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Abstract: Here we report the synthesis of 
nitrogen-rich conjugated metal–organic and 
organic macrocycles that resemble truncated 
fragments of semiconducting 2D metal–
organic and covalent organic frameworks. Key 
to the self-assembly of these new shape-
persistent macrocycles is the development of a 
versatile bis(alkoxy)-tetraaminotriphenylene 
building block, H4TNTP-OC4, which is 
compatible with diverse coordination 
chemistry and dynamic covalent chemistry reactions. Combining H4TNTP-OC4 with nickel(II) 
salts leads to nickel-based metal–organic macrocycles, while reaction with tetraketones leads to 
pyrazine-based organic macrocycles. The fully conjugated macrocycle core supports strong 
interlayer stacking, out-of-plane charge transport, and well-defined nanochannels, while the 
macrocycle periphery provides new opportunities for atomically precise surface engineering. In 
particular, the nickel macrocycles display pressed pellet conductivities on the order of 10–3 S/cm 
and a surface area of 130 m2/g. Together, these structures show how simple macrocycles can 
preserve key properties of 2D crystalline frameworks while offering greater surface tunability. 
 
Introduction: 

There has been rising recent interest in downsizing porous crystalline frameworks to the 
nanoscale.1–3 At the extreme limit of this endeavor is the construction of discrete molecular cages 
and macrocycles whose structures mimic individual pores found in bulk metal–organic and 
covalent organic frameworks.4–8 These nanosized molecules often retain the original function and 
porosity found in their parent frameworks while introducing new properties. For example, the 
greater solution processability of cages and macrocycles aids their integration into thin film 
electronic devices9,10 and membranes.11–13 Soluble porous molecules also enable the formation of 
new composite materials, such as the use of charged metal–organic cages to achieve solid porous 
salts with tunable compositions.14 Finally, porous molecules can undergo much greater structural 
changes in response to stimuli, such as the reversible self-assembly and dissolution of aggregated 
architectures.15–17 

Our lab has been interested in truncating two-dimensional semiconducting metal–organic 
frameworks (MOFs) and covalent organic frameworks (COFs) into discrete macrocycles that 
merge the physical properties of crystalline frameworks with the processability of soft materials.9 
For example, we recently used the ditopic ligand H4TOTP-OR (H4TOTP = 2,3,6,7-
tetrahydroxytriphenylene, OR = linear C2, C4, C6, and C18 alkoxy chains) to construct conjugated 
copper macrocycles that resemble the 2D metal–organic framework Cu3(HHTP)2 (HHTP = 
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2,3,6,7,10,11-hexahydroxytriphenylene).9 The macrocycles self-assemble into π-stacked 
nanotubes that preserve the porosity and out-of-plane charge transport found in Cu3(HHTP)2. 

In this work, we expand upon our previous studies by introducing a new ditopic triphenylene-
based ligand containing nitrogen bridging atoms (Fig. 1). Nitrogen donor groups are intriguing 
from both an organic and an inorganic materials perspective. In the context of semiconducting 
metal–organic materials, nitrogen donors provide superior charge transport properties relative to 
oxygenated analogues due to increased metal–ligand covalency. In the context of organic 
materials, the greater nucleophilicity of nitrogen compared to oxygen provides access to a wider 
range of bond-forming reactions. For example, o-phenylenediamine units can react with 1,2-
diketones, aldehydes, and ortho-difluorinated aromatic compounds to form pyrazine,18–22 
imidazole,23,24 and piperazine25,26 linkages, respectively (Fig. 1a). These reactions have been 
exploited in both metal–organic framework and covalent organic framework chemistry to achieve 
semiconducting materials with high chemical and thermal stability. 

Here we show that the ditopic ligand H4TNTP-OC4 (H4TNTP-OC4 = 10,11-
dibutoxytriphenylene-2,3,6,7-tetraamine) can be used to construct nitrogen-rich conjugated metal–
organic and organic macrocycles that resemble semiconducting 2D MOFs and COFs in both form 
and function (Fig. 1b). Combining H4TNTP-OC4 and nickel(II) salts produces conductive nickel 
macrocycles with Brunauer–Emmett–Teller (BET) surface areas of 130 m2/g and pellet 
conductivities of 5(1) ×10–3 S/cm. Similarly, reacting H4TNTP-OC4 with either pyrene-4,5,9,10-
tetraone or its di-tert-butyl substituted variant forms pyrazine-linked conjugated organic 
macrocycles, which are structurally confirmed by powder X-ray diffraction, vibrational 
spectroscopy, and solid-state 13C NMR. The development of nitrogen-rich ligands such as 

 
 
Fig. 1 | (a) Schematic illustration of the different linkages that can be formed from o-phenylenediamine precursors 
via coordination chemistry and dynamic covalent chemistry. (b) Construction of metal–organic macrocycles and 
conjugated organic macrocycles starting from the bis(alkoxy)-tetraaminotriphenylene ligand, H4TNTP-OC4. 
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H4TNTP-OC4 greatly expands the diversity of conjugated macrocyclic structures that can be 
obtained by coordination and dynamic covalent chemistry. 

