound, LZU-192 was also contrasted against the uncyclized model 
to verify that oxidative cyclization took place (Figure 4.1d). 

 
The structure of the materials was examined using powder X-ray diffraction 

(Figure 4.1e). Notably, the crystallinity of the imine COF was preserved and all were 
assigned to the same space group (Pmmn, No. 59), implying that the overall symmetry of 
the material is maintained. Importantly, the unit cell parameters do change during the 
transformation from ILCOF-1 (a = 30.9 Å, b = 32.5 Å, c = 3.7 Å) to COF-921 (a = 34.1 Å, b 
= 32.5 Å, c = 3.6 Å) and LZU-192 (a = 33.0 Å, b = 31.0 Å, c = 3.6 Å). Therefore, while the 
unit cell parameters do change, the material’s overall structure remains the same. 

 
The porosity of the COFs was examined through nitrogen sorption experiments 

(Figure 4.1f). The benzothiazole- and benzoxazole-functionalized materials have surface 
areas of 1550 and 1770 m2 g-1, respectively versus a surface area of 2050 m2 g-1 for the 
imine. This represents a loss of 24% for COF-921 and 14% for LZU-192 versus ILCOF-1. 
A lower gravimetric surface area is expected for the converted materials, since their 
crystallographic densities are higher (Section 4.7.5). However, the observed surface area 
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loss is greater than expected. We hypothesize that during the exchange, the imine starting 
materials may undergo hydrolysis, resulting in the formation of insoluble oligomers that 
may block the pores. Alternatively, linker may be trapped in the pores. In spite of this, 
the oxazole material has a higher surface area than that of any currently-known oxazole 
COFs.  
 
4.5 Chemical Stability of Synthesized Frameworks 
 

In order to probe our hypothesis regarding the irreversibility of the azole linkages 
relative to the imine, chemical stability tests were performed. The materials were 
submerged in basic (10 M NaOH) and acidic (12.1 M HCl, 18 M H2SO4, 14.8 M H3PO4, 
and 9 M H2SO4 in DMSO) solutions for 1 d., and subsequently analyzed by PXRD and 
FT-IR (Section 4.7.12). Interestingly, all materials proved stable in HCl. However, the 
PXRD patterns of imine-linked ILCOF-1 treated with solutions containing H2SO4 showed 
the emergence of a new phase. Furthermore, the FT-IR spectra indicated that a large 
amount of imine hydrolysis had occurred in the solutions of NaOH, H2SO4, and H3PO4, 
as evidenced by the attenuation of the imine signal, and growth of the aldehyde peak. In 
contrast, the azole materials performed well in all conditions, where no changes in the 
PXRD pattern, and only minimal changes in the FT-IR spectra were observed. This serves 
as strong evidence for the increased irreversibility of the azole linkages and shows that 
this technique is capable of producing chemically stable materials. 
 
4.6 Conclusion 
 

We demonstrated the utility of a method based on substitution followed by 
oxidative cyclization in producing new COFs of new linkages. This method is promising 
in advancing COF chemistry from the usual reversible linkages to more desirable and 
difficult to make linkages of limited reversibility. The high crystallinity and porosity of 
these materials is a testament to the value of this method, which translates the quality of 
the imine precursor to more irreversible chemistries. 
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4.7 Supporting Information for Chapter 4 
 
4.7.1 General Considerations 
 
Chemicals used in this work: Pyrene, nitrobenzene, anhydrous dioxane, 2-aminothiophenol, 
2-phenylbenzoxazole and bromine was obtained from Sigma Aldrich and used without 
purification. Potassium carbonate was supplied by Fisher Scientific and was used 
without purification. Palladium(0) tetrakis(triphenylphosphine) was purchased from 
Oakwood Chemical. 4-Formylphenylboronic acid was obtained from Boron Molecular 
and used as received. 2-aminophenol was purchased from Acros and was used without 
purification. 2-phenylbenzothiazole and 2,5-diaminohydroquinone dihydrochloride 
were obtained from Alfa Aesar and used as received. 2,5-diamino-1,4-benzenedithiol 
dihydrochloride was purchased from TCI and used without purification. Anhydrous 
DMF was supplied by EMD and used as received. 1,4-phenylenediamine was purchased 
from Sigma Aldrich and was recrystallized from benzene before use in COF synthesis. 
 
