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Two-dimensional covalent organic frameworks (2D COFs) are a class of polymers that 

predictably organize monomers into crystalline networks with well-defined pores and 

high surface areas. Despite an ever-increasing number of reported COFs, these materials 

are typically isolated as insoluble nanocrystalline powders with poorly understood 

growth processes. This dissertation highlights that while there has been tremendous 

progress in controlling the 2D topology of COFs, there is a much weaker understanding 

of the factors that guide stacking of the 2D sheets (Chapter 1). We show that by 

truncating polyfunctional monomers, we can access hexagonal boronate ester-linked 

macrocycles that represent direct analogues of 2D COFs that cofacially assemble both 

in solution and the solid state (Chapter 2). This approach was adapted to imine-linked 

macrocycles and revealed that crystallization into layered structures stabilizes against 

rapid hydrolysis (Chapter 3). We then directly studied macrocycle self-assembly as a 

function of monomer identity and showed, contrary to previous reports, there is little 

thermodynamic gain when dimethoxy groups were added to the linker monomer 

(Chapter 4). This work shows that discrete macrocycles are both fascinating structures 

for studying self-assembly as well as excellent models for understanding the stacking 

interactions of 2D COFs.  
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CHAPTER 1 

 

Two-Dimensional Covalent Organic Frameworks: Three-Dimensional Structures from 

the Organization of Two-Dimensional Polymers 

Abstract 

Since their discovery in 2005, two-dimensional covalent organic frameworks (2D 

COFs) have attracted interest in a variety of applications that take advantage of the high 

predictability offered by their monomers to be organized into two-dimensional sheets 

stacked into structures with high surface areas and well-defined pores. While initial 

work has focused on the reaction between one or two highly symmetric monomers, 

which generate simple single-pore geometric topologies, there has been a recent trend 

in creating COFs with increased pore complexity through careful monomer design. 

However, despite success in synthesizing numerous 2D structures, there is a much 

weaker understanding in the processes that organize them in 3D. The final stacking 

mode of the 2D sheets cannot be accurately predicted and attempts to describe the 

quality of the polymers as a function of monomer identity have led to seemingly 

contradictory reports. In this report we highlight the recent progress in both the 

development of two-dimensional structures with increased complexity as well as work 

towards understanding the factors that govern the three-dimensional stacking of these 

sheets.
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Introduction 

Two-dimensional covalent organic frameworks (2D COFs) are a class of 

polymers synthesized from polyfunctional monomers whose directional symmetry 

allows them to tessellate into 2D sheets of covalently fused macrocycles.1-3 These sheets 

are stacked to form three-dimensional crystalline materials with high surface areas and 

well-defined pores (Figure 1.1A) and have found use in applications such as gas 

storage,4 optoelectronics,5,6 electrical energy storage devices,7-9 catalysis,10 and 

filtration membranes.11,12 2D COFs are typically constructed from rigid monomers 

containing reactive groups that are amenable to reversible bond forming reactions, such 

as boronate esterification or imine condensation, which allow defects to be repaired 

during the crystallization process. Various 2D topologies are predictably formed by 

tuning the angles and number of functional groups in a monomer to produce lattices 

with uniform hexagonal,13 tetragonal,14 rhombic,15 and triangular16 topologies (Figure 

1.1B). Likewise,  the length of the monomers dictates the size of their internal cavities, 

and, to date, these pores have been tuned from 0.5 nm to 5.8 nm.16-23 These internal void 

spaces can be further modified by incorporating pendant functionalities on the 

monomers which shrink the pore volume.24,25 Much of the early work on 2D COFs has 

focused on reactions between one or two symmetrical monomers, resulting in 

frameworks with a simple topologies and uniform pore structures. However, because 

the topology of a COF is dictated by the symmetry of the monomers, and thus, highly 

predictable, there has been recent interest in creating increasingly complex pore 

structures by either increasing the number of monomers used to the build the framework 

or rationally introducing multiple pore sizes into the same network. 



 

3 

 

 

Figure 1.1. (A) The reaction between C3- and C2- symmetric monomers result in 2D 

sheets with a hexagonal topology that layer to generate a permanently porous structure. 

(B) Additional highly symmetric monomers that generate various pore topologies. 

 

Despite high predictability over the topology of 2D sheets, the corresponding 

growth processes, and particularly how these sheets stack, are poorly understood. Most 

COF monomers contain conjugated aromatic cores and are chosen due to their ability 

to facilitate efficient van der Waals stacking.3,26 Consequently, most COFs are assigned 

with an eclipsed stacking mode, where monomers in adjacent sheets are stacked on top 

of one another, though theoretical calculations suggest that this is not the most favorable 

stacking mode.27 An increasing number of COFs with offset stacking modes (i.e. 

serrated, staggered, and inclined) have been reported but there is still not a clear trend 
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that predicts the final structure of a COF. Furthermore, these offsets have drastic 

consequences on the final topology, and thus functionality, of the 2D COF as slipped 

layers can alter the corresponding pore sizes and shapes. This stacking of layers is also 

believed to be the driving force for 2D COF formation, and conditions that favor 

monomer stacking (i.e. larger van der Waals surfaces or increased planarity) are 

considered important for achieving highly crystalline and stable materials.28,29 However, 

the exact role of these stacking interactions during COF synthesis are unclear and there 

have been contradictory reports on the important monomer parameters to tune. These 

contradictions may arise from the incorrect assumption that the use of dynamic covalent 

linkages implies the formation of the most thermodynamically stable product. Since the 

growth processes are poorly understood, reaction conditions are chosen through 

screening processes which may favor kinetically trapped intermediates of one COF over 

another, leading to differences in crystallinity.30 As these polymers continue to be 

explored as next generation materials, it is imperative that we not only design new 2D 

structures, but also understand the processes involved in the 3D layering of COF sheets. 

Here we will highlight recent progress in both dimensions of COF synthesis: developing 

COFs with increased 2D complexity and understanding how these sheets are organized 

in 3D. 

Synthesis of Multiple Component COFs 

One of the simplest ways to achieve more complex 2D COFs is to increase the 

number of components that are used to build the framework. Huang et al. first reported 

a mixed-linker strategy where they condensed mixtures of linear diboronic acids of  
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Figure 1.2. Incorporation of multiple ( > 2) building blocks in COFs by (A) mixing 

linkers of varied lengths31 or (B) a sequence defined vertex structure based on 

orthogonal reactions.32 

 

varying lengths with trifunctional, catechol-containing vertices.31 Up to four distinct 

monomer species were able to be incorporated into a single 2D COF, which maintained 

a narrow pore distribution (Figure 1.2A). Crow et al. adopted a similar strategy by 

condensing two trifunctional vertices of different sizes with a linear boronic acid, 

resulting in a framework whose pore size distribution was averaged between the COFs 

formed using each individual vertice.33 This mixed-linker approach is not limited to 
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single pore structures. Pang et al. showed that the condensation of a D2h tetraamine with 

two linear dialdehydes of different lengths resulted in a COF with three distinct pores 

as confirmed by gas adsorption measurements.34 However, it is important to note that 

while all of these assignments were supported by PXRD and gas adsorption isotherms, 

these analyses retain some structural ambiguity as they do not fully rule out the presence 

of other pores or a partially random distribution of linkers and vertices. 

This structural ambiguity arising from 2D COFs synthesized from mixed linkers 

can be avoided by using monomers that contain functional groups for two (or more) 

orthogonal bond forming processes, defining a spatial sequence for the building blocks 

by the type of functionality. This approach was first demonstrated by Zeng et al. who 

reported the simultaneous condensation of amine-functionalized  

1,3,5-tris(4-aminophenyl)-benzene (TAPB) and catechol-functionalized  

2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) with the dual aldehyde and boronic 

acid-functionalized 4-formylphenylboronic acid, resulting in a hexagonal COF with 

alternating TAPB and HHTP vertices linked by imine and boronate ester linkages, 

respectively (Figure 1.2B).32 This approach was quickly expanded upon by Chen et al. 

to include tetragonal and rhombic architectures, as well as the notable synthesis of a 

three component COF with alternating zinc and copper containing porphyrins.35 

Recently, Liang et al. reported the co-condensation of 3,5-diformylphenylboronic acid 

with 1,4-diaminobenzene and 1,2,4,5-tetrahydroxybenzene. The monomers self-sorted 

to give a dual-pore COF with imine-linked micropores connected together by boronate 

esters.36 This orthogonal-bonding approach has also been applied to the on-surface 

synthesis of COFs by Yue et al., who reported condensations of TAPB with 



 

7 

 

formylphenylboronic acids.37 Interestingly, the surface chirality of the COFs was 

determined by the orientation (clockwise vs. counterclockwise) of the bent  

3-formylphenylboronic acid linker. Nguyen et al. reported a similar orthogonal bonding 

approach, but instead, combined a covalent imine bond forming process with the 

coordination of a carboxylate anion to a metal to synthesize a COF/MOF hybrid. These 

examples highlight the structural complexity that can be achieved by using orthogonal 

bond-forming processes.38  

Heterogenous Pores by Monomer Design 

In addition to increasing the number of building blocks, increased COF 

complexity can be obtained by incorporating pores of multiple shapes and sizes. While, 

most COFs are constructed from highly symmetrical building blocks, typically by 

linking C3, C4 or C6 vertices with linear linkers to give highly symmetrical and simple 

topologies (Figure 1.1), careful design of monomer geometry can install heterogenous 

pores within the framework (Figure 1.3). Zhu et al. reported that condensing a linear 

diamine with a desymmetrized trialdehyde vertex (from D3h to C2v  

 

Figure 1.3. Construction of 2D COFs containing multiple pore sizes by (A) monomer 

desymmetrization, (B) angle-specific monomers, (C) monomers containing pre-linked 

vertices or (D) shape-persistent macrocyclic monomers.  
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symmetry) results in a single COF with two distinct pore sizes (Figure 1.3A).39 

However, this approach also leads to some structural ambiguity, as two possible pore 

isomers can form (left and right structures in Figure 1.3A), both of which exhibit similar 

predicted XRD patterns. Analysis of the pore size distribution suggests the left isomer 

over the other, though this assignment is not definitive. Qian et al. adapted this approach 

and showed that replacing the linear diamine with a D3h symmetric monomer results in 

two possible COF isomers that are readily distinguishable by XRD.40  

 

Figure 1.4. Synthesis of a 2D COF with a brick-wall topology from the condensation a 

T-shaped trialdehyde and linear diamine.41 

 

  Alternatively, modifying the vertex angles of the monomers can also induce 

more complex and unique COF pores. For example, Cai et al. reported the synthesis of 

a COF with a brick-wall topology by condensing a T-shaped monomer, which has two 

distinct angles of 90° and 180° between functional groups, with a linear diamine (Figure 

1.4).41 Additionally, tetraphenylethene derivatives, which also have two distinct angles 

(60° and 120°) between their reactive groups, have been successfully condensed with 
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linear monomers to form a dual pore structure (Figure 1.3B, left structure) containing a 

Kagome lattice, where hexagonal pores (as a result of the 120° angles) are surrounded 

by triangular pores (due to the presence of 60° angles).42, 43 Yuan et al. also recently 

showed that this design criteria can be expanded to the condensation of linear diamines 

with the D2h-symmetric (1,1′-biphenyl)-3,3′,5,5′-tetracarbaldehyde.44 However, this 

approach is not entirely generalizable, as similarly shaped  

4,4′,4′′,4′′′-(pyrene-1,3,6,8-tetrayl) tetraaniline15 and tetrathiafulvalene-

tetrabenzaldehyde45 monomers only result in single pore rhombic frameworks (Figure 

1.3B, right structure). The preference between the two possible structures has been 

attributed to the thermodynamic stability of the various stacked layers. Pang et al. 

showed that condensing a tetraphenylethene derivative with a linear monomer 

containing longer branched substituents favors the formation of the single-pore rhombus 

COF as opposed to the dual-pore Kagome COF. This is presumably due to the increased 

steric congestion that prevents the formation of the smaller triangular pores.46 However, 

because the nucleation processes that govern COF growth are poorly understood, care 

must be taken in rationalizing these structures on the basis of thermodynamic stability 

alone, as many kinetic processes during the polymerization may play important roles in 

the final COF structure. This is particularly exemplified in a recent example by Gao et 

al., who reported two distinct COF structures from identical tetraphenylethene based 

monomers in different reaction conditions (Figure 1.5).47  
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Figure 1.5.  Synthesis of two 2D COF structures based on identical monomers in 

different reaction conditions.47 

 

 The above described examples (monomer desymmetrization and specifically 

designed angles) both suffer from the possibility of multiple COF structural isomers 

(Figures 1.3A-B), making it difficult to precisely control the formation of heteropore 

structures. Thus, it is important to design monomers that prevent any polymorphism. 

Zhao and coworkers recently published a series of reports of 2D COFs that were 

constructed from monomers with branched functional end groups.17, 48-50 These branch 

points act as individual vertices that are pre-linked together through the core of the 

monomer and result in only one possible 2D tiling (Figure 1.3C). For example, Yin et 

al. reported the condensation of a unique monomer with a linear core containing three 

branch points with a linear diamine resulting in a COF with two distinct pores (Figure 

1.6).17 Similarly, Xu et al. reported the condensation of terephthalaldehyde and a 

hexaazatriphenylene derivative to obtain a COF with two different-sized triangular 

micropores.51 This approach has also been combined with the linker desymmetrization 

method described above to construct 2D COFs with three distinct pores from only two 

monomers (though two structural isomers are possible as a result of the ambiguity that 

arises from desymmetrization).49 
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Figure 1.6. Synthesis of a 2D COF containing two different pores from a branched 

monomer with pre-linked vertices.17 

 

Heteroporous structures of 2D COFs can also be constructed from vertices that 

already contain internal cavities, such as shape-persistent macrocycles (Figure 1.3D). 

Feng et al. reported the condensation of a shape persistent C3-symmetric tricatechol 

macrocycle with various diboronic acid linkers.52 In two subsequent reports, both Yang 

et al. and Baldwin et al. synthesized boronate-ester linked COFs using enlarged 

shape-persistent macrocycles.53,54 In a similar approach, Du et al. reported the use of 

linking square macrocycles via spiroborate-linkages into a 2D COF, though it was 

difficult to accurately model the diffraction pattern.55 While high surface materials were 

obtained in all of these cases, the micropores corresponding to the internal cavities of 

the macrocycles were not observed, possibly due to offset layer stacking (see below). 

The use of even larger shape-persistent macrocycles56,57 can expand this approach to 

materials with even more complex and fully-accessible structures. 
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Stacking of Two-Dimensional Covalent Organic Frameworks 

 Designing increasingly complex 2D COFs with programmable functionalities 

does not end with the design of new 2D topologies because many of the desirable COF 

properties come not only from their 2D structures, but also from their arrangement in 

3D. Despite the progress in development of 2D COFs with good 2D topological 

predictability, there is still a limited understanding of how these 2D sheets are organized 

into 3D objects with permanent porosity. While the majority of 2D COFs have been 

reported as eclipsed AA structures, where the molecular building blocks are directly 

stacked on top of one another (Figure 1.7), multiple computational studies suggest that 

this is not the most favorable conformation and that the energetic minimum is typically 

reached when the sheets are offset on the order of 0.5–2 Å,18,27,30,35,58 though this 

difference is often indiscernible by XRD analysis. In addition to eclipsed AA stacking, 

other stacking modes must be considered (Figure 1.7) including: staggered, where the 

vertex of each layer is perfectly centered in the pores of the sandwiching layers; serrated, 

where every second layer is offset slightly relative to the layers directly above and below 

it; and inclined, where each layer is offset in the same direction as the layer above it.27,30 

These different modes of stacking have profound effects, not only on the resulting pore 

topology (which shrinks as the layers change from an eclipsed to staggered state), but 

also on the physical properties of the COF such as guest inclusion,58-60 and carrier 

transport ability.61,62 
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Figure 1.7. Different stacking modes for layered 2D sheets of COFs.30 

 

 Despite often being assigned as eclipsed structures, many COFs have 

experimental pore size distributions that deviate from their expected values, such as 

smaller than expected pores63 or bimodal pore distributions.64,65 These differences 

suggest the stacking arrangement is not perfectly eclipsed, since slipping of the COF 

layers will lead to smaller pore sizes compared to the fully-eclipsed structures (Figure 

1.7). While these different stacking modes are sometimes difficult to distinguish from 

XRD patterns, particularly when the offset is relatively small, analysis of the pore size 

distributions can help in assigning the final structures.19,20,50,66,67 For example, while the 

experimental XRD pattern of a polyimide COF matched well with a simulated XRD 

pattern for an eclipsed structure, the gas adsorption isotherms suggested the presence of 

both micropores and mesopores, which is inconsistent with that structure.19 

Consequently, Fang et al. proposed a serrated structure, where adjacent sheets are 

slipped by ¼ of the unit cell. The simulated pattern for this proposed topology also 

matched the experimental pattern (Figure 1.8).  

