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Cyclophane-based two-dimensional polymer
formed by an interfacial click reaction
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SUMMARY

Two-dimensional polymers (2DPs) that incorporate molecular hosts
offer a distinctive combination of properties, including covalent
connectivity, structural regularity, chemical stability, permanent
porosity, and molecular recognition. These features make these to-
pologically planar macromolecular sheets promising in relation to
applications, including those that appear in sensors, organic elec-
tronics, and nanofiltration membranes. Here, we use copper-cata-
lyzed azide-alkyne click chemistry to construct a cyclophane-based
2DP at a liquid-liquid interface by polymerizing a bisazide-function-
alized tetracationic cyclophane monomer with a 1,3,5-triethynyl-
benzene node. The 2DP prepared by employing this strategy is
observed to be crystalline porous sheets by a combination of syn-
chrotron X-ray diffraction, transmission electron microscopy, elec-
tron diffraction, and nitrogen porosimetry. When employed as the
active layer in nanofiltration membranes, this 2DP exhibits excellent
rejection performance of a dye, Brilliant Blue G, with 99% of the dye
being removed after each cycle. Our findings could lead to the
broad application of interfacial click polymerizations to produce
2DPs.
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INTRODUCTION

Cyclophanes are hollow host molecules that have been identified,1,2 in some cases, for

their extraordinarymolecular recognitionproperties throughnoncovalentbonding inter-

actions, usually involving their aromatic fence-like peripheries. Since their initial synthe-

sis,3 the modularity of cyclophanes’ chemical functionality, cavity size, photophysical

properties, and rich host-guest chemistry4 has resulted in their capturing the attention5

of chemists, materials scientists, and biologists.Over the years, they have been used not

only in molecular recognition2 but also in the production of mechanically interlocked

molecules6 and artificialmolecularmachines,7 not tomention applications, such as poly-

aromatic hydrocarbon extraction,8 sensing,9 electron transfer,10 catalysis,11 molecular

electronics,12 live-cell imaging,13 anddrugdelivery.14 Themajority of these applications,

however, are limited to the solutionphase, leaving limitlesspossibilities for thesehosts to

beemployedasbuildingblocks in the solidstate. Inageneral context, thedeploymentof

cyclophanes as structural building blocks for robust nanostructured materials15 is an

appealing goal.

Cyclophanes are straightforward to functionalize2 and can therefore be developed as

monomers suitable for use in polymerizations. If covalent bond-forming reactions,

used to connect cyclophane subunits,15 are confined (Figures 1A and 1B) to the
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:stoddart@northwestern.edu
https://doi.org/10.1016/j.xcrp.2022.100806
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Schematic representation of the interfacial click polymerization strategy used in the

synthesis of 2DCBP

(A) Click polymerization at the liquid-liquid interface between a monomer (blue cartoon) and a

node (coral red cartoon).

(B) Interfacial 2D polymerization of a semi-rigid, box-like, tetracationic cyclophane monomer with

two peripheral polymerizable groups and a rigid node with a minimum of three polymerizable

groups yields 2DCBP with intrinsic and extrinsic pores.

(C) Structural formulas of the monomer and the node used in the construction of 2DCBP. The

monomer (m-N3-CBPQT4+) results from connecting two BIPY2+ units in an end-to-end fashion with

two azide-functionalized m-xylylene linkers. The node, 1,3,5-triethynylbenzene (TEB), is available

commercially.
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molecular planes of the cyclophanes, macromolecular sheets with well-defined intrinsic

pores16 basedon the cyclophane cavities, and extrinsic pores formedby structurally reg-

ular polymerization, can be produced. These two-dimensional polymers (2DPs) offer a

distinctive combination of properties, including covalent connectivity, chemical stabil-

ity,17 structural regularity,18 and permanent porosity.19 All these properties arise from

the two-dimensional (2D) network, together with the anticipated dual-poremorphology

andmolecular recognition capabilities that originate fromthe cyclophanemonomers. As

such, cyclophane-based 2DPs constitute a new class of topologically planar macromo-

lecular sheets thatholdpromise for awide rangeof technologically relevant applications,

including their incorporation in chemical sensors,20–23 nanofiltration membranes,24–27

and organic electronics.28–30

We have prepared (Figure 1A) a cyclophane-based 2DP—hereafter referred to as

2DCBP—utilizing azide-alkyne polymerization at a liquid-liquid interface. To date, the

majority of successful 2D polymerizations rely31–33 on dynamic bond-forming reactions,

suchasboron-based34orSchiff-based35 condensations,whichare assumed tobeable to

anneal structural defects during polymerization. Recent research,36–42 however, has

shown that irreversiblebond-forming reactions can alsobeutilized in2Dpolymerizations

whenmonomer speciesarepreorganizedbystructure-directedsynthesesatan interface.