Analytical Techniques: Powder X-ray diffraction data for unit cell determination were 
collected using a Bruker D8-Advance θ-θ diffractometer in parallel beam geometry 
employing Cu Kα1 line focused radiation at 1600 W (40 kV, 40 mA) power and equipped 
with a position sensitive detector with at 6.0 mm radiation entrance slit. Samples were 
mounted on zero background sample holders by dropping powders from a wide-blade 
spatula and then leveling the sample with a razor blade. Data were collected using a 
0.051˚ 2θ step scan from 2 – 50˚ with exposure time of 1 s per step, constituting an 
acquisition time of 160 min.  
 

For qualitative assessment of crystallinity after stability tests (see Section 4.7.12), 
diffraction data were collected on a Rigaku MiniFlex 600 instrument, using the Cu Kα1 
line at 600 W (40 kV, 15 mA). Samples were mounted on stock Rigaku sample holders by 
dropping powders from a spatula and leveling with a razor blade. Data were collected 
using a 0.02˚ 2θ step scan from 2 – 50˚ at a rate of 1.5˚ per min, constituting an acquisition 
time of 35 min. 
 

Thermogravimetric analysis (TGA) curves were recorded on a TA Q500 thermal 
analysis system under air flow, ramping at 5 ˚C per min from room temperature to 600 
˚C. 
 

FT-IR spectra were collected in-house using a Bruker ALPHA Platinum ATR-FT-
IR Spectrometer equipped with a single reflection diamond ATR module.  
 

Samples were activated under high vacuum using either a Quantachrome Flovac 
Degasser or a MasterPrep Degasser. Low-pressure N2 adsorption isotherms were 
recorded on a Quantachrome Quadrasorb Evo or Quadrasorb SI. A liquid nitrogen bath 
was used for the N2 measurements at 77 K. Supercritical drying was performed using a 
Tousimis Samdri-PVT-3D apparatus. 
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Liquid-state NMR spectra were referenced to the chemical shift of residual solvent 

signals. 
 
Solid state 1H-13C cross polarization (CP) spectra were collected on a 11 Tesla 

magnet at a 13C frequency of 125.7 MHz under 12 kHz magic-angle spinning (MAS) 
condition. A Bruker 4 mm 1H/X probe and Bruker AV-500 spectrometer were used. The 
Hartmann-Hahn condition for CP experiments was obtained on solid adamantane, which 
was also used as a secondary reference for 13C chemical shift (the upfield methine signal 
of adamantane was set to 29.46 ppm relative to TMS). Two pulse phase modulation 
(TPPM) proton decoupling was used. The TPPM angle was 15˚ and the decoupling field 
strength was ~60 kHz. A contact time of 8 ms and a pulse delay of 2-3 s, depending on 
the sample, were used in the CP experiments. 
 
4.7.2 Synthetic Procedures 
 
Linker Synthesis 

 
1,3,6,8-tetrakis(4-formylphenyl)pyrene (TFPPy): Synthesized through a Suzuki coupling as 
described in literature.35 The 1,3,6,8-tetrabromopyrene starting material was made as 
reported.36 
 