If the layers are slipped significantly (i.e. staggered), then two potential 

structures may be distinguishable by their XRD patterns. As early as the first COF 

report, the XRD pattern for COF-1 changed significantly after activation.13 This change  
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Figure 1.8. (A) Structure of an imide COF with (B) proposed serrated layer stacking. 

(C) The microporous and mesoporous channels formed by the interlayer offset.19 

 

in the diffraction pattern was initially attributed to the transformation of an AB 

staggered structure to an AA eclipsed structure after the removal of residual 

mesitylene.68 However, a subsequent report by Gao and Jiang suggested that the changes 

in the diffraction patterns are caused by the presence of spatially confined guest 

molecules (i.e. residual mesitylene), rather than structural differences.69 Since the first 

report of COF-1, only a few examples of AB staggered stacked structures have been 

reported, including the heteroporous structure from branched monomers reported by 

Qian et al.,48 the COF with a brick-wall topology reported by Cai et al.,41 and a triazine-

linked framework.70 All of these staggered topologies were assigned from their XRD 

patterns, and supported by the gas adsorption isotherms. The heteroporous structure  
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Figure 1.9. (A) Structure of a truxene based 2D COF with pendant methyl groups. (B) 

Experimental XRD pattern of the 2D COF compared to the theoretical stacking modes. 

(C) The proposed structure with inclined stacking.71 

 

reported by Zhu et al. has been assigned as a staggered structure, but on the basis of 

pore size distributions as the diffraction patterns of the eclipsed and staggered structures 

both matched the experimental pattern.50 In a few cases, ABC-staggered structures have 

been proposed on the basis of XRD patterns.72-74 Haase et al. reported the synthesis of 

an imine-linked COF where the organization antiparallel imines caused the layers to slip 

unidirectionally, and resulted in an inclined stacked structure, as supported by XRD.75 

Similarly, Fan et al. reported the synthesis of an imine-linked COF containing a truxene 

core with pendant methyl groups which encoded a preferential slipping direction, 

resulting in a COF with inclined stacking as elucidated by both XRD and gas adsorption 

analysis (Figure 1.9).71 Interesting stacking can also arise from COFs containing sp3 

atoms in their backbone. Wang et al. reported the formation of an interpenetrated 2D  
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Figure 1.10. (A) Structure of an imine-linked 2D COF containing various pendant chiral 

groups that can drastically change the structure from (B) AA eclipsed stacking to (C) 

ABC staggered stacking when the groups are modified.74 

 

COF structure from the condensation of a tetraaryl-1,3-dioxolane-4,5-dimethanol 

derivative with 4,4′-diaminodiphenylmethane.76 Additionally, Mullangi et al. reported 

the synthesis of an imine-linked COF with sp3 N-nodes. Upon desolvation, this COF 

underwent a phase change from an unassigned structure to an assigned AB staggered 

structure with 22 Å interlayer cavities as a result of monomer buckling.77 

 Despite an increasing number of COFs with non-eclipsed stacking behaviors, 

there is currently no clear trend or motif that can be used to predict one stacking mode 

versus another. This unpredictability is particularly exemplified in a report by Zhang et 

al., who showed that a very subtle change in the structure of a pendant side chain on one 

of the monomers led to a drastic shift from AA eclipsed stacking to ABC staggered 

stacking (Figure 1.10).74 The preferential stacking of a particular COF structure is often 

attributed to the formation of the most thermodynamically stable species. However, as 

mentioned earlier, the overall growth processes of COFs are still poorly understood, and 

there may be kinetic traps that can dictate the final COF structure.30 A better 
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understanding of the principles dictating the interlayer stacking of these sheets is 

necessary for the continued rational design of these materials.  

The Relationship Between Stacking and Crystal Quality 

Despite limited predictability in the overall stacking mode, these stacking 

interactions are often considered as the driving force for the formation of 2D COFs.28,29 

Thus, it is commonly believed that reinforcing the stacking interactions of neighboring 

sheets is key to obtaining materials with increased stability and improved crystallinity. 

Various research groups have tuned these interactions through the electronic structure 

of the monomers, or their structural geometry, with apparent success in rationalizing the 

formation of materials with improved quality. However, some of these reports appear 

to contradict each other, highlighting that the properties that regulate the formation of 

highly crystalline materials may not be as clear or intuitive as previously suggested. 

One approach to reinforcing stacking interactions is modifying the electronic 

nature of the monomers by adding functional groups that might promote enhanced 

intermolecular interactions. For example, Salonen et al. reported the synthesis of a high-

quality boronate ester-linked COF containing a polarized pyrenedione. Computational 

models suggested a 7 kcal/mol stabilization energy from the antiparallel arrangement of 

the dipoles compared to an unfunctionalized pyrene COF, which the higher crystallinity 

and surface area of the pyrenedione COF is attributed to.78 In 2013, Chen et al. reported 

the control of COF crystallinity by incorporating self-complementary π-electronic 

forces in porphyrin containing imine-linked COFs with varying ratios of 

terephthalaldehyde and its electron poor derivative,  

2,3,5,6-tetrafluoroterephthalaldehyde.79 The COFs showed the highest surface areas and 
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crystallinity when the two aldehyde monomers were mixed in a 1:1 ratio, which is 

attributed to enhanced stacking through alternating donor-acceptor stacks of the electron 

rich and electron poor monomers. Haase et al. suggested both of these interactions were 

in effect when their geometrically similar amines and aldehydes led to an alternating 

donor-acceptor arrangement of monomers. Subsequently, this organized the imines 

antiparallel to one another, creating antiparallel aligned dipoles and giving rise to the 

high crystallinity (Figure 1.11).75 More recently, Alahakoon et al. reported the use of 

fluorinated 1,3,5-triphenylbenzene aldehyde monomers to obtain COFs with improved 

crystallinity and surface areas compared to non-fluorinated monomer derivatives.80 

Surprisingly, a 1:1 mixture of their fluorinated monomer and non-fluorinated monomer 

did not give any improved material quality compared to the COF  

  

Figure 1.11. (A) Various arrangements of imine-containing monomers where the 

antiparallel orientation of imines leads to (B) favorable donor-acceptor and dipole 

interactions that may promote high crystallinity.75 
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formed solely from the fluorinated monomer.81 This result is supported by 

computational models, which suggest that the stacking energies are enhanced between 

two of the fluorinated monomers compared to the stacking of one fluorinated and one 

non-fluorinated monomer. The role of monomer electronics on interlayer stacking of 

COFs is further confounded by a 2015 report from Xu et al., where condensing TAPB 

with terephthalaldehyde resulted in a weakly crystalline material, but condensing TAPB 

with the electron rich dimethoxy-terephthalaldehyde yielded a highly crystalline and 

porous COF.10 This result was justified by the electron donating ability of the methoxy 

substitutes to stabilize interlayer interactions (on the basis of calculated crystal stacking 

energy), which is in stark contrast from the previous example where  

 

 

Figure 1.12. The electronic effects that have been attributed to improved crystallinity. 

While consistent within each example, these effects do not appear to be generalizable 

between systems.  
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electron withdrawing substituents on aldehyde monomers stabilized interlayer 

interactions (Figure 1.12). Simply comparing the crystal stacking energy of one system 

to another is not enough to make claims about the expected crystal quality. For example, 

Jin et al. reported a series of donor-acceptor COFs and calculated their various stacking 

energies. While their DCuPc-APDI-COF and DZnPc-APDI-COF structures had the highest 

crystal stacking energies, they ultimately had lower observed crystallinity.82 Care must 

also be taken when determining the COF quality as a function of surface area because 

those measurements can be highly reliant on activation processes.83 It is important to 

note that since the 2015 report, highly crystalline TAPB-TP-COFs have been 

synthesized,84 which suggests that the quality of 2D COFs is highly dependent on the 

polymerization conditions, and that there is not a general “one size fits all” set of 

conditions that works for all monomers, even structurally similarly ones.  

Another strategy for controlling interlayer stacking that has been proposed is to 

tailor the monomer geometry to maximize the van der Waals interactions between 

layers. Monomers with increased planarity have been observed to give materials with  

 

 

Figure 1.13. Various triphenyl monomers used in 2D COF synthesis and the apparent 

relationship between crystallinity and dihedral angles.89 
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higher crystallinity and porosity (Figure 1.13). Incorporating intra-layer hydrogen-

bonding that locks monomers into planar conformations in imine-linked COFs result in 

higher quality COFs as compared to derivatives that lack H-bonding capabilities.85,86 

Similar observations have been made when comparing triphenyl monomers containing 

different cores that alter the dihedral angles of the peripheral phenyl rings (Figure 

1.13).75,87-89 For example, the progressive substitution of alternate carbons on the central 

aryl ring from 0 to 3 nitrogen atoms decreases the dihedral angle, such that a monomer 

containing a triazine core is planar and thus can stack more favorably.87 However, a 

series of reports by the Bein group suggests that certain out-of-plane monomers can 

result in highly crystalline frameworks.90,91 Ascher et al. proposed that the propeller 

arrangement of 1,1,2,2-tetraphenylethene allows it to lock into a single, well-defined 

position atop a COF layer, guiding further lateral growth (Figure 1.14).90 Interestingly, 

 

Figure 1.14. (A) Structure of a propeller shaped monomer that exhibits a steep welled 

potential energy surface that facilitates well defined eclipsed stacking, leading to (B) 

docking sites that control nucleation compared to (C) COFs without docking sites that 

lead to offset stacking, resulting in strain in the overall material.90 
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when the authors investigated the generality of this propeller-shaped building block 

approach, they found that COFs constructed from monomers that contained 

triphenylamine or triphenylbenzene, both of which have non-planar, propeller-like 

conformations, also resulted in highly crystalline materials. This is in stark contrast to 

previous reports, where the non-planarity of these triphenyl building blocks have been 

attributed to lower crystallinity and surface areas (Figure 1.13). It is important to note 

that these highly crystalline triphenyl COFs were synthesized under different reaction 

conditions than the previously reported materials, again highlighting how structurally 

similar monomers are particularly sensitive to reaction conditions. 

Non-traditional COF Building Blocks 

Most 2D COFs are formed from neutral and conjugated building blocks, which 

presumably offer a favorable surface for interlayer stacking to occur. However, this is 

not a necessary design criterion to obtain COFs of good crystallinity and porosity, as 

shown by an increasing number of linkers containing sp3-carbons directly in their 

backbone (Figure 1.15). For example, Zhen and coworkers have shown that bowl-

shaped cyclotriveratrylene derivatives can be used to form both boronate ester-linked 

and imine-linked COFs with undulated 2D layers.92-95 Kahveci et al. demonstrated that 

a triptycene tricatechol can form a 2D boronate ester-linked COF.96  

Trans-1,2,cyclohexanediamine has been successfully condensed with trifunctional 

salicyaldehydes to obtain the corresponding 2D salen-based COFs,97 while trans-1,4-

cyclohexanediamine has been successfully condensed with either 1,3,5-triformyl 

benzene98 or trimesoyl chloride73 to form the corresponding COFs. Even  

 



 

23 

 

 

Figure 1.15. Non-conjugated monomers that contain sp3-carbons in the backbone and 

have been successfully condensed into 2D COFs. 

 

monomers with freely rotatable bonds within their backbone have been condensed into 

COFs, as seen in the reaction between 2,4,6-triformylphloroglucinol (TFP) and 4,4′-

ethylenedianiline99, between tetraaryl-1,3-dioxolane-4,5-dimethanol derivatives and 

4,4′-diaminodiphenylmethane,76 or between ethylendiamine and a trifunctional 

salicyaldehyde.100 While the resolution in the PXRDs is not high enough to fully 

understand the stacking of COFs,27,75 it is interesting to note that almost all of these 

structures have been assigned to the eclipsed AA stacking mode, highlighting that the 

incorporation of sp3 atoms does not necessarily preclude the formation and stacking of 

these 2D sheets. 

While stacking is often viewed as a favorable characteristic in COFs, there has 

been recent interest in isolating 2D COFs as single- or few-layer structures. One  
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Figure 1.16. (A) Synthesis of a triaminoguandinium-based 2D COF that self-exfoliates 

in water.101 (B) Synthesis of a cationic COF that does not self-exfoliate as counter ions 

alleviate interlayer repulsion.102 

 

approach has been to incorporate charged monomers in 2D COFs to induce self-

exfoliation due to charge repulsion. This was first successfully shown by Mitra et al., 

who condensed triaminoguandinium halide salts with TFP to form a 2D COF that was 

found to self-exfoliate in water into nanosheets comprising of 3–6 layers  
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(Figure 1.16A).101 In a similar approach, Zhang et al. reported the synthesis of a 

boronate ester-linked COF that contained quaternary ammonium groups that would 

exfoliate into few-layered structures in certain polar organic solvents.103 Das et al. also 

reported the formation of a viologen-based COF that also organized into nanosheets of 

a few layers.104 However, incorporation of charge does not necessarily mean that all 2D 

COFs will self-exfoliate. For example, no exfoliation was observed when quaternary 

ammonium salts were introduced into a COF via post-synthetic modification,105 nor was 

any seen in the direct formation of a cationic imine-linked COF.106 These seemingly 

contradictory reports raise questions about the nature of the stacking interactions of 

COFs. Yu et al. reported the synthesis of a cationic COF and suggested that the potential 

electrostatic repulsion among the charged monomers was alleviated by chloride 

counterions (Figure 1.16B),102 while Huang et al. reported a cationic COF and argued 

that the charged units were aligned on both sides of the pore walls, minimizing charge 

repulsion.107 Again, these results suggest the that care must be taken when discussing 

the generalizability and role of monomers on the nature of stacking within 2D COFs. 

Outlook 

While there has been tremendous progress in controlling the in-plane topology 

of 2D COFs in the past few years, our understanding and control of the out-of-plane 

stacking of these materials is still in its infancy. While we can predict the 2D topology 

of various monomers, we are currently unable to predict the precise manner of stacking 

these monomers will experience. Additionally, trying to rationalize the obtained 

crystalline quality as a function of monomer identity has resulted in some 

contradictions: electron donating and electron withdrawing monomers have both 
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independently been shown to enhance crystallinity, as well as both twisted and planar 

monomers. These contradictions arise because it is often assumed that the use of 

dynamic covalent bonds will result in the most thermodynamically stable product. 

However, it is becoming clearer that these processes may not always be operating under 

thermodynamic control.28,30,47,57,68,108 Therefore, care must be taken when comparing 

the final structures of different COFs and making general conclusions about the benefits 

of one monomer over another. It is likely that the reaction conditions simply favor 

various intermediates during the growth processes of one COF over another, while not 

necessarily leading to the most stable product. It is imperative that we continue to work 

towards understanding the kinetic processes that are involved in the growth of these 

polymers by conducting detailed mechanistic studies over the course of COF 

formation,26,28,29 developing and studying direct analogues of COFs,56,57,109 or 

developing improved computational models of COF growth that do not simply look at 

the final stage of the materials.110 Thus, by beginning to look at the middle stages of 

COF growth, rather than just the end, we will be able to achieve even greater control 

over our final materials. 
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CHAPTER 2 

Discrete, Hexagonal Boronate Ester-Linked Macrocycles Related to Two-Dimensional 

Covalent Organic Frameworks 

 

Abstract 

The limited processability of two-

dimensional covalent organic 

frameworks (2D COFs), which are 

typically isolated as insoluble 

microcrystalline powders, detracts from their utility. Here we apply similar design 

criteria to access hexagonal boronate ester-linked macrocycles that represent discrete 

analogues of 2D COFs. The macrocycles readily pack into hexagonal, layered solid-

state structures whose spacing is determined by the size of the macrocycle and its side 

chains. In contrast to 2D COFs, the assembled macrocycles undergo reversible swelling 

upon exposure to solvents that interact favorably with the side chains. Incorporating 

hexa(ethylene glycol) monomethyl ether groups leads to dispersible macrocycles that 

cofacially assemble both in solution and the solid state. This approach expands the 

directional bonding approach to processable, boronate ester-linked macrocycles with 

designed size, shape, and functional group organization. 