These recent reports prompted us to explore the high fidelity associated with azide-

alkyne chemistry43,44 at interfaces for carrying out 2D polymerizations. It is worth
2 Cell Reports Physical Science 3, 100806, April 20, 2022



Figure 2. Solid-state (super)structures of m-N3-CBPQT4+ deduced from single-crystal X-ray

diffraction

(A) Tubular representation showing the distances and the torsional angle associated with the box-

like geometry of m-N3-CBPQT4+.

(B) Tubular representation viewed along the b axis, showing the angle subtended between the

azide group and the plane of the box.
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mentioning that2Dpolymers, synthesizedusing copper-catalyzedazide-alkynecycload-

dition reactions,45–47 are amorphous for the most part. Significant challenges remain in

using this chemistry to produce highly crystalline materials. To this end, we48 prepared

(Figure 1C) a bisazide-functionalized, rigid, tetracationic cyclophane-based monomer,

m-N3-CBPQT4+.Next, wepolymerized this cyclophanewith 1,3,5-triethynylbenzene no-

des under interfacial copper-catalyzed azide-alkyne cycloaddition conditions. The

2DCBP prepared in this manner has been shown to be composed of crystalline, porous

sheets by applying it to a combination of synchrotron X-ray diffraction (XRD), transmis-

sion electron microscopy (TEM), electron diffraction, and nitrogen porosimetry. The

structural stability of these 2DCBPs has inspired us to deploy them as the active layers

in nanofiltration membranes. We have discovered that these membranes exhibit excel-

lent rejection performance in the case of a dye, brilliant blue G, with 99% of it being

removed after each cycle. We anticipate that this demonstration will inspire the broad

exploration of interfacial click reactions to produce 2DPs and that the potential of

host-like buildingblocks to construct stablemacromolecular sheets can act as nanofiltra-

tion membranes.
RESULTS AND DISCUSSION

Synthesis and characterizations of m-N3-CBPQT4+ monomer

The bisazide-functionalized cyclophane monomer, m-N3-CBPQT4+ (1), was synthe-

sized (Figure S1) in four steps following a procedure (see supplemental information)

already reported by us48 in the literature. The monomer was characterized by 1H nu-

clear magnetic resonance (NMR) spectroscopy (Figure S3) and single-crystal X-ray

crystallography (Figure S5). The single crystals were obtained by slow vapor diffusion

of iPr2O into a solution of m-N3-CBPQT4+ in MeCN. The box-like cavity of m-N3-

CBPQT4+—measuring 10.61 Å in length and 5.65 Å in width at its periphery and cen-

ter, respectively (Figure 2A)—is able to host small organic guests. The azide groups

are oriented (Figure 2B) out of the box plane, subtending an angle of 118�. Here, we
note thatm-N3-CBPQT4+ is rigid overall but locally flexible enough to adopt a planar

arrangement needed for lateral growth of the polymer during the polymerization.

Molecular dynamics simulation of amodel trimer constructed from a 1,3,5-triethynyl-

benzene node and threem-N3-CBPQT4+ units also confirms (Figure S6) the fact that

a planar geometry can be achieved starting from the box-like monomer.
Synthesis of 2DCBP at a liquid-liquid interface

2DCBP was synthesized (Figure 3) from the chloride salt of the m-N3-CBPQT4+ mono-

mer and the commercially available 1,3,5-triethynylbenzene (TEB) node using interfacial
Cell Reports Physical Science 3, 100806, April 20, 2022 3