Molecular Models 

 
(E)-2-(benzylideneamino)phenol: In a 100 mL flask under air, 2-aminophenol (1.00 g, 9.16 
mmol, 1 equiv), benzaldehyde (1.46 g, 1.4 mL, 13.75 mmol, 1.5 equiv), and magnesium 
sulfate (10 g) were combined in dichloromethane (50 mL). This was allowed to stir for 18 
h at rt. Then, the reaction mixture was filtered through a frit, washing further with DCM. 
The solvent was removed under reduced pressure. The resulting residue was repeatedly 
washed with hexanes to removed residual benzaldehyde. Yield: 572 mg, 32%. 1H NMR 
(600 MHz, CDCl3) δ 8.69 (s, 1H), 7.95 – 7.91 (m, 2H), 7.54 – 7.47 (m, 3H), 7.35 – 7.30 (m, 
2H), 7.23 (td, J = 8.2, 1.5 Hz, 1H), 7.06 (dd, J = 8.1, 1.4 Hz, 1H), 6.94 (td, J = 7.7, 1.4 Hz, 1H). 
13C NMR (151 MHz, CDCl3) δ 157.21, 152.43, 135.92, 135.57, 131.77, 129.03, 128.95, 128.90, 
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120.20, 115.98, 115.12. MS (HR-ESI) m/z: [M+H]+ Calcd. for C13H12ON 181.0891; Found 
181.0886.  
 

 
2-phenylbenzothiazoline: Prepared by literature procedure and recrystallized from ethanol 
prior to use.37 
 
COF Synthesis: ILCOF-1 was synthesized according to a procedure reported by El-
Kaderi.25 ILCOF-1 was synthesized by combining TFPPy (20 mg, 0.032 mmol, 1 equiv) 
with p-phenylenediamine (7 mg, 0.064 mmol, 2 equiv) in a pyrex tube. Solvent (0.5 mL 
1,2-dichlorobenzene, 0.5 mL 1-butanol) was added, and the resulting suspension was 
sonicated. Aqueous acetic acid (0.1 mL, 6 M AcOH) was added, the tube was flash frozen, 
and flame-sealed at a pressure of 150 mTorr. The tube was heated to 120 ˚C for 4 d. Then, 
the tube was broken open, and the solid was captured by filtration. The material was 
washed copiously with acetone, methanol, and dioxane, and further washed with acetone 
via Soxhlet extraction for 1 d. After supercritical drying, the material was activated by 
applying vacuum at room temperature for 12 h, and then heated to 120 ˚C for 1 h. Yield: 
20 mg, 82%.  
 
Linker Exchange Procedure: ILCOF-1 was dried prior to use. The mixed solvents are 
reported as v/v ratios. The molecular weight of the COF was calculated as mass per p-
phenylenediamine unit. Linker exchange reactions were performed using 4 mL 
scintillation vials capped with septa, through which oxygen was delivered. To deliver 
oxygen to a large number of reactions, an oxygen line was piped into the side arm of a 
filter flask, capped with a septum. A line was run through this septum to an oil bubbler. 
Additional lines were run from the septum of the filter flask to the reactions. 
 
COF-921 (Thiazole): 2,5-diaminobenzene-1,4-dithiol dihydrochloride (25.7 mg, 0.105 
mmol, 4 equiv) was added to a 4 mL scintillation vial. To this vial was added 0.50 mL 
75% DMF/25% water. Then, ILCOF-1 (10 mg, 0.026 mmol, 1 equiv) was added to the vial, 
and 0.50 mL 75% DMF/25% water solvent mixture was added quickly to sweep the COF 
into solution. If necessary, a spatula was used to add the COF to the solution. This vial 
was tightly capped with a septum and heated under oxygen to 85 ˚C for 1 d. Then, after 
cooling, the solid was captured by filtration. The solid was washed with acetone, 
methanol, THF, water, methanol, and acetone in turn. The resulting material was 
transferred to a 20 mL vial and washed with DMF over the course of 1 d, exchanging the 
solvent 5 times. Then, the material was further washed with acetone via Soxhlet 
extraction for 1 d. The material was dried using a supercritical drier and then activated 
under vacuum at rt for 12 h, and then at 120 ˚C for 1 h. Yield: 11 mg, 95%.  
 