This work was done in collaboration with Brian J. Smith, Merry K. Smith, Peter 

A. Beaucage, and Brian H Northrop. This chapter was first published in  

Chemistry of Materials: Chavez, A. D.; Smith, B. J.; Smith, M. K.; Beaucage, P. A.; 

Northrop, B. H.; Dichtel W. R. Chem. Mater. 2016, 28, 4884-4888.  
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Introduction 

The dynamic integration of small molecules into supramolecular and 

macromolecular systems is a powerful approach that enables the controlled design of 

advanced materials. For example, the reversible condensation of boronic acid and 

catechol derivatives into boronate esters1 provides rationally designed two- and three-

dimensional COFs.2–5 Interest in COFs has increased dramatically since their discovery6 

in 2005 because their permanent porosity, high internal surface area, precise placement 

of functionality, and modular design provide desirable properties for gas storage,7–10 

optoelectronics,11–13 charge transport,14 and electrical energy storage devices.15 

Realizing the full potential of these properties is hampered in part because 2D COFs are 

typically isolated as insoluble, microcrystalline powders, complicating their 

incorporation into devices, or otherwise controlling their final form. Here we expand 

the COF design strategy to access large, discrete macrocycles in a single synthetic 

step.16,17 We also show, for the first time, that the macrocycles assemble into layered 

structures reminiscent of 2D COFs, yet are dynamic and remain solution  

processable.18–23 The formation and assembly of these macrocycles also provides 

important insight into COF formation that will be necessary to improve materials 

quality.24,25 

Discrete 2D COF analogues are obtained by truncating polyfunctional nodes to 

contain only two reactive sites while maintaining the molecular shape and relative 

orientations of the remaining reactive moieties. For example, hexagonal boronate ester-

linked macrocycles are obtained by functionalizing one of the catechol groups of the 

2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) monomer (Figure 2.1). This 
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modification introduces an additional tunable chemical handle, the blocking groups, 

which modulate the macrocycle’s dispersibility, and/or confer additional functions. 

Nevertheless, few examples of discrete analogues of COFs have been reported,26–29 and 

the higher-order assembly of such macrocycles in solution or the solid-state has not been 

characterized. Varying the blocking groups confers additional solubility, and the 

macrocycles assemble in solution into dispersible nanotubes. These studies complement 

and extend the chemistry of infinitely periodic COFs by providing new routes to 

designed molecular assemblies in solution and the solid state. 

 

Figure 2.1. Comparison of the modular synthesis of periodic 2D COFs (left-facing 

reaction) and discrete boronate ester macrocycles (right-facing reaction). 

 

Results and Discussion 

Macrocycles 1, 2, and 3 were prepared by reacting a dihexyloxy 

tetrahydroxytriphenylene (C6THTP) with 1,4-phenylenebis(boronic acid) (PBBA), 4,4′ 

biphenylbis(boronic acid) (BPBBA), or 2,7-pyrenebis(boronic acid) (PyBBA), under 

initially homogenous conditions that we recently developed for HHTP-based 2D 

COFs.24 The macrocycles precipitated from the reaction mixture as nanocrystalline 

powders (Figure S2.1) after reaction times of a few minutes. FTIR analysis of 1 revealed 
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bands at 1240, 1077, and 654 cm–1 that correspond to C–O stretching, B–O stretching, 

and out-of-plane displacements of boron atoms diagnostic of boronate ester formation 

(Figure S2.2).30  None of the observed IR bands were attributable to residual unreacted 

starting materials PBBA or C6THTP. Powder X-ray diffraction (PXRD) analysis 

(Figure 2.2A) of the nanocrystalline powder revealed a pattern comparable to that of 

COF-5 that is consistent with the predicted structure of cofacially stacked macrocycle 

nanotubes packed in a hexagonal fashion with P6/mmm symmetry. Notably, the peak at 

26.4° (001) in the PXRD spectrum of 1 suggests that the macrocycles stack cofacially. 

No evidence of residual crystalline monomers was observed and digestion of the 

precipitated material (5 mg/mL in DMSO with 5% H2O) yields the expected 1:1 

stoichiometry of C6THTP:PBBA, as characterized by 1H NMR spectroscopy. Although 

most samples of 1 did not appear mesoporous by N2 adsorption, one sample provided a 

Brunauer–Emmett–Teller surface area (SBET) of ca. 82 m2 g-1 as well as a pore size 

distribution centered at 25 Å (Figure S2.3). This observation indicates that the 

macrocycles might support permanent porosity, but this property is more sensitive to 

sample preparation and activation protocols than the corresponding COFs.  

Although these macrocycles crystallize into structures reminiscent of COF-5, 

noncovalent interactions between adjacent stacks provide a more dynamic structure. 

The macrocycles display a stimuli-responsive change in crystal unit cell upon exposure 

to the growth solvent (4:1 v/v dioxane:mesitylene, Figure 2.2B). This unit cell 

expansion is observed by PXRD as a shift in the peak positions and intensities that 

correspond with an increase in the intermacrocycle distance as a result of swelling by 

the solvent. In contrast, soaking COF-5 under identical conditions shows no shift in  
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Figure 2.2. (A) Experimental (black) and calculated (red) PXRD patterns of macrocycle 

1 for the packing arrangement shown in the inset. (B) Partial PXRD patterns obtained 

of 1 after soaking in dioxane:mesitylene (4:1 v/v, blue) and dried under vacuum 

overnight (red). (C) The changes in the PXRD patterns shown in panel B correspond to 

the expansion of the unit cell associated with solvation and are reversible over several 

cycles. 

 



 

43 

 

crystal spacing or relative intensities of the peaks (Figure S2.4). Upon drying overnight, 

the macrocycles return to the more compressed state, as observed through a 

corresponding peak shift. This process is reversible (Figure 2.2C), as solvation and 

desolvation repeatedly interconverts between the two states. Overall the noncovalent 

nature of the macrocycle packing arrangement gives rise to a dynamic supramolecular 

system wherein solvent can be used to influence aggregation behavior, suggesting new 

possibilities for postsynthetic assembly and manipulation that are unavailable to COFs. 

The design of these systems also allows for the preparation of dispersed 

macrocycle aggregates. Macrocycle 1 exhibits slight dispersibility in polar aprotic 

solvents such as NMP and DMF. The soluble species in NMP (0.02 mg/mL) was 

characterized by fluorescence emission spectroscopy after filtering through a 0.45 μm 

filter (Figure 2.3A). The fluorescence of 1 is both red shifted (λmax = 407 nm) and 

quenched relative to an independently prepared solution of the free monomer C6THTP 

(λmax = 383 nm), consistent with the cofacial stacking of macrocycles in solution. The 

macrocycles are hydrolyzed upon addition of H2O to the NMP solution, after which the 

fluorescence intensifies and blue-shifts to resemble that of the free monomers. Model 

studies confirmed that this shift is not just associated with boronate ester hydrolysis 

(Figure S2.9). These combined observations suggest that aggregation of the discrete 

boronate ester macrocycles is not limited to the solid state but extends to the solution 

phase as well. 

The hydrolytic stability of microcrystalline assemblies of 1 was also compared 

to COF-5 using turbidity analysis.25 The incorporation of alkyl chains within the pores 

of COFs has been previously shown to increase hydrolytic stability.31  H2O was added 



 

44 

 

to a rapidly stirring suspension of 1 in dioxane:mesitylene (4:1 v/v) and the dissolution 

was monitored over time (Figure 2.3B). Despite its increased reliance on noncovalent 

interactions, 1 is hydrolyzed to soluble species more slowly than COF-5. The addition 

of H2O (to obtain an estimated [H2O] of 1.5M) to a suspension of 1 results in 50% 

dissolution at 14 min, with full dissolution requiring greater than one hour. In contrast, 

COF-5 undergoes 50% dissolution within 1 min under identical conditions. The 

increased aqueous stability of 1 likely stems from the increased hydrophobicity of the 

macrocycle assemblies conferred by the alkyl chains, as compared to the extended 

boronate ester linked COF-5 network. 

 

Figure 2.3. (A) Emission spectra (λex = 325 nm) for 1 (0.02 mg/mL in NMP) with 

increasing amounts of H2O added (B) Hydrolytic digestion of 1 suspensions in 4:1 

dioxane:mesitylene (v/v) (1.5 M H2O at t=0) compared to COF-5, monitored by 

turbidity. 

 

In addition to the modularity of macrocycle design, as exemplified by the 

different boronate esters incorporated into 2 and 3, the side chains are easily varied. To  
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Figure 2.4. Experimental and calculated powder X-ray diffraction of 4 (unit cell length 

= 60 Å) compared to 1 (unit cell length = 45 Å). 

 

further improve the solvent processability of these macrocycles, we also synthesized a 

THTP analogue with hexa(ethylene glycol) monomethyl ether chains (HxgTHTP), 

anticipating that the resulting macrocycle 4 would be more soluble (Figure 2.1). Indeed, 

the condensation of HxgTHTP and PBBA does not yield a precipitate until a solid 

reaction product is isolated by precipitation into hexanes. Wide-angle X-ray scattering 

(WAXS) and PXRD of the resulting solid suggests a similar structure of cofacially 

stacked, hexagonally packed macrocycles (Figure 2.4). The location of the d100 peak at 

0.120 Å-1 matches very closely to the d100 at 0.122 Å-1 of a simulated macrocycle 

packing arrangement, corresponding to a unit cell length of 60 Å. Compared to 1, which 

exhibits only modest dispersibility in select solvents, the assemblies of 4 are readily 

dispersed in many common laboratory solvents (e.g., acetone, THF, CHCl3). 

Fluorescence analysis of 4 shows similar features as 1, in which the emission of 

dispersed macrocycle assemblies in solution is red-shifted and quenched compared to 
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its free monomers, again suggesting cofacial stacking of macrocycles (Figure S2.10). 

H2O addition induces an intensified blue-shifted fluorescence signal corresponding to 

the hydrolysis of the assembly to monomers. 1H NMR spectra of solutions of 4 exhibit 

no apparent aromatic resonances, consistent with the formation of aggregates in 

solution. In contrast, spectra obtained after the addition of D2O, which hydrolyzes the 

macrocycles, show the expected aromatic resonances of the two monomers in a 1:1 

molar ratio (Figure S2.11). 

The dispersed aggregates of 4 were amenable to gel permeation chromatography 

(GPC), which indicated their stability to dilution (Figure S2.12). The dispersed 

aggregates of 4 were assigned to a broad peak that eluted between 10-14 minutes. This 

peak is first observed in chromatograms of the crude reaction mixture after 4h, and it 

grows in intensity and appears at shorter retention times as the reaction time is increased 

to 10 days. Several observations make it more likely that this peak corresponds to 

aggregated macrocycles rather than the formation of a linear polymer. First, aggregates 

of 4 were isolated by precipitation into hexanes and redispersed in either fresh 

dioxane:mesitylene (4:1 v/v) or THF at room temperature. Sonication at low power 

(100W, 40 kHz, 100 min) disrupts the aggregates, reducing the intensity of the aggregate 

peak. However, the peak recovers in intensity and shifts to even higher molecular weight 

upon standing at room temperature over one week (Figure S2.13). These mild conditions 

are unlikely to involve covalent bond rupture or reformation.32  Furthermore, we also 

monitored aggregate formation from reaction mixtures containing 4-tert-butylcatechol 

(TCAT), which serves as a monofunctional competitor to macrocycle or polymer 

formation. Reactions containing either 0.1 or 1.0 equiv TCAT exhibited shorter 
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retention times than those in the absence of TCAT (Figures 2.5 and S2.14). This 

observation is inconsistent with a step-growth polymerization which should provide 

dramatically reduced molecular weights in the presence of large stoichiometric 

imbalances of reacting functional groups. The observation of larger aggregates in the 

presence of TCAT may implicate a nucleation/elongation mechanism for macrocycle 

assembly.33 

 

Figure 2.5. GPC traces of an aliquot of the reaction between HxgTHTP and PBBA with 

various equiv. of TCAT heated at 90 °C for 10 days. 

 

Atomic force microscopy (AFM) of a dilute solution of 4 in THF deposited onto 

freshly cleaved mica indicated the presence of high aspect ratio rods with uniform 

widths, heights of 2.6 ± 0.1 nm, and lengths ranging from 100–500 nm (Figure 2.6). 

These nanotubes are disrupted by sonication, and AFM images obtained from solution 

just after this stimulus showed no high aspect ratio structures. These assemblies reform 

spontaneously over time, as shown in the AFM image obtained of a solution 12 h after 

sonication. Collectively, these experiments demonstrate that the soluble COF-like 

macrocycles display many of the same stacking tendencies as 2D COFs, yet the resulting 

assemblies are more dynamic.  



 

48 

 

 

Figure 2.6. (A) AFM image of a solution of 1 drop cast onto mica. (B) AFM image of 

the same solution sonicated for 1 hour before deposition. (C) AFM image of the same 

solution deposited after standing for 12 hours after sonication. 

 

Conclusions 

In conclusion we report new boronate ester-linked macrocycles that represent 

discrete analogues of 2D COFs and form similar layered, hexagonally packed solid-

state structures. The macrocycle assemblies are more dynamic than COFs, as they swell 

reversibly upon exposure to solvent and exhibit solution-phase fluorescence consistent 

with aggregated macrocycles. The alkyl-functionalized assemblies are also more 

hydrolytically stable than the corresponding 2D COF because of their hydrophobicity. 

In addition to retaining the modular design of COF synthesis, the side chain length and 

identity impart additional chemical properties. Incorporating hexa(ethylene glycol) 

monomethyl ether chains provides dispersible macrocycles that cofacially assemble 

both in solution and the solid state. The solution structures are 1D COF nanotubes that 

are disrupted by sonication but reassemble spontaneously under ambient conditions. 

This approach expands the directional bonding approach to processable, covalently 

bonded macrocycles. Future studies of macrocycle formation and assembly will 

improve mechanistic understanding of the corresponding processes in 2D COF 

polymerizations. Finally, the directed assembly of COF-like macrocycles offers a 

potential route towards single-layer 2D polymers with modular design strategies.  
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I. Materials and Instrumentation 

Materials.  

All reagents were purchased from commercial sources and used without further 

purification. Compounds 2,3-bis(hexyloxy)-6,7,10,11-tetrahydroxytriphenylene 

(C6THTP), S3, and S5 were synthesized as previously reported.1 MeOH was purchased 

from a commercial source and purified using a custom-built alumina column-based 

solvent purification system. Other solvents were purchased from commercial sources 

and dried over activated 3Å molecular sieves. 

Instrumentation.  

NMR spectra were recorded on a Varian INOVA 400 MHz spectrometer using 

a standard 1H{13C, 15N} Z-PFG probe with a 20 Hz sample spin rate. 

Powder X-ray diffraction (PXRD) patterns were obtained on a Scintag Theta-

Theta Powder X-Ray Diffractometer in reflectance Bragg-Brentano geometry 

employing Cu Kα line focused radiation at 2200 W (40 kV, 40 mA) power and equipped 

with a Ge crystal detector fitted with a 0.3 mm radiation entrance slit. Samples were 

mounted on zero background sample holders by dropping powders from a spatula and 

then leveling the sample surface with a glass microscope slide. No sample grinding or 

sieving was used prior to analysis. Crystallite size was determined by applying the 

Scherrer equation to the powder patterns using MDI JADE. The Accelrys2 Materials 

Studio (version 5.5) program suite was used to simulate the powder diffraction of the 

macrocycles. The structures were optimized using the Geometry Optimization routine 

including energy minimization with cell parameters optimization, using the parameters 

from the Universal Force Field.3 An external pressure of 1 GPa was applied and then 
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released. The PXRD was calculated for the relaxed structures with the Reflex Plus 

module. 

UV/Vis/NIR absorbance and turbidity spectra were recorded on a Cary 5000 

UV/Vis/NIR spectrophotometer with a mercury lamp. Cuvette temperature and stirring 

were regulated with a Quantum Northwest Temperature Controller. 

Sonication was performed with a Branson 3510 ultrasonic cleaner with a power 

output of 100W and a frequency of 40 kHz. 

Scanning electron microscopy was performed on a LEO 1550 FESEM (Keck 

SEM) operating at 2.00 kV and a working distance of 4 – 5 mm with an aperture size of 

30 µm. Samples were prepared by adsorption onto a silicon wafer, which was then 

attached to a flat aluminum platform sample holder. The sample was then placed directly 

into the instrument. No metal coating was applied. 