Figure 3. Schematic representation of the synthesis of 2DCBP

Left: structural formulas of the monomer and node with polymerizable groups colored in blue and red. Right: structural formula of the repeating unit in

the 2DCBP polymer. Inset: photograph of 2DCBP formed at the H2O-CH2Cl2 interface.
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click chemistry (see supplemental information for a detailed synthetic procedure). In a

typical experiment, an aqueous solution of m-N3-CBPQT,4Cl was transferred carefully

atop a CH2Cl2 solution of TEB containing the Cu(MeCN)PF6 catalyst withminimal distur-

bance of the interfacial layer. The reaction temperature was maintained at 35�C. The
initial pale yellowish color of the solution gradually changed to yellowish brown, and af-

ter 2 days robust, dark-brown polymer fragments were observed to be forming only at

the H2O-CH2Cl2 interface. In the course of time, however, larger polymer pieces were

observed floating in the aqueous layer. Notably, the formation of 2DCBP was not

observed in the absence of the (1) copper catalyst, (2) cyclophane monomer, or (3)

TEB node. Collectively, these observations indicate that a copper(I)-mediated azide-

alkyne cycloaddition produces triazole units connecting them-N3-CBPQT4+ monomers

with the TEB nodes, yielding 2DCBP. Unreacted monomers, oligomers, and the cata-

lysts were removed (Figure S2) by dialysis during 2 days against MeOH, H2O, and

MeOH in a sequential manner so as to obtain isolated 2DCBPs dispersed in MeOH.

Polymerization in bulk produced random polymeric aggregates (Figure S14), stressing

the importance of interfacial click reaction.
Characterizations of 2DCBP

Attenuated total reflection infrared spectroscopy confirmed (Figure 4A) that the ex-

pected azide-alkyne click chemistry had occurred at the H2O-CH2Cl2 interface by the

disappearance of the alkyne –ChC–H stretch (3,278 cm�1) on the nodes and the

azide –N=N=N asymmetric stretch (2,117 cm�1) from themonomers, with a concom-

itant increase in the stretching frequency at 3,075 cm�1, which can be associated

with the newly formed triazole units in 2DCBP. The solid-state 13C NMR spectrum

of 2DCBP showed signals at approximately 150 and 64 ppm corresponding to tria-

zole units and CH2 carbon, respectively. The signal at 143 ppm could be assigned to

the sp2 quaternary carbons next to the pyridinium nitrogen, and aromatic carbon

signals between 120 and 140 ppm to the remaining sp2 quaternary carbons (Fig-

ure S4). The UV-visible (UV-vis) absorption spectrum of the 2DCBPs, dispersed in
4 Cell Reports Physical Science 3, 100806, April 20, 2022



Figure 4. Characterizations of 2DCBP

(A) Attenuated total reflection infrared spectroscopy of 2DCBP, TEB, and m-N3-CBPQT4+.

Disappearance of the azide (–N=N=N) asymmetric stretching at 2,117 cm�1 and alkyne (–ChC–H)

stretching at 3,278 cm�1, and the appearance of triazole stretching frequency (3,075 cm�1)

confirmed the fact that the expected azide-alkyne click chemistry had occurred at the H2O-CH2Cl2
interface.

(B and C) (B) Optical micrograph showing a few 100-mm large dark-brown 2DCBP pieces, and (C)

scanning electron micrograph of 2DCBP with sharp edges and wrinkles/folds on the surface.

(D) Synchrotron X-ray diffraction revealing sharp scattering features at 0.8, 1.05, and 1.4 Å�1.

(E and F) (E) Tubular representation displaying a distance of �24 Å between two trisubstituted

aromatic rings of DFT-simulated hexagonal 2DCBP structure and (F) plane-view of a space-filling

representation of 2DCBP (3L), obtained by DFT calculations, containing three layers.
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H2O, displayed (Figure S8) broad absorptions with a red shift of the absorption onset

compared with the monomer. The isolated 2DCBPs exhibited (Figure S12) no

significant weight loss up to �350 �C and maintained 80% of their initial weight

above 500 �C under a N2 atmosphere. The monomer, m-N3-CBPQT4+, on the other

hand, displayed significant weight loss above 200�C and recorded a �60% weight

loss around 300�C. All of these pieces of experimental evidence confirm that TEB

and m-N3-CBPQT4+ are consumed during the course of the interfacial polymeriza-

tion, leading to a densely crosslinked network.

The optical (Figure 4B) and scanning electron (Figure 4C) micrographs of as-synthe-

sized 2DCBP revealed the formation of a few hundred micrometer-sized fragments

with sharp edges, suggesting that 2DCBP may be crystalline in nature. The scanning

electron micrograph displays wrinkles and folds on the surface of the polymer, which

are not uncommon features of layered polymeric materials. Synchrotron XRD on

2DCBP exhibited (Figure 4D) sharp scattering features at 0.8, 1.05, and 1.4 Å�1.