LZU-192 (Oxazole): 2,5-diaminohydroquine dihydrochloride (22.4 mg, 0.105 mmol, 4 
equiv) was added to a 4 mL scintillation vial. To this vial was added 0.50 mL 85% 

N
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SSH
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DMF/15% water solution. ILCOF-1 (10 mg, 0.026 mmol, 1 equiv) was added to the vial 
and 85% DMF/15% water solution (0.50 mL) was quickly added to sweep the material 
into solution. If necessary, a spatula was used to add the COF to the solution. The reaction 
was capped with a septum, and heated under oxygen to 85 ˚C for 1 d. After one day, 
additional 2,5-diaminohydroquinone dihydrochloride (22.4 mg, 0.105 mmol, 4 equiv) 
was added as a suspension in 0.5 mL 85% DMF/15% water through the septum. After 
this, the reaction was allowed to proceed for 1 d and was then cooled. Then, the solid was 
captured by filtration. The solid was washed with acetone, methanol, THF, water, 
methanol, and acetone in turn. Then, the material was further washed with methanol and 
acetone via Soxhlet extraction, each for 1 d. This material was dried using a supercritical 
drier and then activated under vacuum at rt for 12 h, and then at 120 ˚C for 1 h. Yield: 
10.5 mg, 98%.  
 
Reduction of ILCOF-1: ILCOF-1 (10 mg, 0.026 mmol, 1 equiv), was added to a 4 mL 
scintillation vial. 2-phenylthiazoline (44.4 mg, 0.208 mmol, 8 equiv) was added in 1 mL 
DMF. To this solution was added 10 µL conc. HCl, which resulted in the COF turning 
black. The reaction was capped with a PTFE-lined cap and heated to 85 ˚C for 2 days. 
After the reaction, the COF became light yellow. The material was captured by filtration, 
and washed with acetone, methanol, THF, water, methanol, and acetone in turn. Then, 
the material was further washed with acetone via Soxhlet extraction for 1 d. This material 
was then activated under vacuum at rt for 12 h and then at 120 ˚C for 1 h. Yield: 9.4 mg, 
94%. 
 
4.7.3 Amine-Linked Material and Mixed Azole/Amine Products 
 

The amine’s chemical structure is shown below. PXRD shows that the amine-
linked material is amorphous and nitrogen sorption experiments show that the material 
is also non-porous. This is not unexpected, since the reduction of the linkages introduces 
additional degrees of freedom into the structure and therefore, allows for pore collapse. 
 

The mixed products (i.e., ‘Oxazole/Amine’ and ‘Thiazole/Amine’) result from 
performing the linkage reaction without oxygen, wherein some of the imine 
functionalities are reduced to amines via oxidation of the dihydroheterocycles. Therefore, 
evidence of both functionalities can be found in the IR and NMR spectra. 
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Figure 4.2. Idealized chemical structure of amine product. 
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Figure 4.3. FT-IR spectra of amine COF and mixed azole/amine materials. 

Figure 4.4. (a) 13C CP-MAS NMR spectra of amine COF and mixed azole/amine materials, with benzylic 
carbon highlighted. (b) Expanded IR spectra highlighting the amine stretch. 
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Figure 4.5. PXRD pattern of amine-linked material. 

Figure 4.6. Nitrogen sorption isotherm of amine-linked materials, acquired at 77 K. Closed and open 
circles denote adsorption and desorption, respectively. Uptake is defined as cubic centimeters of N2 at 
1 atm and 0 ˚C per gram of COF sample. BET surface area for this sample was measured as 20 m2/g. 
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4.7.4 FT-IR Spectral Comparisons 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 4.7. FT-IR spectra of the three COFs under consideration. 

Figure 4.8. Expanded FT-IR spectra of the three COFs under consideration. 
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4.7.5 Sorption Data 
 
Theoretical Surface Areas 
 

Connolly surface areas were determined from the Pawley refined structures in 
Materials Studio using the ‘Atom Volumes and Surfaces’ tool (probe radius: 1.6 Å). 
Crystallographic densities were determined from the Pawley-refined modeled 
structures. 
 