Wide angle X-ray scattering (WAXS) was performed at the G1 station of the 

Cornell High Energy Synchrotron Source (CHESS) with a typical beam energy of 10 

keV and sample-to-detector distance of 20 cm. The two- dimensional patterns obtained 

from a point-collimated beam were azimuthally integrated using the Nika software 

package4 to yield the one-dimensional plot shown in Figure 2.4.  
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II. Synthetic Procedures 

General procedure for homogeneous synthesis of C6THTP macrocycles. 

2,3-bis(hexyloxy)-6,7,10,11-tetrahydroxytriphenylene (C6THTP) (89 mg, 0.18 mmol) 

1,4-phenylenebis(boronic acid) (PBBA) (30 mg, 0.18 mmol) and MeOH (73 μL, 1.8 

mmol) were dissolved in a dioxane / mesitylene solution (4:1 v/v, 15 mL) and sonicated 

for 1 minute. The solution was then filtered (0.45 µm PTFE) to remove residual 

particulate. In a 20 mL scintillation vial, the solution was heated to 90 °C for 12 h under 

atmospheric pressure. A precipitate is generally visible within the first few minutes. 

After cooling to room temperature, the solid was isolated by filtration and briefly rinsed 

with dioxane/mesitylene solution (4:1 v/v). The solid was subsequently dried under 

vacuum at room temperature, yielding 1 as an off-white powder (63.6 mg, 60% yield 

by mass). For 3, 2,7-pyrenebis(boronic acid) (PyBBA) was heated in the solvent mixture 

at 90 °C until it fully dissolved (5-10 mins) and cooled to room temperature before 

adding C6THTP. 

General procedure for homogenous synthesis of HxgTHTP macrocycles 

2,3-bis(hexa(ethylene glycol) monomethyl ether)-6,7,10,11-tetrahydroxytriphenylene 

(HxgTHTP) (106 mg, 0.120 mmol), 1,4-phenylenebis(boronic acid) (PBBA) (20 mg, 

0.12 mmol) and MeOH (49 μL, 1.2 mmol) were dissolved in a dioxane / mesitylene 

solution (4:1 v/v, 10 mL) at room temperature and sonicated for 1 min. The solution was 

then filtered (0.45 µm PTFE) to remove any trace residual particulate. In a 20 mL 

scintillation vial, the solution was heated to 90 °C for 48 h under atmospheric pressure. 

The solution was then cooled to room temperature and added dropwise into hexanes 

(100 mL). The solvent was carefully decanted to yield 4 was a brown solid (87 mg, 75% 
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yield). 

Macrocycle Swelling. 

20 mg of 1 was suspended in 8 mL dioxane / mesitylene solution (4:1 v/v). The 

suspension was sonicated for 30 seconds and then centrifuged. The supernatant was 

removed and PXRD pattern of the resulting paste was obtained by spreading it on the 

sample holder. The sample was then collected and dried overnight under vacuum and 

its PXRD pattern was obtained again. This procedure was repeated at least two more 

times for the same sample. 

Water Digestion Experiments5 

Suspensions of either 1 or COF-5 (both 0.5 mg/mL) were prepared in 1.5 mL 

dioxane/mesitylene (4:1 v/v) in a septum-sealed, screw-capped cuvette. The solution 

was rapidly and constantly stirred throughout the measurement to prevent precipitate 

settling and maintain uniform distribution. H2O (40 μL, 1.5 M final [H2O]) was 

introduced via syringe, and the absorbance was monitored at 1310 nm (1 cm path 

length). 

GPC Kinetics Experiments. 

Samples were prepared as described above for the synthesis of HxgTHTP macrocycles, 

except the samples contained 0.0, 0.1, or 1.0 equiv of 4-tert-butylcatechol (TCAT). The 

samples were heated to 90 °C for 10 days, after which a 100 μL aliquot was taken from 

each sample and diluted with 1 mL of THF. The samples were then analyzed by gel 

permeation chromatography and the refractive indices were normalized to the eluted 

dioxane peak.  
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Synthesis of S1: NaOH (18.4 g, 459 mmol) was dissolved in 25 mL of water in a 500 

mL round bottom flask equipped with a magnetic stirrer. Triethyleneglycol (30.0 g, 200 

mmol) and THF (125 mL) were added and stirred at room temperature for 1 h before 

being cooled to 0 ºC. 4-Toluenesulfonyl chloride (76.0 g, 400 mmol) was slowly added 

(over the course of 30 min) to the cold basic solution while stirring. The mixture was 

warmed to room temperature and stirred for 12 h, after which it was diluted with water 

(100 mL) and aqueous HCl (6 M, 50 mL). The acidified mixture was extracted with 

CH2Cl2 (3 x 100 mL). The combined organic extracts were rinsed with water (2 x 100 

mL), dried over anhydrous MgSO4, and concentrated in a rotary evaporator yielding S1 

(82.9 g, 91% yield) as an off white solid. 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.3 

Hz, 4H), 7.34 (d, J = 8.3 Hz, 4H), 4.14 (t, J = 4.6 Hz, 4H), 3.65 (t, J = 4.7 Hz, 4H), 3.52 

(s, 4H), 2.44 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 144.97, 133.00, 129.95, 128.02, 

70.74, 70.54, 69.31, 68.81, 21.73. DART HRMS m/z calcd. for C20H27O8S2 ([M + H]+) 

459.11419, found 459.11324. These analyses are consistent with a previous report.6  
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Synthesis of S2. S1 (40.0 g, 87.2 mmol) was dissolved in anhydrous THF (250 mL) in 

a flame dried 1000 mL flask equipped with a magnetic stir bar. Sodium hydride (1.125 

g, 46.89 mmol) was loaded in a flame-dried 500 mL flask equipped with a magnetic stir 

bar. The flask was evacuated and backfilled with N2 three times. Anhydrous THF (250 

mL) was added via cannula. Triethyleneglycol monomethyl ether (7.00 g, 42.6 mmol) 

was added dropwise to the sodium hydride solution at rt, and the mixture was stirred for 

2 h after H2 bubbling ceased. The triethyleneglycol/hydride/THF solution was then 

transferred drop-wise (30 min) into a vigorously stirred S2/THF solution via a cannula 

and the mixture was stirred at room temperature for 24 h under N2. The solution was 

then acidified with aqueous HCl (2 M, 100 mL). The majority of the THF was removed 

by rotary evaporation and the resulting solution was extracted with CH2Cl2 (3 x 150 

mL). The combined organic extractions were dried over anhydrous MgSO4 and 

concentrated under vacuum using a rotary evaporator. The resulting residue was purified 

by column chromatography (SiO2, 30% v/v acetone/CH2Cl2) to provide S2 (8.2 g, 42% 

yield) as a light yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.33 

(d, J = 8.3 Hz, 2H), 4.13 (t, J = 4.7, 2H), 3.67-3.51(m, br, 22H), 3.35 (s, 3H), 2.43 (s, 

3H). 13C NMR (100 MHz, CDCl3) δ 144.59, 133.76, 129.64, 127.71, 71.68, 70.45, 

70.34, 70.30 (br), 70.26, 69.12, 68.40, 58.75, 21.40 DART HRMS m/z calcd. for 

C20H35O9S ([M + H]+) 451.19963, found 459.19864. These analyses are consistent with 

a previous report.7  
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Synthesis of S4. S3 (1.20 g, 4.48 mmol) and S2 (5.05 g, 11.2 mmol) were dissolved in 

DMF (45 mL) followed by the addition of K2CO3 (2.48 g, 17.9 mmol), LiBr (39 mg, 

0.45 mmol), and 18-crown-6 (120 mg, 0.45 mmol). The solution was sparged with N2 

for 15 min before heating to 100 °C for 14 h. The solution was then cooled to room 

temperature and poured into H2O (250 mL) and extracted with CHCl3 (3 x 100 mL). 

The solvent was evaporated by rotary evaporation to provide the crude mixture, which 

was purified by chromatography (SiO2, 50% v/v acetone:CH2Cl2), to provide S3 (2.93 

g, 80% yield) as a light yellow, viscous oil. 1H NMR (400 MHz, CDCl3) δ 7.15 (s, 2H), 

4.13 (t, J = 4.9Hz, 4H), 3.84 (t, = 4.9 Hz, 4H), 3.71 (m, 4H), 3.65(m, 32H), 3.54(m, 4H), 

3.38 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 148.89, 119.14, 115.31, 71.94, 70.89, 

70.67, 70.64, 70.61 (br), 70.58, 70.53, 69.59, 69.32, 59.05. DART HRMS m/z calcd. for 

C32H57O14Br2 ([M + H]+) 823.21151, found 823.21549. 
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Synthesis of S6. S4 (2.93 g, 3.55 mmol), S5 (4.13 g, 8.88 mmol), K3PO4 (3.02 g, 14.2 

mmol) and Sphos (117 mg, 0.284 mmol) were dissolved in a toluene/water mixture 

(10:1 v/v, 50 mL). The mixture was then sparged with N2 for 20 minutes after which 

Pd(OAc)2 (32 mg, 0.14 mmol) is quickly added. The solution was sparged again with 

N2 for 20 minutes before being heated to 80 oC for 6 hours. The solution was then cooled 

to room temperature, diluted with CH2Cl2 (100 mL) and filtered through a plug of celite. 

The solvent was evaporated by rotary evaporation and purified by chromatography 

(SiO2, 33% v/v Acetone:CH2Cl2), to provide S6 (3.91 g, 82% yield) as a yellow, viscous 

oil. 1H NMR (400 MHz, CDCl3) δ 6.88z (s, 2H), 6.65 (d, J = 8.2Hz, 2H), 6.61 (d, J = 

2.1, 2H), 6.56 (dd, J = 8.2, 2.1, 2H), 4.22 (t, J = 4.9Hz, 4H), 3.88 (t, J = 4.0Hz, 4H), 3.75 

(m, 4 H), 3.66(m, 32H), 3.54(m, 4H), 3.37(s, 6H), 0.98 (s, 18H), 0.93 (s, 18H), 0.19 (s, 

12H), 0.07 (s, 12H). 13C-NMR (100 MHz, CDCl3) δ 146.60, 146.10, 145.41, 134.80, 

133.40, 122.70, 122.47, 120.29, 117.01, 71.91, 70.81, 70.65, 70.58, 70.54 (br), 70.48, 

69.77, 69.02, 59.00, 25.95, 25.91, 18.41, 18.32, -4.04, -4.17. DART HRMS m/z calcd. 

for C68H123O18Si4 ([M+H]+) 1339.77810, found 1339.78089. 
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Synthesis of HxgTHTP. S6 (1.30 g, 0.970 mmol) was dissolved in dry CH2Cl2 (100 

mL). Trifluoroacetic acid (8 mL) was added and the solution was stirred at rt for 30 

minutes. The solution was then cooled to 0 oC, and DDQ (242 mg, 1.07 mmol) was 

slowly added with a corresponding color change from light yellow to emerald green. 

The solution was allowed to warm to rt over the course of 3 h, after which the solution 

was poured into H2O (200 mL). The mixture was extracted with CH2Cl2 (3 x 75 mL). 

The combined organic extractions were washed with saturated NaHCO3 (3 x 150 mL). 

The solvent was evaporated by rotary evaporation, yielding crude S7 as a dark purple 

oil. The material was used without further purification. Crude S7 was dissolved in 

MeCN:H2O (95:5, 8 mL), followed by the addition of 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU, 0.49 mL, 3.29 mmol). The solution was stirred at room temperature for 45 

min, after which it was poured into a saturated aqueous NH4Cl solution (50 mL). The 

product was extracted with CHCl3 (3 x 25 mL). The organic layer was then washed with 

dilute HCl (10 mM, 3 x 50 mL). The solvent was evaporated by rotary evaporation to 

yield crude HxgTHTP, which was purified by rinsing with Et2O, yielding (440 mg, 51% 

over two steps) of a dark red, viscous oil. 1H NMR (400 MHz, acetone-d6) δ 8.33 (s, 

2H), 8.17 (s, 2H), 7.97 (s, 2H), 7.95 (s, 2H), 7.84 (s, 2H), 4.41 (t, J = 4.9Hz, 4H), 3.94 

(t, J = 4.9Hz, 4 H), 3.75 (m, 4H), 3.65 (m, 4H), 3.62-3.52(m, 28H) 3.44 (m, 4H),  3.26 

(s, 6H). 13C-NMR (75 MHz, acetone-d6) δ 149.25, 146.16, 146.01, 124.38, 124.12, 
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123.69, 109.11, 108.66, 108.24, 72.55z, 71.40, 71.26, 70.12 (br), 70.94, 70.50, 69.71, 

58.75. DART HRMS m/z calcd. for C44H63O18 ([M-H]-) 879.40144, found 879.40125. 
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III. Additional Characterization 

 

Figure S2.1. Powder X-ray patterns of C6THTP macrocycles with different linkers, 

BPBBA (unit cell length = 53 Å), PyBBA (unit cell length = 53 Å), and PBBA (unit 

cell length = 45 Å) respectively. 

 

 

Figure S2.2. FT-IR spectrum of macrocycle 1. 
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Figure S2.3. FT-IR spectrum of HxgTHTP. 

 

 

Figure S2.4. FT-IR spectrum of macrocycle 4. 
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Figure S2.5. N2 adsorption isotherm (77 K) and surface area data analysis for 1. 

Although most samples of 1 did not appear mesoporous by N2 adsorption, one sample 

provided a Brunauer–Emmett–Teller surface area (SBET) of ca. 82 m2 g-1 compared to a 

Connolly surface area of 440 m2 g-1. 
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Figure S2.6. Powder X-ray diffraction of COF-5 either dry (red) or soaked in 4:1 

dioxane:mesitylene (v/v) (blue). 

 

 

Figure S2.7. Thermogravimetric analysis of 1. 
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Figure S2.8. Representative SEM image of 1 isolated as a powder. 
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Figure S2.9. Fluorescence spectra (60 μM, λex = 325 nm) for the model reaction 

between HxgTHTP and 4-tert-butylphenylboronic acid under identical conditions for 

the formation of 4. 

 

 

Figure S2.10. Emission spectra (λex = 325 nm) for 4 in acetone before and after the 

addition of water. 
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Figure S2.11. NMR spectra of 4 dissolved in acetone-d6, before and after the addition 

of D2O. 

 

Figure S2.12. GPC trace of 4 in THF.  
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Figure S2.13. GPC traces of 4 after being sonicated and left undisturbed up to 1 week. 
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Figure S2.14. Expanded GPC traces of an aliquot of the reaction between HxgTHTP 

and PBBA with various equiv. of TCAT heated at 90 °C for 10 days. 
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Figure S2.15. 1H NMR (CDCl3, 400 MHz, 298 K) of S1. 

 

Figure S2.16. 13C NMR (CDCl3, 100 MHz, 298 K) of S1. 
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Figure S2.17. 1H NMR (CDCl3, 400 MHz, 298 K) of S2. 

 

 

Figure S2.18. 13C NMR (CDCl3, 100 MHz, 298 K) of S2. 
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Figure S2.19. 1H NMR (CDCl3, 400 MHz, 298 K) of S4. 

 

 

 

Figure S2.20. 13C NMR (CDCl3, 100 MHz, 298 K) of S4. 
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Figure S2.21. 1H NMR (CDCl3, 400 MHz, 298 K) of S6. 

 

Figure S2.22. 13C NMR (CDCl3, 100 MHz, 298 K) of S6. 
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Figure S2.23. 1H NMR (CD3COCD3, 400 MHz, 298 K) of HxgTHTP. 

 

Figure S2.24. 13C NMR (CD3COCD3, 100 MHz, 298 K) of HxgTHTP. 
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CHAPTER 3 

Equilibration of Imine–Linked Polymers to Hexagonal Macrocycles Driven by  

Self-Assembly 

Abstract 

Macrocycles based on directional bonding and dynamic covalent bond exchange can be 

designed with specific pore shapes, sizes, and functionality. These systems retain many 

of the design criteria and desirable aspects of two-dimensional (2D) covalent organic 

frameworks (COFs) but are more easily processed. Here we access discrete hexagonal 

imine-linked macrocycles by condensing truncated analogues of 1,3,5-tris(4-

aminophenyl)benzene (TAPB) with terephthaldehyde (PDA). The monomers first 

condense into polymers but eventually convert into hexagonal macrocycles in high 

yield. The high selectivity for hexagonal macrocycles is enforced by their aggregation 

and crystallization into layered structures with more sluggish imine exchange. Their 

formation and exchange processes provide new insight into how imine-linked 2D COF 

simultaneously polymerize and crystallize. Solutions of these assembled macrocycles 

were cast into oriented, crystalline films, expanding the potential routes to 2D materials. 