The sharp in-plane synchrotron diffraction features confirm the fact that the densely

crosslinked 2DCBP is structurally regular and highly crystalline. Owing to the pres-

ence of (1) a variety of counterions (Cl� from the monomer and PF6
� from the
Cell Reports Physical Science 3, 100806, April 20, 2022 5



Figure 5. Transmission electron microscopy of 2DCBP

(A) Bright-field TEM image displaying layered structure with prominent edges. Different layers of 2DCBP can be visualized from the different contrast of

the layers.

(B) High-resolution TEM (HRTEM) image displaying highly isolated faceted sheets with lattice fringes extending throughout the entire polymer particle.

(C) Zoomed-in HRTEM image with the fast Fourier transform pattern at the top right.
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catalyst) within the polymer, (2) different interlayer arrangements, (3) the bonding

asymmetry of the triazole units, and (4) the local flexibility of the monomer subunits,

it is, however, challenging to match a simulated structure or index the Bragg fea-

tures. Nevertheless, we were able to obtain (Figure S7) the monolayer structure of

2DCBP and its different packing modes (Figure S7) through comprehensive density

functional theory (DFT) calculations. For example, the most intense Q peak at

0.8 Å�1 can be obtained (Figure 4F) from three layers of packing (3L) of the hexag-

onal structure of 2DCBP with each adjacent layer displaced by 8 Å.

To develop a deeper understanding of the 2D structure of the polymer, we performed

TEM (Figure 5), which reveals (Figure 5A) that the interfacially polymerized 2DCBP is iso-

latedprimarily as faceted sheets with lattice fringes extending throughout the entire par-

ticle (Figures 5B, S16, and S17). 2DFourier transformTEMmicrographs indicate (Figures

5C, S16B, and S17C) that these polymeric particles feature a hexagonal crystalline lat-

tice, an observation consistent with the synchrotron XRD results and DFT calculations.

The dimensions of this lattice are smaller than expected, indicating that thesemultilayer

particles may have noneclipsed interlayer arrangements. The differences between the

synchrotron X-ray and TEM results are presumably the result of fundamental factors—

while TEM provides the local packing arrangements, XRD considers all types of packing

arrangements present in 2DCBP. Further complexity in packing arrangements may also

arise on account of generation of defects during irreversible click reactions and sample

preparation. Regardless, periodic voids, which are observed in the structure, are consis-

tent with N2 sorption experiments that show (Figure S11) conventional type II isotherms

with a well-defined pore size of 1.45 nm. The Brunauer-Emmett-Teller surface area of

2DCBP was found to be 76 m2 g�1 while the surface area of the polymer is relatively

low, an observation that can presumably be attributed (Figure S18) to the additional

mass and occupancy by counterions in the 2DP pores in addition to the offset stacking

of the 2DP sheets. Taken together, the various pieces of evidence suggest that the in-

terfacially polymerized 2DCBP fragments are obtained as crystalline, layered particles.

Considering their electroactive tetracationic viologen-based molecular structures,

we decided to carry out electrochemistry on both the monomer and the polymer

deposited on fluorine-doped tin oxide electrodes by a drop-casting approach. m-

N3-CBPQT4+ features (Figure S13) a two-electron reduction peak at �0.7 V versus

Ag/AgCl. The first redox wave for the two-electron reduction of viologen units is
6 Cell Reports Physical Science 3, 100806, April 20, 2022
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not clearly visible in the monomer, suggesting restricted accessibility to the redox-

active unit. In contrast, the cyclic voltammogram of 2DCBP exhibited redox waves at

both �0.05 and �0.5 V. The observation of the first reduction peak and combined

shift of �0.2 V for the second peak in the case of the polymer can be attributed to

the additional porosity of the polymer, which assists the diffusion of the electrolyte

ions within the channels in the quest to maintain overall electroneutrality.