COF Measured SBET (m2/g) Theoretical Surface 
Area (m2/g) 

Crystallographic 
Density (g/cm3) 

ILCOF-1 2050 2110 0.6871 
COF-921 1550 1910 0.7259 
LZU-192 1770 1930 0.7379 

 
Pore Size Distributions 
 

Pore size distributions were determined using Quantachrome Quantawin 
software (QSDFT model, using the adsorption branch for P/P0 = 0.0010-1.000, based on 
carbon with cylindrical pores). 
 

 
 

Figure 4.9. Pore size distribution of ILCOF-1. Mode of pore width: 21.95 Å. 
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Figure 4.11. Pore size distribution of LZU-192. Mode of pore width: 20.49 Å. 

Figure 4.10. Pore size distribution of COF-921. Mode of pore width: 21.21 Å. 



 81 

Fitting Error 
 
The fitting comparison of each pore size distribution is given below. 

 
 
 

 
 
 
 

Figure 4.12. Measured vs. modeled uptake for ILCOF-1. 

Figure 4.13. Measured vs. modeled uptake for COF-921. 
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Figure 4.14. Measured vs. modeled uptake for LZU-192. 
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4.7.6 Pawley Refinements 
Pawley refinements were performed in the Reflex module of Materials Studio. The 
patterns were refined using the Pseudo-Voigt function, with all FWHM parameters (U, 
V, W), profile parameters (NA, NB) allowed to vary. The instrument’s line shift was also 
refined. Peak asymmetry was corrected for using the Rietveld correction. Additionally, 
variables associated with crystallite size and lattice strain were refined. 
  

Figure 4.15. Pawley Refinement of ILCOF-1. 
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Figure 4.16. Pawley Refinement of COF-921. 

Figure 4.17. Pawley Refinement of LZU-192. 
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4.7.7 Atomic Coordinates 
Model Structures for ILCOF-1, COF-921 and LZU-192 were generated in BIOVIA 
Materials Studio 7.0. Simulation of PXRD patterns and Pawley Refinements were 
performed using the Reflex module. 
 

ILCOF-1 Pmmn (59) 
a = 30.9184 ± 0.0578 Å 
b = 32.4798 ± 0.0576 Å 
c = 3.6721 ± 0.0064 Å 
α = β = γ = 90 ˚ 

Atom 
Name Atom x y z 

C1 C 0.46128 0.96237 -0.02413 
C2 C 0.42378 0.01833 -0.01851 
C3 C 0.46118 0.07516 -0.02594 
C4 C 0.42472 0.10257 -0.08055 
C5 C 0.42702 0.14315 0.05468 
C6 C 0.39144 0.16608 0.02905 
C7 C 0.35353 0.14724 -0.10027 
C8 C 0.35051 0.10857 -0.21794 
C9 C 0.3859 0.08891 -0.24927 

C10 C 0.31625 0.16662 -0.12705 
C11 C 0.78254 0.27446 0.01006 
C12 C 0.79053 0.23539 -0.09588 
N13 N 0.31747 0.20269 -0.01656 
C14 C 0.24203 0.78988 -0.10384 
H15 H 0.39439 0.02848 0.08296 
H16 H 0.4541 0.15645 0.22067 
H17 H 0.39245 0.19665 0.15377 
H18 H 0.32165 0.09471 -0.34545 
H19 H 0.37971 0.0631 -0.42584 
H20 H 0.28882 0.1513 -0.25692 
H21 H 0.82168 0.22548 -0.19787 
H22 H 0.23433 0.81994 -0.2069 
C23 C 0.5 0.09261 -0.02666 
C24 C 0.5 0.98114 -0.02493 
H25 H 0 0.62365 0.11172 
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COF-921 Pmmn (59) 
a = 34.0624 ± 0.0370 Å 
b = 32.5429 ± 0.0344 Å 
c = 3.6448 ± 0.0037 Å 
α = β = γ = 90 ˚ 