 
Ligand design. We envisioned that 

bis(alkoxy)-tetraaminotriphenylene ligands 
could be synthesized following a similar route 
as the one developed by Northrop and 
coworkers for bis(alkoxy)-
tetrahydroxytriphenylenes.27 Their approach 
relies on Suzuki coupling to synthesize ortho-
terphenyl precursors containing tert-
butyldimethylsilyl (TBDMS)-protected 
catechols, which are subsequently oxidatively 
cyclized and deprotected. We hypothesized 
that simply replacing the TBDMS-protected 
catechols with tert-butoxycarbonyl (BOC)-
protected o-phenylenediamine coupling 
partners would generate the desired nitrogen-
based ligands. Gratifyingly, the proposed 
synthetic route proceeded smoothly. The 
desired bis(butoxy)-tetraaminotriphenylene 

ligand was isolated as the protonated hydrochloride salt (H4TNTP-OC4·4HCl) in 61% overall 
yield over three steps (Fig. 2). Note that the H4TNTP-OC4 ligand is always isolated and handled 
in its protonated form (H4TNTP-OC4·4HCl) to minimize oxidative degradation. While this work 
focuses on ligands containing n-butyl side chains, the modular synthetic route should allow the 
peripheral side chains to be readily tuned in future studies. 
 

Synthesis and characterization of nickel macrocycles. Dincă and coworkers reported the 
first nitrogen-based conjugated 2D metal–organic framework Ni3(HITP)2 (HITP = 2,3,6,7,10,11-
hexaiminotriphenylene) in 2014,28 with a subsequent follow-up study on mixed-metal variants in 
2020.29 Recent single crystal measurements have shown that the out-of-plane conductivity in 
Ni3(HITP)2 is ~100-fold higher than similar 2D frameworks containing oxygen-based ligands, 
such as Cu3(HHTP)2.30–32 Due to these favorable properties, Ni3(HITP)2 has been explored for 
diverse applications, including electrochemical energy storage,33 electrocatalysis,34,35 and 
chemical sensing.36,37 Given the rich chemistry observed in this particular member of the 
conjugated 2D MOF family, we were excited to explore the properties of its macrocyclic form. 

The addition of an external base is critical to the synthesis of M3(HITP)2 materials.28,29 In 
particular, it is common to add a large excess of an alkali acetate salt (>100 equiv) to the synthesis 
mixture, where it serves both as a weak base to deprotonate the ligand, as well as a coordination 
modulator to improve crystallinity.29 Combining 1 equiv H4TNTP-OC4·4HCl, 1.5 equiv 
Ni(OAc)2, and 10 equiv of an aqueous MOAc solution (M+ = Na+, K+) in DMSO led to moderately 
crystalline material (Fig. S2). However, further increasing the equivalents of MOAc to 100 
reduced the crystallinity, leading to amorphous material (Fig. S3). We hypothesized this was due 
to the unusual solubility characteristics of our ligand, which contains highly polar ammonium 
groups as well as hydrophobic alkyl chains. Because of the alkyl chains, even small amounts of 
water in the reaction mixture led to rapid precipitation.  

 
 
Fig. 2 | Synthesis of the H4TNTP-OC4 ligand via Suzuki 
coupling followed by DDQ catalyzed ring closure and 
BOC protecting group removal. 
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We found that two important reaction conditions were necessary to obtain highly crystalline 
material. First, we switched to tetrabutylammonium acetate (TBAOAc) as our acetate source. The 
tetrabutylammonium cation has much greater solubility in organic solvents, allowing us to avoid 
the use of aqueous solutions. Second, we found that DMSO was a uniquely enabling solvent for 
this reaction. No precipitate was formed when DMA was used, and an amorphous solid was 
obtained in DMF. We note that omitting the acetate was also not acceptable; no precipitate formed 
in the absence of external base even after a reaction time of one month. 