Sonicated 2DCBP samples remain dispersed (Figure S9) for months in different sol-

vents, such as MeOH, H2O, andMeCN, without precipitation, presumably as a result

of the positively charged stacked macromolecular sheets—confirmed (Figure S10)

by the high average zeta potential value (z = 68 G 11 mV)—of 2DCBP particles con-

structed from the tetracationic cyclophane building blocks. The magnitude of the

zeta potential indicates the degree of electrostatic repulsion between adjacent,

similarly charged particles in a dispersion. A high zeta potential, therefore, confers

stability, i.e., the solution or dispersion will resist aggregation. One might anticipate

a charge-repulsion-induced exfoliation of 2DCBP into individual macromolecular

sheets, similar to protonation-mediated exfoliation49 that occurs in covalent organic

frameworks (COFs). The presence of counterions within 2DCBP, however, negates

the charge repulsion between the individual layers, i.e., the counterions hold these

layers firmly together, yielding robust macromolecular assemblies.

Membrane applications

The well-defined pore size of 2DCBP led us to test its ability to act as a molecular-

sievingmembrane for water-treatment applications. In this proof-of-concept exper-

iment, the polymer was placed on a polytetrafluoroethylene (PTFE) supporting

membrane and used (Figure 6A) to reject the zwitterionic organic Brilliant Blue

dye50 from aqueous solutions in a flow-throughmode (Figure 6B). Blank experiments

with two 0.2 mm PTFE membranes were run with and withoutm-N3-CBPQT4+ mono-

mers present. Rejection performance was assessed by the optical absorption of

590 nm light using a Varian Cary 5000 Scan Spectrometer. 2DCBP was observed

(Figure 6C) to reduce dye concentrations from an initial concentration of 50 mg

L�1 to nondetectable levels in five consecutive cycles. The molecular dimensions

of brilliant blue dye molecules are 1.07 3 1.47 3 1.88 nm, i.e., larger than the pores

within the polymer network, which are 1.45 nm in diameter. Hence, dye rejection is

attributable to size exclusion as the primarymechanism.We observed that monomer

species, deposited as a film, were readily dissolved during the experiment, resulting

in no decrease in Brilliant Blue G concentration. Likewise, PTFE filters alone resulted

(Figure 6C) in no significant reduction in dye concentrations.

On the other hand, a smaller dye, syn-(Me,Me)bimane,51 with dimensions of 0.8 3

0.5 3 0.2 nm, passed (Figure S19A) readily through the pores of 2DCBP during

similar filtration experiments, an observation consistent with a size-exclusion filtra-

tionmechanism. To understand the contributions from sorption and size exclusion,52

we carried out (Figure S19B) filtration experiments with a large water-soluble

cationic dye, protonated 5,10,15,20-tetrakis(4-aminophenyl)porphyrin (TAPP). The

fact that 2DCBP recorded an excellent rejection efficiency for this cationic dye

strengthens the involvement of a size-exclusion mechanism rather than sorption.

Collectively, these findings suggest that the covalently linked, cyclophane-contain-

ing 2DPs are required for good membrane performance.

In summary, we have demonstrated interfacial polymerization utilizing azide-alkyne

click chemistry to obtain crystalline 2DCBP based on functionalized cyclophane

building blocks. These as-synthesized polymer particles are positively charged
Cell Reports Physical Science 3, 100806, April 20, 2022 7



Figure 6. Membrane application of 2DCB

(A) Structural formula of Brilliant Blue G dye.

(B) Schematic representation of experimental setup for dye removal or water purification in a flow-

through mode. When an aqueous solution of the dye is passed through 2DCBP inserted between

two 0.45-mm PTFE membrane filters, clean water is isolated.

(C) UV-vis spectra of distilled deionized (DDI) water, initial dye solution, dye solution passed

through the 2DCBP polymer inserted between two 0.45 mm PTFE membrane filters (2DCBP Cy 1 to

2DCBP Cy 5), and dye solutions passed through two 0.45 mm PTFE membrane filters (control

experiments/2PTFE Cy 1 and 2) without 2DCBP.

(D) Dye-rejection efficiency (%) of 2DCBP polymer in five consecutive cycles. Initial dye

concentration = 50 ppm. Solution volume for each cycle = 5 mL. Polymer mass = 5 mg.
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and remain dispersed for months in H2O and MeOH. The particles possess multilay-

ered faceted sheet-like morphologies, as revealed by TEM analyses. The structural

regularity of these sheets was confirmed by both TEM and synchrotron XRD exper-

iments. The presence of different counterions, diverse interlayer arrangements, and

bonding asymmetry of triazole units formed during the irreversible click polymeriza-

tion process posed challenges in characterizing the complete network. Thorough

DFT studies confirmed a layered hexagonal structure of 2DCBP that corroborates

both synchrotron diffraction and TEM results. The porous nature of 2DCBP with a

well-defined pore size of 1.45 nm, which was measured by nitrogen porosimetry,

led us to test it in a proof-of-principle water-purification experiment. The polymer

displays an excellent dye rejection capability with dye concentration dropping

from an initial concentration of 50 mg L�1 to nondetectable levels in five consecutive

cycles.