Atom 
Name Atom x y z 

C1 C 0.46351 0.95849 0.2111 
C2 C 0.42815 0.02023 0.21807 
C3 C 0.46342 0.0829 0.20804 
C4 C 0.42705 0.10767 0.16644 
C5 C 0.4231 0.14295 0.33346 
C6 C 0.39024 0.16716 0.28638 
C7 C 0.35993 0.15633 0.07618 
C8 C 0.36406 0.12149 -0.09455 
C9 C 0.39795 0.09841 -0.05949 

C10 C 0.32464 0.18156 0.032 
C11 C 0.78659 0.26492 -0.08424 
C12 C 0.77647 0.22731 -0.18496 
N13 N 0.32296 0.21626 0.15393 
C14 C 0.26079 0.78703 -0.09562 
S15 S 0.78089 0.66607 0.19116 
H16 H 0.79657 0.21007 -0.32708 
H17 H 0.39841 0.03611 0.22392 
H18 H 0.44509 0.15155 0.50645 
H19 H 0.38812 0.19387 0.42168 
H20 H 0.34204 0.11273 -0.26632 
H21 H 0.40151 0.07338 -0.21265 
C22 C 0.5 0.10218 0.20679 
C23 C 0.5 0.97919 0.21043 
H24 H 0.5 0.13542 0.20465 
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LZU-192 Pmmn (59) 
a = 32.9518 ± 0.0578 Å 
b = 31.0216 ± 0.0576 Å 
c = 3.6052 ± 0.0064 Å 
α = β = γ = 90 ˚ 

Atom 
Name Atom x y z 

C1 C 0.46403 0.95591 0.23389 
C2 C 0.4292 0.02148 0.23847 
C3 C 0.46393 0.08806 0.2316 
C4 C 0.42787 0.11431 0.19777 
C5 C 0.42505 0.1522 0.36625 
C6 C 0.39247 0.17791 0.32767 
C7 C 0.36139 0.1659 0.12562 
C8 C 0.36413 0.12847 -0.04525 
C9 C 0.39755 0.10379 -0.01876 

C10 C 0.32645 0.19238 0.0869 
C11 C 0.78665 0.25673 -0.12171 
C12 C 0.76852 0.21894 -0.19557 
N13 N 0.32382 0.22901 0.21912 
C14 C 0.26903 0.78648 -0.06525 
O15 O 0.79369 0.67971 0.09755 
H16 H 0.40119 0.03613 0.27519 
H17 H 0.44785 0.16169 0.53337 
H18 H 0.39125 0.20669 0.46244 
H19 H 0.34109 0.11898 -0.21004 
H20 H 0.39987 0.0769 -0.17427 
H21 H 0.78244 0.19563 -0.3449 
C22 C 0.5 0.1085 0.23065 
C23 C 0.5 0.9779 0.23352 
H24 H 0.5 0.1419 0.2042 
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4.7.8 PXRD Comparisons 
Unrefined, simulated PXRD patterns and shown alongside their experimental 
counterparts below. 
 
  

Figure 4.18. Comparison between unrefined simulated and experimental PXRD patterns of ILCOF-1. 

Figure 4.19. Comparison between unrefined simulated and experimental PXRD patterns of COF-921. 
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Figure 4.20. Comparison between unrefined simulated and experimental PXRD patterns of LZU-192. 
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4.7.9 Thermogravimetry 
 
  

Figure 4.21. TGA Thermogram of ILCOF-1. 

Figure 4.22. TGA Thermogram of COF-921. 
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Figure 4.23. TGA Thermogram of LZU-192. 



 92 

4.7.10 Solid State NMR Details 
 
COF-921: The NMR spectrum is provided below with proposed assignments:38 

 
The remaining signals are difficult to assign, as they are part of the larger aromatic 
system. 
 