Heating 1 equiv H4TNTP-OC4·4HCl, 1.5 equiv Ni(OAc)2, and 10 equiv of TBAOAc in 
DMSO at 65 °C for 24 h produced a highly crystalline dark blue-black powder (Fig. 3). The first 
three peaks at 2θ = 2.70, 4.68, and 5.40° follow the 1:1/√3:1/2 ratio in d-spacing expected for a 
hexagonal unit cell (Fig. 3c). Based on the position of the first peak, an approximate a and b 
dimension of 37.8 Å was obtained. This value is nearly identical to the dimensions of a fully 
relaxed, geometry optimized model of NiTNTP-OC4 obtained using the Forcite module in 
Materials Studio (a = b = 37.92 Å). Finally, a broad peak centered at 27.1° is observed, which we 
have assigned as the π–π stacking feature. This peak corresponds to a short distance of ~3.3 Å, 
which is consistent with both the strong π–π stacking found in the parent framework Ni3(HITP)2 
(~3.3 Å)30 as well as our previously reported copper-based metal–organic macrocycles (~3.2 Å).9 
While structurally similar 2D MOFs are known to favor either eclipsed or slightly slipped 
arrangements,29,30  we note that our material is not sufficiently crystalline to rule out other packing 
motifs. 

High-resolution X-ray photoelectron spectroscopy (XPS) measurements were carried out to 
further probe the chemical environment of our macrocycles and support our structural assignment. 
Analysis of the Ni 2p spectrum shows a binding energy of ~855 eV for the Ni 2p3/2 peak and ~873 
eV for the 2p1/2 peak, consistent with a Ni(II) oxidation state (Fig. 3d).38 Importantly, very faint 
satellite features are observed, as expected for diamagnetic, square planar Ni(II) sites.38 We note 
that the presence of weak satellite features is likely due to solvent binding at surface sites or other 
defects, as similar features are also observed in nanocrystalline Ni3(HITP)2.29,39 

 
Fig. 3 | (a) Synthesis of NiTNTP-OC4. (b) Proposed structure of NiTNTP-OC4, highlighting the partially oxidized 
ligand. (c) Experimental powder X-ray diffraction pattern of NiTNTP-OC4 along with modeled structure and 
predicted diffraction peaks. (d) High resolution Ni 2p XPS spectrum, showing the absence of satellite features. (e) 
High resolution N 1s XPS spectrum, showing the presence of two distinct nitrogen environments. 
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In the extended framework Ni3(HITP)2, it is proposed that each of the three o-
phenylenediamine units is doubly deprotonated and oxidized by 1 e– to generate monoanionic, o-
diiminobenzosemiquinonate sites (Fig. 1a). Because our ligand only has two o-phenylenediamine 
units, we propose that a diamagnetic, partially oxidized ligand containing distinct imine and amine 
units is formed rather than a diradical species (Fig. 3b). This assignment is supported by our N 1s 
XPS data (Fig. 3e). The spectrum can be fit well with two distinct peaks of equal area, one at ~400 
eV and a second at ~398 eV. We assign the peak at ~400 eV to the oxidized imine group (C=NH–
M), and the lower energy peak to unoxidized amine (C–NH–M).40 

Interestingly, the structure of NiTNTP-OC4 is considerably less sensitive to solvation state 
than related triphenylene-based macrocycles, such as our previously reported CuTOTP-OR 
macrocycles9 and Dichtel and coworkers’ boronate ester-linked macrocycles.41 Minimal changes 
to the unit cell dimensions (<5%) and peak broadness (5% decrease in FWHM) are observed upon 
soaking NiTNTP-OC4 in DMA and drying the material under vacuum (Fig. S5 and Table S2). In 
contrast, the diffraction pattern of CuTOTP-OC4 broadens significantly upon drying (28% 
increase in FWHM), while the a and b unit cell dimensions of boronate ester-linked macrocycles 
contract by nearly 10 Å upon desolvation (~18% decrease).41  

The less dynamic structure of NiTNTP-OC4 suggests the material may have more robust 
interlayer and intercolumn interactions, which should promote porosity and electrical conductivity. 
Indeed, gas sorption measurements show that the interior channels remain accessible to guest 
molecules after desolvation. A BET surface area of 130 m2/g was obtained from 273 K CO2 
adsorption isotherms. Excitingly, pressed pellet conductivity measurements provided an average 
conductivity of 5(1) × 10–3 S/cm, which is an order of magnitude higher than our previously 
reported CuTOTP-OC4 macrocycle (6(2) × 10–4 S/cm). This increase is consistent with previously 
reported single crystal conductivity measurements on the analogous metal–organic frameworks, 
which show that the conductivity of Ni3(HITP)2 rods (~150 S/cm) is approximately two orders of 
magnitude higher than Cu3(HHTP)2 rods (~1.5 S/cm).30  