In our view, the idea of using host building blocks to construct 2D polymers with a

wide range of desirable attributes using a robust synthetic strategy that takes advan-

tage of interfacial click chemistry should be appealing to the 2D polymer and/or

COF community. These 2DPs, composed of host molecules, combine their molecu-

lar recognition properties and well-defined cavities with the chemical stability, struc-

tural regularity, and permanent porosity inherent in the crystalline macromolecular

sheets. This confluence of properties can become useful in applications such as

chemical and biomolecule sensing, organic electronics, and nanofiltration
8 Cell Reports Physical Science 3, 100806, April 20, 2022
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membranes. We anticipate that different functionalized host molecules will soon be

used as building units for making new 2DPs. By taking advantage of host-guest

chemistry, guest molecules can then be used for doping these 2DPs with molecular

precision through inclusion complex formation. Appropriate choice of hosts and

guest dopants may open up access to 2D polymers for membrane technology and

electronic applications.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the supplemental experimental

procedures.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, J. Fraser Stoddart (stoddart@

northwestern.edu).

Materials availability

All unique and stable reagents generated in this study are available from the lead

contact with a completed Materials Transfer Agreement.

Data and code availability

This study did not generate and analyze large-scale datasets and custom code. The

single-crystal XRD data ofm-N3-CBPQT,4PF6 has been deposited in the Cambridge

Crystallographic Data Center (CCDC) under accession number CCDC: 2108915. The

xyz coordinates and PBD file are freely available under the CC BY 4.0 license on Fig-

Share from the https://doi.org/10.6084/m9.figshare.16727674.

Synthesis of 2DCBP

2DCBP particles were synthesized from the chloride salt of the m-N3-CBPQT4+

monomer and the commercially available 1,3,5-triethynylbenzene (TEB) node using

interfacial click chemistry. The m-N3-CBPQT,4Cl monomer (11.2 mg, 0.015 mmol)

was dissolved in H2O (5 mL), providing stock solution A (3 mM). TEB (1.5 mg,

0.01 mmol) and 5 mol % Cu(MeCN)PF6 catalyst were dissolved in CH2Cl2 (2 mL),

providing stock solution B (5 mM). A few drops of dimethylformamide were added

to stock B to increase the solubility of TEB. Stock A was transferred carefully atop

stock B with minimal disturbance of the interfacial layer. The reaction temperature

was maintained at 35�C. The initial pale yellowish color of the solution gradually

changed to yellowish brown, and after 2 days robust, dark-brown polymer fragments

were observed to be forming only at the H2O-CH2Cl2 interface. The reaction mixture

was transferred in a Thermo Scientific SnakeSkin tubing (molecular weight cutoff:

3500), and dialysis was performed for 2 days against MeOH, H2O, and MeOH in a

sequential manner to remove unreacted monomers, oligomers, and catalyst. Finally,

a 2DCBP dispersion in MeOH was obtained in �80% yield and used for further char-

acterization. The interfacial polymerization strategy is scalable. For example, 2DCBP

can be synthesized from 112 mg of m-N3-CBPQT,4Cl monomer and 15 mg of TEB

irrespective of interfacial area.

Crystallographic characterization

Single crystals of m-N3-CBPQT,4PF6 were grown by slow vapor diffusion of iPr2O

into a solution of m-N3-CBPQT4+ (3 mg mL�1) in MeCN over the course of 4 days.

A suitable crystal was selected, and the crystal was mounted on a MITIGEN holder

in Paratone oil on a Bruker Kappa APEX CCD area detector diffractometer. The
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crystal was kept at 100 K during data collection. Using Olex2, the structure was

solved with the ShelXT structure solution program using direct methods and refined

with the ShelXL refinement package using least squares minimization.