LZU-192: The spectrum of LZU-192 is given below with proposed assignments:31 

 
 
The peaks at 177 and 112 ppm are suggestive of quinone, formed from oxidation of the 
added 2,5-diaminohydroquinone.39 The expected signal at 150 ppm may not be visible 
due to low intrinsic intensity and overlapping peaks. This quinone could be trapped in 
the pores due to hydrogen bonding with the framework or pore blockage. 
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Figure 4.24. 13C CP-MAS solid state NMR spectrum of COF-921 with peaks labeled. 
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Figure 4.25. 13C CP-MAS solid state NMR spectrum of LZU-192 with peaks labeled. 
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4.7.11 Supplementary Solid-State NMR Spectra 
 
Thiazole: The reaction targeting COF-921 was run as outlined in Section S2, but was run 
in a 5% water/95% DMF solvent system. The resulting NMR is shown below: 
 
 
 
 
 
 

 

 
 
 
Oxazole: Reactions were run targeting LZU-192, as outlined in section S2, but with 
different mixed solvent systems, and using either single or double addition of the linker. 

 

Figure 4.26. 13C CP-MAS solid state NMR spectrum of thiazole optimization reaction. Spinning 
sidebands are denoted with asterisks. 

Figure 4.27. 13C CP-MAS solid state NMR spectra of oxazole optimization reactions with single-addition 
of linker. Spinning side bands are denoted with asterisks. 
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 Figure 4.28. Solid state NMR spectra of oxazole optimization reactions with double-addition of linker. 
Spinning sidebands are denoted with asterisks. 
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4.7.12 Stability Tests 
 
In order to assess material stability, 10 mg of COF was submerged in 1.5 mL solution and 
allowed to stand for 24 hrs. Unless otherwise noted, water was used as solvent, and the 
test was run at room temperature. Subsequently, the material was captured via filtration 
on a fritted funnel, washed exhaustively with water, methanol, and acetone, and then 
further solvent-exchanged via Soxhlet exchanger with acetone for 18 hrs. 
 
After the treatment, the material’s crystallinity was assessed by PXRD, and chemical 
constitution was determined by FT-IR. 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 4.29. PXRD patterns taken of materials before and after chemical treatment. 
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  Figure 4.30. FT-IR spectra taken of materials before and after chemical treatment. 
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5.1 Preface 
 
 We have demonstrated several instances of postsynthetic modification as a route 
to develop new COF linkages. This is an approach with significant advantages over the 
traditional de novo process used to form novel linkages (cf., Chapter 1-2). First, it can be a 
more facile route to previously undiscovered chemistries, since it relies considerably less 
on serendipity and empirical screening, as it allows us to leverage the reactivity 
previously reported in the organic chemistry literature. Second, it enables the 
crystallization of materials having less reversible linkages, which would not be amenable 
to solvothermal synthesis. In this way, postsynthetic linkage modification can be a 
fruitful avenue to a broad array of new chemistries. As a result of these benefits, other 
groups have applied this method to form novel COF linkages, and there are surely more 
to come. This chapter seeks to contextualize these efforts. 
 
5.2 Summary of Progress in the Field 
 
  Since the first reported transformation of imine linkages to amide ones (cf., 
Chapter 3), a variety of groups have made their own contributions to this area.1 
Complementarily to the reported oxidation, the Deng group reported the reduction of 
imine linkages to amine ones, using sodium borohydride and terephthalic acid (Scheme 
5.1).2 The resulting materials proved to be highly robust in both acid and base, and 
demonstrated improved reduction of CO2 at a silver surface. 
 

 Simultaneously with our work demonstrating the utility of linker exchange to 
form oxazole- and thiazole-linked COFs (cf., Chapter 4), a different route to thiazole-
functionalized materials was reported.3,4 This approach relies on the formation of 
thioamides from imines, which are subsequently cyclized to form the desired azole motifs 
(Scheme 5.2). These materials showed increased stability under an electron beam used 
for transmission electron microscopy. 
  