 

This work was done in collaboration with Austin M. Evans, Nathan C. Flanders, Ryan 

P. Bisbey, Edon Vitaku, Lin X. Chen. This chapter was first published in  

Chemistry – A European Journal: Chavez, A. D.; Evans, A. M.; Flanders, N. C.; Bisbey, 

R. P.; Vitaku, E.; Chen, L. X.; Dichtel, W. R. Chem. - Eur. J. 2018, 24 (16), 3989–3993. 
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Introduction 

The precise chemical structures and nanometer-scale internal cavities of shape-

persistent macrocycles and cages have shown promise for applications in 

optoelectronics,1–3 ion binding,4,5 sensing,6 ionic conductivity,7 and templates for 

nanoparticle synthesis.8,9 The rigidity and planarity of macrocycles lead to assemblies 

such as 2D networks,10 liquid crystals,11 or nanotubes with well-defined channels.12 The 

solid-state ordering of shape-persistent macrocycles mimics that of 2D COFs, which are 

extended, periodic structures with permanent porosity and high internal surface  

areas.13–15 Macrocycle assemblies confer many of the same desirable features as COFs 

and offer superior processability and greater potential for stimuli-responsive functions.  

Macrocycle formation and assembly can also provide insight into the analogous 

processes involved in 2D COF formation, which are poorly understood and 

uncontrolled. For example, both boronate ester-linked macrocycles16 and 2D COFs 

assemble into layered, hexagonally packed structures through similar nucleation-

elongation growth mechanisms.17 Imine-linked structures have since emerged as the 

most application-relevant 2D COFs,13 and reversible imine bond formation has also 

been used to form macrocycles,18,19 cages,20 and molecular ladders.21 A mechanistic 

study of the 2D COF derived from TAPB and PDA demonstrated that the monomers 

rapidly condense into an amorphous network that later crystallizes into a TAPB-PDA 

COF.22 Here we evaluate the formation of hexagonal imine-linked macrocycles and 

demonstrate that their assembly into layered structures slows imine exchange. 

Truncated analogues of TAPB react with PDA similarly to first form linear polymers 

and oligomers (Figure 3.1). These soluble species are in equilibrium with hexagonal 
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macrocycles, which aggregate into layered assemblies whose imines are far less 

dynamic, driving macrocycle formation in high yield. In contrast, conditions that 

disfavor aggregation (good solvents, elevated temperatures) cause them to re-equilibrate 

with polymers and oligomers. The macrocycles may be solution cast into ordered, 

crystalline films with similar structural precision as COFs. These findings provide 

insight into the crystallization of imine-linked 2D COFs and portend future efforts to 

obtain 2D polymers by cross-linking assembled macrocycles in the solid-state,23 at the 

air-water interface,24 or on surfaces.25 

 

Figure 3.1. The rapid formation of polymers from the condensation of 1 and PDA that 

remain in equilibrium until aggregation of macrocycles stabilizes against dynamic imine 

exchange 

 

Results and Discussion 

A truncated analogue (1) of TAPB was prepared by replacing one of the three 

amines with a decyloxy group while maintaining the relative orientation of the two 

remaining aryl amines. A solution of 1 (10 mM) and PDA (10 mM) in 1,4-dioxane 

immediately yellows upon the addition of CF3CO2H (5 mM), and a precipitate forms 

within minutes. After isolation by centrifugation and washing with Et2O, the precipitate 

was identified as 1-PDA macrocycles, which formed in 75% isolated yield. Gel 

permeation chromatography (GPC) of the macrocycles showed a single narrow peak 
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(Figure S3.1) and matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS) analysis provided the expected [M+H]+ peak of the hexagonal 1-PDA 

macrocycle at  m/z = 3544.9 (Figure 3.2A). Masses corresponding to other ring sizes or 

linear oligomers were not observed. The modularity of this design strategy was 

evaluated using the extended dialdehyde, biphenyl-4,4’-dicarboxaldehyde, in place of 

PDA. The product of this reaction, performed under identical reaction conditions, 

exhibited a similar GPC chromatogram (Figure S3.4) and selectivity for the hexagonal 

structural by MALDI-MS (Figure S3.5)  

We probed the mechanism of macrocycle formation by decreasing the CF3CO2H 

concentration ten-fold (0.5 mM). These conditions delay the onset of macrocycle 

precipitation to approximately 35 min, providing more time to monitor the solution 

composition. Imine-containing products were isolated from aliquots by precipitation 

into Et2O, and GPC analysis of the recovered solids at 10 min revealed the initial 

formation of linear polymers as the major products, with peaks corresponding to 

macrocycles and oligomers appearing as minor shoulders. (Figure 3.2B). At longer 

reaction times, the intensity of the high molecular weight peak decreased, and the peak 

corresponding to the hexagonal macrocycle became more prominent. Aliquots of the 

reaction mixture taken at 240 min show the macrocycle as the dominant species. Several 

examples of polymer-to-macrocycle transitions have been reported,26–34 although 

mixtures of different macrocycle sizes are often observed.26–30 The self-sorting process 

that provides the 1-PDA macrocycles requires no removal of byproducts, as it is driven 

by macrocycle aggregation. These observations parallel imine-linked COF formation, 

which initially forms an amorphous polymer network that crystallizes over time.22 As  
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Figure 3.2. (A) MALDI-MS of 1-PDA macrocycle suggests that it is formed 

preferentially in 1,4-dioxane at extended reaction times. (B) Gel permeation 

chromatography traces of aliquots sampled at different reaction times from which 

condensation products of 1 and PDA (in the presence of 0.05 equiv CF3CO2H) were 

precipitated 

 

such, these macrocycles are informative model systems for understanding imine-linked 

COF formation, in addition to being intriguing assemblies themselves. 

The solubility of the macrocycles in the THF mobile phase of the GPC 

experiments, juxtaposed with their low solubility in 1,4-dioxane, led us to study the 

polymer/macrocycle equilibration in mixtures of the two solvents. 1 (10 mM) was 

condensed with PDA (10 mM) in the presence of CF3CO2H (5 mM) in varied ratios of 

THF and 1,4-dioxane (Figure 3.3). Including THF as a co-solvent dramatically slowed 
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the rate of precipitation from minutes to several days across the 50-100 vol% dioxane 

experiments. No precipitate formed from reactions that contained less than 50 vol%  

1,4-dioxane, even after 3 weeks. GPC analysis of aliquots taken from each reaction 

mixture (after precipitation of imine-linked products into Et2O) revealed that 1-PDA 

macrocycles were the major product from all reaction mixtures that formed precipitates. 

Reaction mixtures that did not form precipitates showed prominent peaks for the 

polymer by GPC (Figure S3.6). Furthermore, as each reaction mixture contains 

CF3CO2H, the imine bonds remain capable of exchange, and the polymer and 

macrocycle populations respond to changes in solvent composition. For example, 

adding 1,4-dioxane to the 20 vol% 1,4-dioxane reaction mixture (which contains mostly 

polymer) to obtain a diluted 70 vol% 1,4-dioxane solution results in macrocycle 

precipitation, as confirmed by GPC (Figure S3.7). Likewise, adding THF to the 80 vol% 

1,4-dioxane reaction mixture (which is a suspension of precipitated macrocycles) to 

obtain a diluted 30 vol% 1,4-dioxane solution results in complete dissolution of the 

precipitate over 2 weeks, after which polymeric products were observed by GPC (Figure 

S3.8). Finally, heating a 100 vol% 1,4-dioxane reaction mixture to 60 °C also dissolves 

the precipitated macrocycles, which re-equilibrate to polymeric species (Figure S3.9). 

Once cooled to room temperature, the solution precipitates again with only macrocycles 

observed by GPC. Collectively, these experiments demonstrate that macrocycle 

formation is driven by aggregation that depends strongly on solvation. Although 

solvation effects on macrocycle formation were noted by Moore and coworkers,35,36 the 

reversible equilibration between polymers and discrete macrocycles has not been  
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Figure 3.3. (A) Photograph of reaction solutions of 1 and PDA with various 1,4-

dioxane/THF solvent mixtures (10 mM 1, percentages indicate vol% dioxane) taken 

after 9 days. (B) Gel permeation chromatography traces of a precipitated (60% dioxane) 

and a soluble (50% dioxane) solution. 

 

studied extensively. Even slight perturbations of the solvent composition or temperature 

influence the macrocycle solubility to the equilibrium to either product. 

Crossover experiments discriminate whether the depolymerization process 

occurs through intermolecular or intramolecular processes, such as imine hydrolysis. 

We prepared a diamine analogue, 2, which differs from 1 by one additional methylene 

unit in its alkoxy group. We prepared and isolated separate samples of the 1-PDA and 

2-PDA polymers. Each polymer sample transforms into the corresponding macrocycle 

when redispersed in 1,4-dioxane in the presence of CF3CO2H (Figures 3.4 & S3.10-

3.11). When equal equivalents of the two polymers were mixed and redispersed in 1,4-

dioxane in the presence of CF3CO2H, a nearly statistical distribution of macrocycles 

containing mixtures of 1 and 2 was obtained (Figure 3.4). Therefore, 1 and 2 from 

different polymer chains are incorporated into each macrocycle with equal probability, 

suggesting that macrocycle formation occurs via small molecules liberated from each 

polymer. In contrast, when equal volumes of reaction mixtures containing 1-PDA and 

2-PDA macrocycles were mixed in a 1:1 ratio, very little crossover of 1 and 2 among 

the macrocycles is observed. This result differs from reports of other macrocycles with 

dynamic linkages (including imines), which do exchange their building blocks in similar  
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Figure 3.4. Matrix-assisted laser desorption ionization mass spectra of macrocycles 

formed directly from 1-PDA (left) or 2-PDA (right) polymers or from mixtures of either 

1-PDA or 2-PDA polymers (top middle) or macrocycles (bottom middle). Mixtures 

were reacted for 18 h. 

 

crossover experiments.19,31,34 Our experiments suggest that macrocycle aggregation 

slows imine exchange, presumably by forming a layered structure that prevents 

nucleophiles from adding to iminium ion intermediates. Therefore, this crystallization 

is the driving force for the exclusive formation of the six-membered macrocycles, which 

presumably have minimal ring strain and a stronger tendency to aggregate relative to 

other potential products. The interlayer stacking provides a stabilizing force against 

imine hydrolysis. Conditions that interrupt this aggregation (dissolution by THF or 

heating) cause the macrocycles to re-equilibrate to mixtures containing linear oligomers 

and polymers. Similar aggregation-driven effects are likely present during the formation 
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of TAPB-PDA COF, and presumably other imine-linked 2D COFs, in which imines 

incorporated into 2D layered structures undergo hydrolysis and exchange much more 

slowly than those in solution or incorporated into amorphous regions. This 

understanding will inform future efforts to improve 2D COF materials quality as 

interlayer stacking is a key process that drives COF formation.37–39 

The long-range order of the aggregated macrocycles was characterized by in situ 

wide-angle X-ray scattering. A 1-PDA macrocycle suspension in 1,4-dioxane provided 

diffraction peaks consistent with a hexagonal packed arrangement of macrocycles with 

P6 symmetry (Figure 3.5A). Transmission electron microscopy images of a drop-cast 

solution of precipitated 1-PDA macrocycles revealed the presence of micron-sized, rod-

like crystallites. Higher magnification images of these crystallites showed the presence 

of distinctive line features with uniform spacings on the order of 3 nm, which is 

consistent with the expected size of a 1-PDA macrocycle. These images suggest that 

the macrocycles aggregate to form tubular structures that bundle hexagonally (Figures 

3.5B & 3.5C). The macrocycles are also amenable to forming thin films via drop-casting 

dilute solutions (100 μM in THF) onto a silicon wafer. After evaporation at 40 °C, 

grazing-incidence wide-angle X-ray scattering analysis revealed the presence of a 

crystalline, partially oriented film (Figure S3.12). Although accurately modeling the X-

ray pattern was not possible because the first peak was partially blocked by the beam 

stop, the spacing and intensity of the peaks suggested a hexagonally packed network of 

macrocycles with a preferred orientation perpendicular to the surface. These results 

suggest that discrete macrocycles analogous to 2D COFs may serve as alternative 

building blocks of designed 2D materials.40 
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Figure 3.5. (A) Wide-angle X-ray scattering analysis of a 1-PDA reaction solution in 

100% dioxane. (B) Transmission electron microscopy (TEM) image of drop-cast 

reaction solution 1-PDA. (C) A magnified TEM image of B. 

 

Conclusions 

In conclusion, imine-linked macrocycles form in high isolated yields under 

conditions that favor macrocycle aggregation. The monomers first condense into a 

dynamic mixture of monomers, linear oligomers, and polymers that convert to 

aggregated macrocycles whose imines undergo exchange much more slowly. 

Experiments that varied solvent composition or temperature, as well as those that probe 

crossover, are consistent with aggregation serving as a kinetic trap that shifts the 

population of imine-linked structures to six-membered macrocycles in high yield. The 

assembled macrocycles represent dispersible building blocks for the formation of 

oriented films, potentially providing new routes to designed organic 2D materials. 
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Given their structural similarity and the findings of previous mechanistic studies of 

imine-linked 2D COFs, it is very likely that this class of COFs forms through a similar 

pathway where the imine bonds become less dynamic as they form layered structures. 

This insight will shape the future development of 2D polymer syntheses with improved 

control and materials quality.  
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I. Materials and Instrumentation 

Materials.  

All reagents were purchased from commercial sources and used without further 

purification. Reactions were monitored by thin layer chromatography (TLC) carried out 

on EMD 250µm silica gel 60-F254 plates. Visualization was performed by UV light 

irradiation. 

Instrumentation.  

NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer 

using a CryoProbe 5mm DCH w/ Z-Gradient or on a 400 MHz Agilent DD MR-

400spectrometer using a AutoX 5mm probe w/ Z-Gradient. 

Infrared spectra were recorded on a Thermo Nicolet iS10 with a zinc selenide 

ATR attachment and are uncorrected. 

Sonication was performed with a Branson 3510 ultrasonic cleaner with a power 

output of 100W and a frequency of 40 kHz. 

Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectra were recorded on a Bruker Autoflex III with a 2,5-dihydroxybenzoic acid 

matrix. 

Gel permeation chromatography traces were recorded using 2 PolyPore 

300×7.5mm columns with 18 Angles Dawn Heleos multi angle light scattering and 

Optilab T-rex differential refractive index detectors. All samples were dissolved in 

tetrahydrofuran (1 mg/mL) and sonicated for 10 minutes before being filtered through 

a 0.45 μm syringe filter (PTFE membrane). 

Small- and wide-angle X-ray scattering (SAXS/WAXS) patterns were collected 
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at Argonne National Lab’s Advanced Photon Source sectors 5-ID-D (DND-CAT) using 

a capillary transmission geometry. Experiments were conducted at a beam energy of 

13.3 KeV. 10 frames were collected for 1 second apiece on a set of Pilatus detectors, 

which were then summed and radially integrated to produce a linear PXRD pattern using 

proprietary software available at the APS. Scattering intensity is reported as a function 

of the modulus of the scattering vector Q, related to the scattering angle 2θ by the 

equation Q = (4π/λ) sin θ, where λ is the X-ray wavelength. The sample-to-detector 

distance was adjusted to measure across relevant detection ranges of Q. Capillary 

experiments were conducted using 2.0 mm OD borosilicate capillaries with .2 mm wall 

thicknesses purchased from Hilgenberg GmbH. 

GIWAXS measurements were performed at Advanced Photon Source at 

Argonne National Laboratory using the 8-ID-E Beamline. The films were irradiated 

twice for 10 sec at an incidence angle of 0.14° in vacuum using 10.92 keV (1.135 Å) X-

rays. The scattering was recorded on a Pilatus 1 M detector located 228 mm from the 

sample. The raw images were merged, pixel coordinates were transformed to q-space, 

line cuts generated using GIXSGUI for Matlab.1 

X-ray diffraction of macrocycles were simulated by the The Accelrys2 Materials 

Studio (version 5.0) program suite. The structures were optimized using the Geometry 

Optimization routine including energy minimization with cell parameters optimization, 

using the parameters from the Universal Force Field.3 An external pressure of 1 GPa 

was applied and then released. The PXRD was calculated for the relaxed structures with 

the Reflex Plus module. 