Synchrotron powder X-ray diffraction

Synchrotron powder XRD was collected at the Sector 5 DuPont-Northwestern-Dow

Collaborative Access Team (DND-CAT) of the Advanced Photon Source (APS), Argonne

National Laboratory. Experimentswere collected at 17 keV. Exposure times and number

of frames were optimized to yield a pattern with low background signal in a reasonable

experimental time. All frames were then summed and radially integrated to produce a

linear powder XRD pattern using proprietary software available at the APS. All experi-

ments were conducted using a transmission geometry with dried samples placed in

2.0-mm outer diameter borosilicate capillaries with 0.2-mm wall thicknesses purchased

from Hilgenberg. The sample-to-detector distance was adjusted to extend across rele-

vant detection ranges of q. Scattering intensity is reported as a function of the modulus

of the scattering vectorQ, related to the scattering angle 2q by the equationQ = (4p/l)

sinq, where l is the X-ray wavelength (Equation 1):

Q =
4p

l
sinðqÞ : (Equation 1)

Scanning electron micrograph images were taken using a Hitachi S-4800 instrument.

Samples were prepared by drop-casting 2DCBP on a Si wafer and imaging it without

coating.

Transmission electron microscopy

TEM samples were prepared by drop-casting�5 mL of the MeOH dispersion of 2DCBP

using a micropipette onto lacey-carbon substrate (Cu mesh) TEM grids (Electron Micro-

scopy Sciences, Hatfield, PA). The droplets of the 2DCBP sample were allowed to sit on

the grids under ambient conditions for 1 min and were then dried with filter paper. TEM

measurements were performed using JEOL ARM 300F and JEOL 2100F instruments

operating at 200 keV. Scanning TEM-energy dispersive X-ray spectroscopy data were

collected using a Hitachi HD2300 scanning transmission electron microscope.

Nitrogen porosimetry

Nitrogen isothermmeasurements were performed on aMicromeritics Tristar II 3020 (Mi-

cromeritics, Norcross, GA) instrument at 77 Kwith 30–50mgof sample. Before isotherm

measurements were performed, the material was activated by supercritical CO2 activa-

tion at 40�C. The material was soaked in EtOH overnight and then transferred to a Tou-

simis Samdri PVT3D critical point drier, in which liquid CO2 was used to exchange EtOH

four times over 8 h. The material was then heated to 40�C (p = 73 atm), the critical point

of CO2, before the instrument was evacuated at a rate of 0.1 sccm over a period of 12 h.

DFT analysis

TheQ spacings in the X-ray powder diffraction spectrumwere used to deduce the atom-

istic structures of the 2DCBP. Only the most intense Q spacing of 0.8 Å�1 (8 Å) and the

nearest signal at 1.05 Å�1 (6 Å) were selected. The distance between the trisubstituted

aromatic rings that connect the ends of the triazole-cyclophane-triazole bridges is

�24 Å. The number of layers for these two Q spacings, therefore, can be deduced

from the simple relation24 Å/8 Å=3 layers (3L), and24 Å/6 Å=4 layers (4L), respectively.

A repeating unit of the 1-layer 2DCBP (1L) was constructed (264 atoms) and optimized

withDFT using the Perdew-Burke-Ernzerhof (PBE) functional and double zetawith polar-

ization basis in the Spanish Initiative for Electronic Simulations with Thousands of Atoms

(SIESTA, version4p1-b4)program,usingakgridof33331,adensitymatrix toleranceof
10 Cell Reports Physical Science 3, 100806, April 20, 2022
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1.0 3 10�5, a force tolerance of 0.05 eV Å�1, and molecular mechanics potentials that

simulate Grimme’s dispersion interactions. The twomodels, 3L and 4L, were generated

byvertical displacementofone layeron topof the last and laterallydisplacingeachone in

turn by either the 8 Å or 6 Å distance. This procedure was repeated until the 3L and 4L

models were built. Because of the bow-shaped curvature in the trisubstituted aromatic

nodes, the vertical displacement of 10 Å per layer was chosen, which ensured a suitable

interfacial distanceof 3.5 Å between the layerswith vanderWaals radii taken into consid-

eration. The 3Lmodel has 792 atoms and the 4Lmodel has 1,056 atoms. As each repeat

unit has 12 cations, 36 positive charges were added to the 3L and 48 to the 4L models,

which were optimized with the PBE functional and a single zeta with polarization basis in

the SIESTA program using a k grid of 33 331, a density matrix tolerance of 1.03 10�4,

and a force tolerance of 0.1 eV Å�1.
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