 Finally, that same year, the use of the Povarov reaction to form quinoline-
functionalized frameworks was disclosed.5 In this method, phenylacetylene reacts with 
the imine linkage in an aza-Diels-Alder reaction, yielding the quinoline (Scheme 5.3). The 
resulting materials showed significantly improved stability in acid and base, as well as in 
oxidizing and reducing media. Importantly, a variety of substituted phenylacetylenes 
could be used, allowing for the inclusion of a different functional groups 

Scheme 5.1. Reduction of imine-linked COFs to amine-linked ones. 
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postsynthetically. 
  

5.3 Outlook 
 
 The work being done in this area represents a growing collection of linking 
chemistries now easily accessible to COF chemists. However, there is a certainly more 
work to be done. In particular, certain desirable linkages remain elusive, a large portion 
of the vast family of COF structures remain unexplored, and finally, more sensitive 
techniques must be applied to fully characterize these structures on the molecular level. 
 
 First, a variety of long sought-after linkages have not yet been successfully 
established. For instance, COFs linked through carbon-carbon bonds remain a holy grail 
for the field. While there are scattered reports of the synthesis of olefin-linked COFs using 
the Knoevenagel condensation, these materials tend to be less crystalline and porous than 
similar imine-linked frameworks.6–9 It is possible that postsynthetic linkage exchange 
may provide a better route to this important class of compounds. For example, a 
multistep approach relying on imine hydrolysis followed by olefination of the resulting 
aldehydes could provide a route to a variety of carbon-linked frameworks, through either 
the Wittig reaction, the Horner-Wadsworth-Emmons olefination, or the Knoevanagel or 
Aldol condensation (Scheme 5.4). Other methods are likely possible, and as such 
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Scheme 5.4. Proposed routes to carbon-carbon linked frameworks. 
 

Scheme 5.3. Cyclization of imines via the Povarov reaction. 
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modifications become more advanced and varied, this will surely be an area of further 
development. 
 
 A second area of possible growth is in substrate choice. While a fair number of 
reported linkage transformations exist, these have so far been limited to conversions of 
the imine bond. Part of the reason for this limitation is likely practical: the synthesis of 
imine-functionalized COFs is now routine, so a large number of these materials are 
available for linkage transformation. Additionally, the imine linkages themselves are 
useful intermediates in the synthesis of a variety of functionalities, making imine-based 
COFs doubly attractive for this purpose. However, a large number of COF linkages have 
now been formed de novo (Fig. 5.1), some of which may also be useful for the synthesis of 
a variety of new functionalities. Future efforts should seek to examine a broader swath of 
the large chemical space available. 
 

 Somewhat relatedly, there is space for additional exploration within imine-linked 
COFs. Most of the study has been directed to the modification of 2D materials. Only a 
few 3D COFs have been subjected to linkage conversion, and no reports of modification 
of 1D weaving materials have been disclosed.2,10 Of particular interest would be the 
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Figure 5.1. Selection of linkages used to synthesize COFs de novo. 
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effects that linkage transformation can have on the mechanical properties of weaving 
materials, given that it has already been observed that the metalation or demetallation of 
such COFs can result in changes to macroscopic properties, such as elasticity.11 In short, 
to fully benefit from the value of linkage conversion, these more exotic frameworks 
should also be examined. 
 
 Finally, as this area of research advances, a new suite of tools for characterization 
will be needed. So far, the completeness of conversion has typically been probed using 
FT-IR or solid-state 13C NMR spectroscopy. While these methods provide convincing 
evidence of formation of the desired product, they are not quantitative. Further, they can 
also be rather insensitive, which may lead to the presence of side products being obscured 
during analysis. Therefore, a facile way of determining the quantities of each chemical 
species in a COF would be extremely attractive, and would enable more complex 
transformations to be undertaken with confidence. 
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