Transmission electron microscopy (TEM) images were obtained using a Hitachi 
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model HT-7700 electron microscope operating at 120 kV, equipped with an Orius SC 

1000A camera. Images were collected with 1 s exposure times.  Samples were prepared 

by diluting a 1-PDA reaction solution 100-fold and drop-casting ~10 µL of the sample 

solution after synthesis onto a lacey-carbon substrate (Cu mesh) TEM grids (Electron 

Microscopy Sciences, Hatfield, PA). The samples sat on the grids in ambient conditions 

for ~20-30 s and were then wicked dry with filter paper.   
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II. Synthetic Procedures 

General procedure for imine-linked macrocycles and polymers (Procedure A) 

1 (16.0 mg, 0.032 mmol) and terephthalaldehyde (PDA, 4.4 mg, 0.032 mmol, 1.0 equiv) 

were dissolved in 1,4-dioxane (3.2 mL). 25 μL of a 0.65 M solution CF3CO2H in 1,4-

dioxane (0.016 mmol, 0.5 equiv) was then added. The solution turned yellow 

immediately and a precipitate began to form after a few minutes. After 12 h, the reaction 

mixture was poured into Et2O (c.a. 17 mL). The precipitate was isolated by 

centrifugation and subsequently rinsed with more Et2O (1.5 mL x 5). The solid was 

dried under vacuum at room temperature, yielding 1-PDA macrocycles as a yellow solid 

(14.4 mg, 75 % yield).  

 

This same procedure was used with THF/Dioxane solvent mixtures (except samples 

were worked up after 9 days of reaction time). Samples composed of 50% or more THF 

did not precipitate during the reaction, but solid was isolated after pouring into diethyl 

ether followed by centrifugation. 

60% Dioxane / 40% THF: 13.4 mg, 70% yield 

50% Dioxane / 50% THF: 8.5 mg, 44% yield. 

40% Dioxane / 60% THF: 10.7 mg, 56% yield 

0% Dioxane / 100% THF: 14.2 mg, 74% yield. 

 

Alternative procedure for isolation of imine-linked polymers (Procedure B) 

1 (20.0 mg, 0.041 mmol) and terepthaldehyde (5.4 mg, 0.041 mmol, 1.0 equiv) were 

dissolved in ethyl acetate (4.0 mL). 15 μL of a 0.65 M solution CF3CO2H in 1,4-dioxane 
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(0.010 mmol, 0.24 equiv) was then added. Immediately the solution turned yellow and 

precipitate formed shortly after. The solution sat for 3 min under ambient conditions 

before being poured into diethyl ether (c.a. 17 mL). The precipitate was isolated by 

centrifugation and subsequently rinsed with more diethyl ether (1.5 mL x 5). The solid 

was dried under vacuum at room temperature, yielding 1-PDA polymer as a yellow 

solid (16.6 mg, 69% yield). 

This same procedure was used to obtain 2-PDA polymer (16.0 mg, 67% yield).  
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Synthesis of S1: S1 was prepared using a slight modification of a reported procedure.4 

4-bromoanline (15.0 g, 87.2 mmol) was mixed with di-t-butyldicarbonate (22.8 g, 104.6 

mmol, 1.2 equiv) in a 125 mL Erlenmeyer flask and sonicated for 3 hr. During which, 

the solids melt, expel gas and then resolidify. The resulting solid was recrystallized from 

hexanes, yielding pure S1 (21.9 g, 92% yield) as a white crystalline solid. 

1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.9 Hz, 2H), 7.24 (d, J = 8.2 Hz, 2H), 6.48 

(s, 1H), 1.50z (s, 9H). 13C NMR (100 MHz, CDCl3) δ 152.64, 137.60, 132.00, 120.18, 

115.55, 81.03, 28.44.  

ESI HRMS m/z calcd. for C11H13BrNO2 ([M - H]-) 270.0123, found 270.0135. 

These analyses are consistent with a previous report.5  



 

101 

 

 

Synthesis of S2: S2 was prepared using a slight modification of a reported procedure.6 

S1 (15.0 g, 55.1 mmol), PdCl2(CH3CN)2 (0.14 g, 0.55 mmol, 0.1 equiv) and Sphos (0.91 

g, 2.2 mmol, 0.04 equiv) were dissolved in dry dioxane (32 mL) in a 250 mL flame 

dried flask equipped with a condenser. The solution was sparged with N2 for 15 min. 

Dry and deoxygenated Et3N (13.4 mL, 96.5 mmol, 1.75 equiv) was added to the solution 

followed by pinacolborane (14.9 mL, 96.5 mmol, 1.75 equiv). The solution was heated 

at 80 °C for 8 h while under a N2 atmosphere. The dark solution was cooled to room 

temperature, diluted with CH2Cl2 and filtered through a plug of Celite®. The solvent 

was removed by rotary evaporation and the crude material was recrystallized from 

hexanes/ethyl acetate to provide S2 (9.7 g, 56%) as slightly yellow crystals. 

1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.4, 2H), 6.56 (s, 

1H), 1.52 (s, 9H), 1.33 (s, 12H). 13C NMR (100 MHz, CDCl3) δ 152.39, 141.09, 135.84, 

117.19, 83.63, 80.69, 28.33, 24.87.  

ESI HRMS m/z calcd. for C17H26BNNaO4 ([M +Na]+) 342.1850, found 342.1854.  
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Synthesis of S3: S3 was prepared using a slight modification of a reported procedure.6 

4-bromophenol (7.5 g, 43.35 mmol), PdCl2(CH3CN)2 (0.112 g, 0.434 mmol, 0.01 equiv) 

and Sphos (0.712 g, 1.73 mmol, 0.04 equiv) were dissolved in dry dioxane (26 mL) in 

a 250 mL flame dried flask equipped with a condenser. The solution was sparged with 

N2 for 15 min. Dry and deoxygenated Et3N (15.0 mL, 108 mmol, 2.5 equiv) was added 

to the solution followed by the slow addition of pinacolborane (16.7 mL, 108 mmol, 2.5 

equiv) (bubbles form during the first equivalent of pinacolborane). The solution was 

heated at 80 °C for 8 h while under a N2 atmosphere. The dark solution was cooled to 

room temperature, diluted with CH2Cl2 and filtered through a plug of Celite®. The 

solvent was removed by rotary evaporation and the crude material was purified by 

chromatography (SiO2, 25% v/v ethyl acetate:hexanes), to provide S3 (6.5 g, 67% yield) 

as a yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.71 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 5.48 

(br, 1H), 1.34 (s, 12H). 13C NMR (100 MHz, CDCl3) δ 158.54, 136.92, 114.99, 83.87, 

24.96. 

ESI HRMS m/z calcd. for C12H16BO3 ([M - H]-) 219.1200, found 219.1188.  
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Synthesis of S4: 1,3,5-tribromobenzene (26 g, 83 mmol), S3 (6.05 g, 27.5 mmol, 0.33 

equiv) and K2CO3 (22.8 g, 165 mmol, 2.0 equiv) were dissolved in a 

toluene/ethanol/water mixture (7:2:1 v/v, 300 mL) in a 1000 mL round bottom flask 

equipped with a condenser. The solution was sparged with N2 for 15 min after which 

Pd(PPh3)4 (1.9 g, 1.7 mmol, 0.02 equiv) was quickly added. The solution was sparged 

again with N2 for 15 min before being heated to 100 °C for 24 h under N2. The solution 

was then cooled to room temperature, diluted with CH2Cl2 (100 mL) and filtered 

through a plug of Celite®. The solvent was removed by rotary evaporation and the crude 

material was purified by chromatography (SiO2, 100% CH2Cl2). If needed, the material 

can be further purified by recrystallization from cold CH2Cl2, yielding S4 (4.6 g, 51% 

yield) as an off-white crystalline powder. 

1H NMR (400 MHz, CDCl3) δ 7.59 (m, 3H), 7.42 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 8.6 

Hz, 2H), 4.97 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 156.08, 144.42, 132.11, 131.23, 

128.63, 128.61, 123.3, 116.06.  

ESI HRMS m/z calcd. for C12H7Br2O ([M - H]-) 326.8849, found 326.8837.  



 

104 

 

 

Synthesis of S5: S5 was prepared using a slight modification of a reported procedure.7 

S4 (2.80 g, 8.54 mmol), S3 (6.81 g, 21.3 mmol, 2.5 equiv), K3PO4 (7.25 g, 34.1 mmol, 

4.0 equiv) and Sphos (0.280 g, 0.683 mmol, 0.08 equiv) were dissolved in a 

toluene/water mixture (10:1 v/v, 85 mL). The mixture was sparged with N2 for 15 min 

after which Pd(OAc)2 (0.077 g, 0.341 mmol, 0.04 equiv) was quickly added. The 

solution was sparged again with N2 for 15 min before being heated to 80 °C for 6 h. The 

solution was then cooled to room temperature, diluted with CH2Cl2 (100 mL) and 

filtered through a plug of Celite®. The solvent was removed by rotary evaporation and 

the crude material was purified by chromatography (SiO2, 33% v/v ethyl 

acetate:hexanes) yielding S5 (4.04g, 86% yield) as a slightly yellow fluffy powder.  

1H NMR (400 MHz, CDCl3) δ 7.64 (m, 3H), 7.60 (d, J = 8.6 Hz, 4H), 7.55 (d, J = 8.6 

Hz, 2H), 7.45 (d, J = 8.6 Hz, 4H), 6.93 (d, J = 8.6 Hz, 2H), 6.57 (s, 2H), 5.30 (b, 1H), 

1.55 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 155.59, 152.95, 142.03, 141.77, 137.92, 

136.12, 133.94, 128.70, 127.95, 124.21, 123.97, 119.06, 115.87, 80.92, 28.52. 

ESI HRMS m/z calcd. for C34H36N2NaO5 ([M +Na]+) 575.2516, found 575.2512.  
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Synthesis of S6: Decanol (5.0 g, 32 mmol) was dissolved in CH2Cl2 (32 mL). Et3N (5.0 

mL, 36 mmol, 1.1 equiv) was added to the solution, followed by TsCl (6.6 g, 35 mmol, 

1.1 equiv). The solution was stirred at room temperature overnight. The solution was 

then washed with 1 M HCl (3x 25 mL) followed by saturated NaHCO3 (3x 25 mL). The 

solution was dried over anhydrous MgSO4 and the solvent was removed by rotary 

evaporation. The crude material was purified by chromatography (SiO2, 10% v/v 

CH2Cl2:hexanes) yielding S6 (6.3 g, 64% yield) as a colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 4.01 

(t, J = 6.6 Hz, 2H), 2.44 (s, 3H), 1.62 (m, 2H), 1.25 (br, 14H), 0.86 (t, J = 6.8Hz, 3H). 

13C NMR (125 MHz, CDCl3) δ 144.71, 133.35, 129.89, 127.97, 70.81, 31.96, 29.55, 

29.48, 29.36, 29.02, 28.91, 25.42, 22.76, 21.72, 14.20.  

ESI HRMS m/z calcd. for C17H32NO3S ([M + NH4]
+) 330.2107, found 330.2097. 

These analyses are consistent with a previous report.8   
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Synthesis of S7: S5 (2.0 g, 3.6 mmol), S6 (1.7 g, 5.4 mmol, 1.5 equiv) and K2CO3 (1.3 

g, 9.0 mmol, 2.5 equiv) were dissolved in DMF (14.5 mL) in a flame dried 20 mL 

reaction vial. The solution was sparged with N2 for 10 min before being heated at 100 

°C for 4 h. The solution was then poured into water (50 mL) and extracted with CH2Cl2 

(3x 20 mL). The organic layers were combined, dried over anhydrous MgSO4 and 

concentrated by rotary evaporation. The crude material was purified by chromatography 

(SiO2, 25% v/v EtOAc:hexanes) yielding S7 (1.7 g, 68% yield) as a white fluffy powder. 

1H NMR (500 MHz, CDCl3) δ 7.66 (m, 3H), 7.61 (m, 6H), 7.46 (d, J = 8.5 Hz, 4H), 

7.00 (d, J = 8.7 Hz, 2H), 6.54 (s, 2H), 4.01 (t, J = 6.6 Hz, 2H), 1.82 (m, 2H), 1.54 (s, 

18H), 1.48 (m, 2H), 1.32 (br, 12H), 0.89 (t, J = 6.6 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 159.07, 152.83, 142.14, 141.81, 138.00, 136.11, 133.63, 128.46, 127.97, 

124.23, 123.93, 118.94, 114.99, 80.82, 68.29, 32.06, 29.75, 29.73, 29.57, 29.49, 29.46, 

28.52, 26.23, 22.84, 14.28. 

ESI HRMS m/z calcd. for C44H56N2NaO5 ([M +Na]+) 715.4081, found 715.4085.  
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Synthesis of 1: S7 (0.82 g, 1.2 mmol) was dissolved in CH2Cl2 (4.7 mL) in a 20 mL 

reaction vial, followed by the slow addition of CF3CO2H (1.8 mL, 24 mmol, 20 equiv). 

The solution was then stirred for 1 h, during which gas evolved out of the solution. The 

solution was then poured into a saturated NaHCO3 solution (30 mL) and extracted with 

CH2Cl2 (3x 15 mL). The organic layers were combined and washed with 1M KOH (3x 

15 mL). The organic solution was dried over anhydrous MgSO4 and concentrated by 

rotary evaporation, yielding pure 1 (0.535 g, 92% yield) as an off-white powder. 

1H NMR (500 MHz, CDCl3) δ 7.61 (m, 5H), 7.52 (d, J = 8.6 Hz, 4H), 6.99 (d, J = 8.8 

Hz, 2H), 6.78 (d, J = 8.6 Hz, 4H), 4.01 (t, J = 6.6 Hz, 2H), 3.74 (br, 4H), 1.81 (m, 2H), 

1.48 (m, 2H), 1.30 (br, 12H), 0.89 (t, J = 6.7 Hz, 3H). 13C NMR (126z MHz, CDCl3) δ 

158.92, 146.07, 142.18, 141.87, 134.00, 131.94, 128.43, 128.35, 123.32, 115.52, 

114.90, 68.27, 32.06, 29.75, 29.72, 29.57, 29.48, 29.47, 26.23, 22.84, 14.28. 

ESI HRMS m/z calcd. for C34H41N2O ([M + H]+) 493.3213, found 493.3223. 
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Synthesis of 2: S5 (1.9 g, 3.4 mmol), S8 (2.2 g, 6.8 mmol, 2.0 equiv) and K2CO3 (1.2 

g, 8.5 mmol, 2.5 equiv) were dissolved in DMF (14 mL) in a flame dried 20 mL reaction 

vial. The solution was sparged with N2 for 10 min before being heated at 100 °C for 4 

h. The solution was then poured into water (50 mL) and extracted with CH2Cl2 (3x 20 

mL). The organic layers were combined, dried over anhydrous MgSO4 and concentrated 

by rotary evaporation. The crude material was dissolved in CH2Cl2 (10 mL). CF3CO2H 

(4 mL, 52 mmol, 15 equiv) was slowly added and the solution was stirred for 1 h at 

room temperature, during which gas evolved from the solution. The solution was then 

poured into a saturated NaHCO3 solution (100 mL) and extracted with CH2Cl2 (3 x 20 

mL). The organic layers were combined and washed with 1M KOH (3x 15 mL). The 

organic solution was dried over anhydrous MgSO4 and concentrated by rotary 

evaporation. The crude material was purified by chromatography (SiO2, 50% 

EtOAc/50% Hexanes) yielding 2 (0.77 g, 45% overall yield) as an off-white powder. 

1H NMR (500 MHz, CDCl3) δ 7.61 (m, 5H), 7.51 (d, J = 8.6 Hz, 4H), 6.99 (d, J = 8.8 

Hz, 2H), 6.79 (d, J = 8.6 Hz, 4H), 4.01 (t, J = 6.6 Hz, 2H), 3.74 (br, 4H), 1.81 (m, 2H), 

1.48 (m, 2H), 1.30 (br, 14H), 0.89 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

158.92, 146.07, 142.18, 141.87, 134.01, 131.95, 128.43, 128.35, 123.33, 115.52, 

114.90, 68.27, 32.07, 29.78, 29.75, 29.58, 29.50, 29.47, 26.23, 22.85, 14.28. 

ESI HRMS m/z calcd. for C35H43N2O ([M +H]+) 507.3370, found 507.3390. 
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III. Additional Characterization 

 
 

Figure S3.1. GPC trace of 1-PDA macrocycle in THF after isolation by Procedure A. 

 

 
 

Figure S3.2. 1H NMR (THF-d8, 400 MHz, 60 °C), of 1-PDA macrocycle. This spectrum 

was obtained in the absence of CF3CO2H, such that imine exchange processes are slow 

on the time scale of sample preparation and analysis 
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Figure S3.3. FT-IR spectra of 1, PDA, 1-PDA macrocycle, and 1-PDA polymer. 
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Figure S3.4. GPC trace from the reaction of biphenyl-4,4’-dicarboxyaldehyde with 1. 

 
 

Figure S3.5. MALDI-MS of the reaction of biphenyl-4,4’-dicarboxyaldehyde with 1 

showing the [M+H]+ adduct of the hexagonal macrocycle at 4001.8 m/z. 
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Figure S3.6. GPC aliquots of a reaction solutions of 1 and PDA in various 1,4-

dioxane/THF solvent mixtures (10 mM 1, 0.5 equiv CF3CO2H) showing the preference 

for macrocycle formation when 1,4-dioxane content is greater than 50%, otherwise 

polymers are the major product. 
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Figure S3.7. GPC traces of an aliquot of a 1-PDA reaction solution (25 mM, 0.5 equiv 

CF3CO2H) in 20 vol% 1,4-dioxane/80 vol% THF (orange) containing primarily polymer 

and an aliquot of the corresponding solution after dilution to a solvent composition of 

70 vol% 1,4-dioxane/30 vol% THF resulting in macrocycle formation (blue). 

 

 
 

Figure S3.8. GPC traces of an aliquot of a 1-PDA reaction solution (25 mM, 0.5 equiv 

CF3CO2H) in 80 vol% 1,4-dioxane/20 vol% THF containing primarily macrocycle 

(blue) and an aliquot of the corresponding solution after dilution to a solvent 

composition of 30 vol% 1,4-dioxane/70 vol% THF resulting in reversion to polymer 

after two weeks (orange).  
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Figure S3.9. GPC traces of an aliquot of a 1-PDA reaction mixture (10 mM in 100 vol% 

1,4-dioxane, 0.5 equiv CF3CO2H) after being heated to 60 °C for 15 min (orange) 

showing the primary presence of polymers/oligomers and cooled back to room 

temperature showing the primary presence of macrocycles (blue). 
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Figure S3.10. GPC traces of 1-PDA polymer (orange) isolated by Procedure B and the 

corresponding converted macrocycle (blue) after subjecting the polymer to Procedure 

A conditions. 

 

 
 

Figure S3.11. GPC traces of 2-PDA polymer (orange) isolated by Procedure B and the 

corresponding converted macrocycle (blue) after subjecting the polymer to Procedure 

A conditions.  
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Figure S3.12. GIWAXS pattern from a drop casted solution of 1-PDA macrocycles 

(100 μM in THF) onto a silicon wafer, evaporated at 40 °C. Inset: Illustration of the 

preferred orientation of 1-PDA macrocycles on the substrate. 

 

 
 

Figure S3.13. Projection of Figure S3.12 near qz = 0 (black) and a simulated powder 

diffraction (red) of 1-PDA macrocycles. Accurately modeling the X-ray pattern was not 

possible due to the close proximity of the beam stop. 
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Figure S3.14. 1H NMR (CDCl3, 500 MHz, 298 K) of S1. 

 

 
 

Figure S3.15. 13C NMR (CDCl3, 126 MHz, 298 K) of S1. 
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Figure S3.16. 1H NMR (CDCl3, 500 MHz, 298 K) of S2. 

 

 
 

Figure S3.17. 13C NMR (CDCl3, 126 MHz, 298 K) of S2. 
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Figure S3.18. 1H NMR (CDCl3, 500 MHz, 298 K) of S3. 

 

 
 

Figure S3.19. 13C NMR (CDCl3, 126 MHz, 298 K) of S3. 
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Figure S3.20. 1H NMR (CDCl3, 500 MHz, 298 K) of S4. 

 

 
 

Figure S3.21. 13C NMR (CDCl3, 126 MHz, 298 K) of S4. 
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Figure S3.22. 1H NMR (CDCl3, 500 MHz, 298 K) of S5. 

 

 
 

Figure S3.23. 13C NMR (CDCl3, 126 MHz, 298 K) of S5. 
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Figure S3.24. 1H NMR (CDCl3, 500 MHz, 298 K) of S6. 

 

 
 

Figure S3.25. 13C NMR (CDCl3, 126 MHz, 298 K) of S6. 
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Figure S3.26. 1H NMR (CDCl3, 500 MHz, 298 K) of S7. 

 

 
 

Figure S3.27. 13C NMR (CDCl3, 126 MHz, 298 K) of S7. 
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Figure S3.28. 1H NMR (CDCl3, 500 MHz, 298 K) of 1. 

 

 
 

Figure S3.29. 13C NMR (CDCl3, 126 MHz, 298 K) of 1. 
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Figure S3.30. 1H NMR (CDCl3, 500 MHz, 298 K) of 2. 

 

 
 

Figure S3.31. 13C NMR (CDCl3, 126 MHz, 298 K) of 2. 
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CHAPTER 4 

 

Investigation of the Effect of Monomer Electronics on Macrocycle Self-Assembly 

 

Abstract 

Monomer electronics are considered important for the formation of two-dimensional 

covalent organic frameworks (2D COFs), but both electron rich and electron poor 

monomers have been reported to enhance crystallinity. Here we probe this inconsistency 

by synthesizing imine-linked macrocycles that resemble direct analogues to 2D COFs 

and investigated their self-assembly upon cooling as a function of dialdehyde identity. 

We show that macrocycles containing either terepthaldehyde (PDA) or 

dimethoxyterephthaldehyde (DMPDA) both self-assemble cooperatively with very 

similar thermodynamic gains, while preliminary results suggest much stronger 

aggregation for macrocycles containing tetrafluoroterepthaldehyde. Chiral 

amplification experiments suggest that despite similar thermodynamic values, PDA and 

DMPDA containing macrocycles assemble via different kinetic processes. These results 

provide insight in how differences in COF crystallinity may arise as a result of kinetic 

traps rather than enhanced stacking interactions. 

 

This work was done in collaboration with Shiwei Wang and Chao Sun. 
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Introduction 

Two-dimensional covalent organic frameworks (2D COFs) are a class of 

crystalline polymers composed from sheets of covalently fused macrocycles that stack 

three-dimensionally, generating permanent porosity,1–4 and have potential use in 

applications such as gas storage,5 optoelectronics,6,7 electrical energy storage  

devices,8–10 catalysis,11 and filtration membranes.12,13 It is commonly hypothesized that 

reinforcing these stacking interactions is key to obtaining materials with higher 

crystallinity and stability.14,15 However, the exact nature of these interactions is subject 

to debate, as both electron poor16,17 and electron rich11 monomers as well as planar18–22 

and propeller shaped monomers23,24 have been proposed to encourage interlayer 

stacking. In all these cases, the improved crystallinity observed has been attributed to 

larger calculated stacking energies of a given structure. Despite being constructed from 

dynamic covalent linkages, it is becoming increasingly clear that the formation of 2D 

COFs may not operate under thermodynamic control and likely involves multiple 

kinetically trapped states that preclude comparisons based on the final stacking energies 

of most thermodynamically stable structures.25–28 

Here we report the synthesis and self-assembly of two types of imine-linked 

macrocycles containing either terepthaldehyde (PDA) or dimethoxyterephthaldehyde 

(DMPDA) condensed with truncated analogues of 1,3,5-tris(4-aminophenyl)benzene 

(Figure 4.1). These macrocycles resemble direct analogues of TPB-TP-COF and TPB-

DMTP-COF reported by Jiang and coworkers, who proposed that the electron donating 

ability of the methoxy groups reinforces interlayer interactions and aided in the 

crystallization of TPB-DMTP-COF as compared to TPB-TP-COF.11 Inspired by these 
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hypotheses, we studied the self-assembly of these macrocycles by circular dichroism 

(CD) and UV-vis spectroscopy. Upon cooling, both types of macrocycles are shown to 

cooperatively polymerize from a molecularly dissolved state. Surprisingly, van’t Hoff 

analysis for both macrocycles reveals similar ΔHelongation values of ca -100 kJ/mol for 

both macrocycles, showing that the incorporation of dimethoxy groups results in little 

to no thermodynamic gain. Despite similar thermodynamic parameters, the two classes  

 

Figure 4.1. (A) Synthesis of achiral and chiral imine-linked macrocycles from the 

condensation of truncated TAPB analogues with either PDA or DMPDA. (B) 

Monodisperse GPC traces of the corresponding macrocycles. (C) MALD-MS showing 

the [M+H]+ adducts of the corresponding hexagonal macrocycles. 
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of macrocycles exhibit different trends in chiral amplification experiments, suggesting 

different kinetic processes are present during the polymerization of the macrocycles and 

highlighting the differences that may occur during the polymerization of the 

corresponding 2D COFs.  

Results and Discussion 

PDA and DMPDA containing macrocycles were obtained by condensing the 

corresponding dialdehyde with a truncated analogue of 1,3,5-tris(4-

aminophenyl)benzene capped with either achiral (A) or chiral (R or S) alkyl chains 

(Figure 4.1A). These macrocycles are formed in high yields and selectivity for the 

hexagonal macrocycle, as shown by monodisperse peaks eluting at ~15 min by gel 

permeation chromatography (Figure 4.1B) and the corresponding MALDI-MS [M+H]+ 

adducts of the two types of macrocycles at 3543 and 3905 m/z, respectively (Figure 

4.1C).  

 

Figure 4.2. UV-vis traces of (A) A-PDA and (B) A-DMPDA (both 5.6 μM in 1:1 

DCE:toluene) cooled at a rate of  0.1 °C/min. 

 

At high temperatures (>50 °C) both PDA and DMPDA macrocycles are 

molecularly dissolved in either toluene or 1:1 DCE:toluene with absorbance maxima at 

λmax = 375 and 410 nm, respectively. Upon cooling both macrocycles exhibit a decrease 



 

131 

 

in absorbance at λmax with an accompanying appearance of a red-shifted shoulder 

(Figure 4.2). Dynamic light scattering confirms that this spectral change is associated 

with macrocycle aggregation (Figures S4.1-4.3). Furthermore, drop casting a solution 

of these macrocycles at room temperature reveal the presence of fibrous structures as 

observed by atomic force microscopy (AFM), further supporting macrocycle 

aggregation (Figures S4.4 & S4.5). A linear imine-linked polymer independently 

prepared from the same monomers did not show the same spectral changes, supporting 

that macrocycles remain intact during the supramolecular 

polymerization/depolymerization processes (Figure S4.6). At high temperature all 

macrocycles are CD silent, but strong effects are observed upon cooling. S-PDA and R-

PDA exhibit mirror imaged-CD spectra while achiral A-PDA remains CD silent, and 

the same phenomena are observed for DMPDA macrocycles, suggesting no linear 

dichroism effects are present (Figure 4.3). Interestingly, despite containing the same 

chiral side chains, S-PDA and S-DMPDA exhibit opposite Cotton effects, meaning the 

incorporation of dimethoxy substituents leads to an inversion of helix preference. 

To contrast the effect of the electron donating ability of DMPDA, we chose to 

probe the corresponding macrocycle containing an electron withdrawing 

tetrafluoroterepthaldehyde (FPDA). Compared to the monodisperse peaks eluting at ~ 

15 min for the PDA and DMPDA macrocycles (Figure 4.1B), GPC of A-FPDA revealed 

a peak that began to elute at ~ 9 min (similar to a 2 x 106 g/mol polystyrene standard), 

corresponding to very large sizes. MALDI-MS showed the presence of both five- and 

six-membered rings, confirming that at least some macrocyclization did occur 
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Figure 4.3. (A, C) CD and (B, D) UV-vis spectra of PDA and DMPDA macrocycles, 

respectively (2.8 μM in 1:1 DCE:toluene). 

 

Figure S4.7). UV-vis spectra of a solution of A-FPDA exhibited a similar shoulder at 

higher wavelengths but cannot be fully removed by heating (Figure S4.8). AFM of a 

drop cast solution of A-FPDA surprisingly showed fibrous structures, similar to those 

observed for the other macrocycles (Figure S4.9). While not completely conclusive, 

these observations are inconsistent with those seen for linear polymers containing PDA 

and may be suggestive of macrocycle aggregation. If true, this would imply that the 

electron withdrawing ability of FPDA significantly reinforces macrocycle stacking 

more than the electron donating ability of DMPDA. 

Monitoring the absorbance at λmax while slowly cooling from the molecularly 

dissolved state to aggregated state at various concentrations generates cooling curves 
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that can be fit to extrapolate the corresponding thermodynamic values for macrocycle 

aggregation (Figure 4.4). Both PDA and DMPDA macrocycle aggregation is clearly 

cooperative as shown by the sudden change in absorbance once cooled beyond a certain 

threshold temperature (Te, temperature of elongation). The rate of cooling has a 

significant effect on the overall shape of the curve. Cooling A-PDA at rates of  

1.0 °C/min to 0.3 °C/min leads to larger Te values and lower final absorbance values 

(Figure S4.10). While further dropping the cooling rate to 0.1 °C/min further increased 

Te, the final absorbance was higher than that obtained when cooling at 1.0 °C/min. These 

differences could arise from the various kinetic traps that can occur during the 

polymerization process when cooling too quickly. To avoid kinetic trapping, all 

subsequent cooling curves were generated by cooling at a rate of 0.1 °C/min. 

 
Figure 4.4. UV-vis cooling curves of (A) A-PDA and (B) A-DMPDA cooled at  

0.1 °C/min at various concentrations, monitored at the corresponding λmax. 

  

Fitting the cooling curves of A-PDA and A-DMPDA at different concentrations 

to the nucleation-elongation model developed by Markvoort et al.29 and Eikelder et al.30 

resulted in significant deviation at low temperatures, potentially due to competing 

aggregation processes (Figures S4.11 & S4.12).31,32 Despite these deviations, the 

corresponding Te values were determined and used to generate a van’t Hoff plot33 for 
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A-PDA and A-DMPDA, obtaining ΔHelongation values of -100 ± 10 kJ/mol and -103 ± 9 

kJ/mol, respectively (Figure 4.5). These values suggest that there is little to no enthalpic 

gain in macrocycle aggregation for DMPDA compared to PDA, contradicting calculated 

values for the corresponding COFs.11 

 

Figure 4.5. Van’t Hoff plot for A-PDA and A-DMPDA macrocycles, resulting in 

ΔHelongation values of -100 ± 10 kJ kJ/mol and -103 ± 9 kJ/mol, respectively. 

 

The differences between PDA and DMPDA macrocycles were further probed 

through a series of chiral amplification experiments. When aggregated S-PDA and R-

PDA were mixed in varying ratios, the measured CD value was linearly dependent on 

the enantiomeric excess (ee), suggesting that the macrocycles were trapped in the 

assembled state and no mixing had occurred (Figure S4.13). However, a non-linear 

dependence of CD response on ee was observed when S-PDA and R-PDA were heated 

to 65 °C before being measured at room temperature, showing a “majority-rules” chiral 

amplification effect (Figure 4.6A).34 Interestingly, there is a slight increase in CD up to 

± 60% ee before decreasing, implying that incorporation of small amounts of the 

enantiomer macrocycle can further stabilize stacking, an effect that will be probed 

through variable temperature experiments. On the other hand, mixtures of S-DMPDA 
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and R-DMPDA exhibit an even stronger “majority rules” effect where the CD values 

remain constant until very close to 0% ee, though no initial increase in CD response was 

observed (Figure 4.6B).  

 

Figure 4.6. “Majority-rules” experiment for (A) S-PDA/R-PDA mixtures and (B) S-

DMPDA/R-DMPDA mixtures (2.8 μM in 1:1 DCE:toluene). 

 

When S-PDA is mixed with A-PDA, a near linear relationship between CD 

response and percent S-PDA is obtained, revealing the lack of a “sergeants and soldiers” 

chiral amplification effect (Figure 4.7A).35 In contrast, when R-DMPDA is mixed with 

A-DMPDA, the chirality is initially amplified but quickly levels out by 50% sergeant 

content, at a CD response level that suggests little to no amplification (Figure 4.7B). 

Further increasing the amount of R-DMPDA does not show a clear trend, with some 

CD values exceeding that obtained for 100% R-DMPDA. Analysis of the CD spectra 

for the various mixtures reveal slight differences in the shape of the spectra for mixtures 

composed of 65% to 75% R-DMPDA, implying some structural reorganization when 

low amounts of A-DMPDA are present. The linear trend seen in PDA is indicative of a 

phase separation where A-PDA macrocycles may interact more strongly with one 

another than with S-PDA macrocycles, excluding them during the assembly process. 
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On the other hand, R-DMPDA can be incorporated in stacks of A-DMPDA, as seen by 

initial chiral amplification. It is important to note that these samples are cooled to room 

temperature ambiently (i.e. much faster than 0.1 °C/min) and thus likely consist of 

various kinetically trapped states. Regardless, these results show that despite having 

similar ΔHelongation values, PDA and DMPDA macrocycles assemble via different kinetic 

pathways. The structural similarities between the macrocycles and the corresponding 

COFs suggest that the observed differences between TPB-TP-COF and TPB-DMTP-

COF are a result of differences in the kinetic processes during COF growth instead of 

final thermodynamic stacking energies. 

 

Figure 4.7. “Sergeants and soldiers” experiment for (A) S-PDA/A-PDA mixtures and 

(B) R-DMPDA/A-DMPDA mixtures (2.8 μM in 1:1 DCE:toluene). The black line 

represents the ideal linear behavior when no chiral amplification is observed. 

 

Conclusions 

 In conclusion, we have synthesized a set of imine-linked macrocycles that are 

direct analogues of previously reported 2D COFs and studied their self-assembly via 

CD and UV-vis spectroscopy. At high temperatures both PDA and DMPDA-based 

macrocycles are molecularly dissolved and cooperatively polymerize into helical 

structures upon cooling. Interestingly, while the GPC trace of the electron poor A-FPDA 
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is representative of high molecular weight structures, both AFM and UV-vis 

spectroscopy are consistent with highly aggregated macrocycles that do not de-

aggregate upon heating. Van’t Hoff analysis of both A-PDA and A-DMPDA show that, 

within error, there is no thermodynamic gain from the incorporation of dimethoxy 

substituents. However, chiral amplification experiments reveal notable differences 

between PDA and DMPDA assembly when cooled relatively rapidly. S-PDA is 

excluded from A-PDA aggregates, while R-DMPDA can be incorporated into A-

DMPDA aggregates and have a more pronounced “majority-rules” effect. These results 

suggest that while the thermodynamic parameters for PDA and DMPDA macrocycle 

polymerization are similar, there are distinct differences in the corresponding kinetically 

trapped states. Thus, the origin of the differences between TPB-TP-COF and TPB-

DMTP-COF may arise from similar kinetic traps as opposed to enhanced stacking 

interactions. 
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I. Materials and Instrumentation 

Materials.  

All reagents were purchased from commercial sources and used without further 

purification. Reactions were monitored by thin layer chromatography (TLC) carried out 

on EMD 250µm silica gel 60-F254 plates. Visualization was performed by UV light 

irradiation. Compounds S1,1 A-DAPB,1 FPDA,2 (S)-3,7-dimethyloctyl 4-

methylbenzenesulfonate3 and (R)-3,7-dimethyloctyl 4-methylbenzenesulfonate3 were 

synthesized as previously reported. 

Instrumentation.  

NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer 

using a CryoProbe 5mm DCH w/ Z-Gradient or on a 400 MHz Agilent DD MR-

400spectrometer using a AutoX 5mm probe w/ Z-Gradient. 

Sonication was performed with a Branson 3510 ultrasonic cleaner with a power 

output of 100W and a frequency of 40 kHz. 

Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectra were recorded on a Bruker Autoflex III with a 2,5-dihydroxybenzoic acid 

matrix. 

Gel permeation chromatography traces were recorded using 2 PolyPore 

300×7.5mm columns with 18 Angles Dawn Heleos multi angle light scattering and 

Optilab T-rex differential refractive index detectors. All samples were dissolved in 

tetrahydrofuran (1 mg/mL) and sonicated for 10 minutes before being filtered through 

a 0.45 μm syringe filter (PTFE membrane). 

AFM was conducted using SPID Bruker FastScan AFM under the non-contact 
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mode in air, using highly ordered pyrolytic graphite (HOPG) as the substrate. 

UV/Vis/NIR absorbance and turbidity spectra were recorded on a Cary 5000 

UV-Vis-NIR spectrophotometer with a mercury lamp. Cuvette temperature and stirring 

were regulated with a Quantum Northwest Temperature Controller. 

Circular dichroism measurements were taken on Jasco J-815 CD instrument. 

Unless otherwise states, chiral amplification experiments were done by mixing both 

components and heated at 65 °C for 15 minutes on a hot plate before being removed 

and cooled to room temperature ambiently. Solutions were left to sit for at least 90 

minutes before being measured at 22 °C. 

Cooling curves were fit by performing a non-linear least square analysis using 

the method developed by Markvoort et al.4 and Eikelder et al.5 Accurate Te values were 

obtained by applying a weight of 10 at Te (ΔT = 1). 
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II. Synthetic Procedures 

General procedure for imine-linked macrocycles 

Diamine (A, S, or R-DAPB) and dialdehyde (PDA, or DMPDA 1.0 equiv) were 

dissolved in 1,4-dioxane to make a 30 mM solution in each component, after which 

CF3CO2H (10 equiv for R/S-PDA, 0.5 equiv for all others) was added. A precipitate 

formed within minutes. The solutions were left to sit for 1-6 days. The acid was 

neutralized by the addition of Et3N (50 equiv for R/S-PDA, 10 equiv for all others). The 

precipitate was isolated by centrifugation and subsequently rinsed with Et2O (15 mL x 

3). The solid was dried under vacuum at room temperature. 

 

A-PDA: Performed on a 0.101 mmol scale of A-DAPB. Reaction was run for 24 hours. 

Obtained 43.8 mg (73% yield) of a yellow powder. 

 

S-PDA: Performed on a 0.101 mmol scale of S-DAPB. Reaction was run for 24 hours. 

Obtained 51.8 mg (86% yield) of a yellow powder. 

 

R-PDA: Performed on a 0.101 mmol scale of R-DAPB. Reaction was run for 24 hours. 

Obtained 52.4 mg (87% yield) of a yellow powder. 

 

A-DMPDA: Performed on a 0.101 mmol scale of A-DAPB. Reaction was run for 6 

days (shorter reaction times revealed a population of five-membered MCs by MALDI-

MS, which disappeared after extended reaction times). Obtained 43.7 mg (66% yield) 

of an orange powder 



 

146 

 

S-DMPDA: Performed on a 0.101 mmol scale of S-DAPB. Reaction was run for 6 days 

(shorter reaction times revealed a population of five-membered MCs by MALDI-MS, 

which disappeared after extended reaction times). Obtained 37.5 mg (56% yield) of an 

orange powder 

 

R-DMPDA: Performed on a 0.101 mmol scale of R-DAPB. Reaction was run for 6 

days (shorter reaction times revealed a population of five-membered MCs by MALDI-

MS, which disappeared after extended reaction times). Obtained 39.0 mg (59% yield) 

of an orange powder 

 

Synthesis of poly-A-PDA 

A-DAPB (0.030g, 0.061 mmol) and PDA (0.0082g, 0.061mmol, 1 equiv) were 

dissolved in ethyl acetate (6 mL). 18 μL of a 0.65 M solution CF3CO2H in ethyl acetate 

(0.012 mmol, 0.2 equiv) was then added. Immediately the solution turned yellow and 

precipitate formed shortly after. The solution sat for 3 min under ambient conditions 

before being neutralized by 10 μL of Et3N (0.72 mmol, 1.2 equiv). The precipitate was 

isolated by centrifugation and subsequently rinsed with Et2O (5 mL x 3). The solid was 

dried under vacuum at room temperature, yielding poly-A-PDA as a yellow solid (15.6 

mg, 43% yield). 
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Synthesis of S2 and S3:  S1, (R)-3,7-dimethyloctyl 4-methylbenzenesulfonate or (S)-

3,7-dimethyloctyl 4-methylbenzenesulfonate (2.5 equiv) and K2CO3 (2.5 equiv) were 

dissolved in DMF (0.25 M in S1) in a flame dried 20 mL reaction vial. The solution was 

sparged with N2 for 10 min before being heated at 100 °C for 4 h. The solution was then 

poured into water (50 mL) and extracted with CH2Cl2 (3x 20 mL). The organic layers 

were combined, dried over anhydrous MgSO4 and concentrated by rotary evaporation. 

The crude material was purified by chromatography (SiO2, 25% v/v EtOAc:hexanes) 

yielding S2 and S3 as a white fluffy powders. 

S2: Done on 0.50 g (0.91 mmol) of S1, isolated 0.51 g (80% yield). 

S3: Done on 1.00 g (1.81 mmol) of S1, isolated 1.04 g (83% yield). 

1H NMR (500 MHz, CDCl3) δ 7.66 (m, 3H), 7.61 (m, 6H), 7.46 (d, J = 8.5 Hz, 4H), 

7.00 (d, J = 8.7 Hz, 2H), 6.55 (s, 2H), 4.06 (m, 2H), 1.86 (m, 1H), 1.71 (m, 1H), 1.63 

(m, 1H), 1.55 (br, 19H), 1.33 (m, 3H), 1.18 (m, 3H), 0.97 (d, J = 6.6 Hz, 3H), 0.88 (d, J 

= 6.6 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 159.05, 152.83, 142.14, 141.81, 138.00, 

136.11, 133.64, 128.46, 127.97, 124.23, 123.93, 118.95, 115.00, 80.82, 66.60, 39.41, 

37.46, 36.39, 30.03, 28.52, 28.14, 24.83, 22.87, 22.77, 19.84. 

ESI HRMS m/z calcd. for C44H56N2NaO5 ([M +H]+) 693.4262, found 693.4226.  
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Synthesis of S-DAPB and R-DAPB: S2 or S3 was dissolved in CH2Cl2 (0.16 M) in a 

20 mL reaction vial, followed by the slow addition of CF3CO2H (20 equiv). The solution 

was then stirred for 1 h, during which gas evolved out of the solution. The solution was 

then poured into a saturated NaHCO3 solution (30 mL) and extracted with CH2Cl2 (3x 

15 mL). The organic layers were combined and washed with 1M KOH (3x 15 mL). The 

organic solution was dried over anhydrous MgSO4 and concentrated by rotary 

evaporation, yielding pure R-DAPB and S-DAPB as white powders. 

R-DAPB: Done on 0.49 g (0.71 mmol) of S4, isolated 0.31 g (89% yield). 

S-DAPB: Done on 1.00 g (0.71 mmol) of S5, isolated 0.54 g (77% yield). 

1H NMR (500 MHz, CDCl3) δ 7.63 (m, 5H), 7.53 (d, J = 8.5 Hz, 4H), 7.01 (d, J = 8.8 

Hz, 2H), 6.79 (d, J = 8.6 Hz, 4H), 4.07 (m, 2H), 3.74 (br, 4H), 1.87 (m, 1H), 1.72 (m, 

1H), 1.64 (m, 1H), 1.57 (m, 1H), 1.34 (m, 3H), 1.20 (m, 3H), 0.98 (d, J = 6.6 Hz, 3H), 

0.90 (d, J = 6.6 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 158.88, 146.07, 142.16, 141.85, 

133.99, 131.88, 128.41, 128.32, 123.30, 123.29, 115.50, 114.90, 66.56, 39.39, 37.45, 

36.38, 30.01, 28.12, 24.81, 22.86, 22.76, 19.83. 

ESI HRMS m/z calcd. for C34H41N2O ([M + H]+) 493.3213, found 493.3207.  
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III. Additional Characterization 

 

Figure S4.1. DLS correlograms of S-DMPDA (0.011 mg/ml in 1:1 DCE:toluene) at 

various temperatures. The lack of correlogram at 38 °C suggests molecularly dissolved 

macrocycles. 
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Figure S4.2. DLS correlograms of A-PDA (0.01 mg/ml in toluene) at either 25 °C or 

90 °C, suggesting no aggregation at higher temperatures. 

 

Figure S4.3. DLS correlograms of A-DMPDA (0.011 mg/ml in toluene) at either 25 °C 

or 80 °C, suggesting no aggregation at higher temperatures. 
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Figure S4.4. Drop cast solution of A-DMPDA (0.01 mg/ml in Toluene) on HOPG 

before being heated to   85 °C. 

 

 

Figure S4.5. Drop cast solution of A-DMPDA (0.01 mg/ml in Toluene) on HOPG after 

being heated to 85 °C and cooled to room temperature. 
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Figure S4.6. (A) Reaction scheme for the formation of poly-A-PDA. (B) GPC trace of 

poly-A-PDA, showing a broad polymer distribution. (C) UV-Vis of poly-A-PDA (0.01 

mg/mL in 1:1 DCE:toluene) at various temperatures, showing little change upon 

heating. 
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Figure S4.7. (A) Reaction of A-DAPB and FPDA forming the corresponding A-FPDA 

macrocycle. (B) GPC trace of the corresponding product from the condensation of A-

DAPB and FPDA, showing the presence of large species. (C) MALDI-MS of the 

corresponding condensation product showing the presence of both five- and six-

membered rings. 
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Figure S4.8. UV-vis spectrum of a solution of A-FPDA (~0.01 mg/mL in toluene) at 

various temperatures, revealing a red-shifted shoulder that never fully disappears upon 

heating. 

 

 

Figure S4.9. AFM of a drop cast solution of A-FPDA (~0.01 mg/mL in toluene) onto 

HOPG. 
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Figure S4.10. UV-vis cooling curves of A-PDA (5.6 μM in 1:1 DCE:toluene) cooled at 

various rates and monitored at λmax = 375 nm.  
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Figure S4.11. Nucleation-elongation model fits for A-PDA at various concentrations in 

1:1 DCE:Toluene. Significant deviation is observed at low temperatures. 
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Figure S4.12. Nucleation-elongation model fits for A-DMPDA at various 

concentrations in 1:1 DCE:Toluene. Significant deviation is observed at low 

temperatures. 
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Figure S4.13.  “Majority-rules” experiment for S-PDA/R-PDA mixtures where each 

component was individually heated to 65 °C and cooled to room temperature before 

being mixed (ctotal = 2.8 μM in 1:1 DCE:toluene). 

 

100

50

0

-50

C
D

 @
 3

8
5
 n

m
 (

m
d

e
g

)

-100 -50 0 50 100

Enantiomeric Excess (%)



 

159 

 

 

Figure S4.14. (A) CD and (B) UV-vis spectra of a majority rules experiment of mixtures 

of R-PDA and S-PDA in 10% increments (ctotal = 2.8 μM in 1:1 DCE:toluene). 
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Figure S4.15. (A) CD and (B) UV-vis spectra of a majority rules experiment of mixtures 

of R-DMPDA and S-DMPDA in 10% increments (ctotal = 2.8 μM in 1:1 DCE:toluene). 
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Figure S4.16. (A) CD and (B) UV-vis spectra of a sergeants and soldiers rules 

experiment of mixtures of S-PDA and A-PDA in 10% increments (ctotal = 2.8 μM in 1:1 

DCE:toluene). 
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Figure S4.17. (A) CD and (B) UV-vis spectra of a sergeants and soldiers rules 

experiment of mixtures of R-DMPDA and A-DMPDA in 10% increments (ctotal = 2.8 

μM in 1:1 DCE:toluene). 
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Figure S4.18. 1H NMR (CDCl3, 500 MHz, 298 K), of S2. 

 

 
 

Figure S4.19. 13C NMR (CDCl3, 126 MHz, 298 K), of S2. 
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Figure S4.20. 1H NMR (CDCl3, 500 MHz, 298 K), of S3. 
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Figure S4.21. 1H NMR (CDCl3, 500 MHz, 298 K), of R-DAPB. 

 

 
 

Figure S4.22. 13C NMR (CDCl3, 126 MHz, 298 K), of R-DAPB. 
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Figure S4.23. 1H NMR (CDCl3, 500 MHz, 298 K), of S-DAPB. 

 

 
 

Figure S4.24. 13C NMR (CDCl3, 126 MHz, 298 K), of S-DAPB. 
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