Together, these results show that metal–organic macrocycles, like the MOFs that inspired their 
synthesis, are highly tunable. The use of alternative metals and bridging atoms can be leveraged 
to achieve new families of materials with similar structures but greatly improved charged transport 
properties. Finally, we note that the macrocycle periphery can also be tailored towards a specific 
function. For example, while NiTNTP-OC4 shows relatively poor colloidal stability in its current 
form (Table S5 and Fig. S10), side-chain engineering should greatly improve the processability of 
these materials. Analogous n-butyl-functionalized copper macrocycles were shown to be similarly 
prone to aggregation but could be rendered fully soluble in organic solvents with the addition of 
longer C18 alkyl chains.9 
 

Synthesis and characterization of pyrazine-based macrocycles. After successfully 
synthesizing metal–organic macrocycles using H4TNTP-OC4, we hypothesized that the same 
ligand could also be used to form truncated analogues of covalent organic frameworks. As a proof-
of-concept, we targeted the synthesis of pyrazine-linked macrocycles, as their COF counterparts 
have become an important and widely studied class of semiconducting crystalline frameworks. 
The first pyrazine-linked covalent organic framework was synthesized by Jiang and coworkers in 
2013 by combining 2,3,6,7,10,11-hexaaminotriphenylene and 2,7-di-tert-butylpyrene-4,5,9,10-
tetraone.18 This synthesis led to a fully conjugated structure that was not only much more 
chemically robust than traditional boronate ester and imine-based COFs, but also afforded p-type 
semiconducting behavior. Since this initial report, additional pyrazine-linked conjugated covalent 

https://doi.org/10.26434/chemrxiv-2023-3ml48 ORCID: https://orcid.org/0000-0002-5623-9585 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-3ml48
https://orcid.org/0000-0002-5623-9585
https://creativecommons.org/licenses/by-nc-nd/4.0/


organic frameworks have been reported19–22 and studied as  active  materials in transistors,19 
chemiresistive sensors,20 and battery cathode materials.22 

While some syntheses of pyrazine-linked COFs employ basic conditions,22 the vast majority 
use acidic modulators such as acetic acid and sulfuric acid. Heating H4TNTP-OC4·4HCl (1.2 
equiv) and pyrene-4,5,9,10-tetraone (1 equiv) in 1:1 acetic acid/DMF at 120 °C under an N2 
atmosphere produced PyrTNTP-OC4 (pyr = pyrazine) as a brown crystalline solid (Fig. 4a and 
Fig. S11). Overall, the observed experimental powder X-ray diffraction pattern is broadly 
consistent with structural models optimized in a hexagonal packing arrangement (Fig. S11). The 
first peak is located at 2θ = 2.36°, indicating a large a and b unit cell dimension of 43.2 Å, as 
expected for a large organic macrocycle with >2 nm pore windows. Furthermore, an intense peak 
is observed at 26.7°, which we have assigned as the π–π stacking feature. This peak corresponds 
to a distance of 3.3 Å, which is comparable to the ~3.3–3.5 Å range of π–π stacking distances 
observed in other planar pyrazine-linked COFs.19–22  

Excitingly, the synthesis could be extended to di-tert-butyl functionalized pyrene-4,5,9,10-
tetraone coupling partners as well. Combining H4TNTP-OC4·4HCl (1.5 equiv) and 2,7-di-tert-
butylpyrene-4,5,9,10-tetraone (1 equiv) in 1:10 H2SO4/NMP at 150 °C under an N2 atmosphere 
produced tBu-PyrTNTP-OC4 as a dark reddish brown crystalline solid (Fig. 4). The first four 
diffraction peaks are located at 2θ = 2.74, 4.72, 5.44, and 7.22°, consistent with the expected 
1:1/√3:1/2:1/√7 ratio in d-spacing for a hexagonal unit cell (Fig. 4b). A weak, broad peak around 
2θ ~ 25–26° is observed, corresponding to a π–π stacking distance of ~3.5 Å. This is slightly larger 
than the ~3.3 Å observed in PyrTNTP-OC4, which is expected given the bulkier tert-butyl 
substituents. After drying under vacuum at room temperature, the π–π stacking feature at ~25–26° 
becomes more well-defined while the other peaks broaden (Fig. S12). Interestingly, the position 
of the first peak shifts from 2.74° to 2.44° upon drying, corresponding to an expansion of the a 

 
Fig. 4 | (a) Synthesis of two pyrazine-based conjugated macrocycles, PyrTNTP-OC4 and tBu-PyrTNTP-OC4. (b) 
Experimental powder X-ray diffraction pattern alongside predicted diffraction patterns for tBu-PyrTNTP-OC4 
with eclipsed, slipped, and staggered π–π stacking motifs. (c) Solid-state 13C NMR spectrum of tBu-PyrTNTP-
OC4. Asterisks denote the spinning sidebands. 
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and b unit cell dimensions from 37.2 Å to 41.8 Å. We hypothesize that this expansion is due to 
changes in the packing of the n-butyl side chains, particularly as the material desolvates and the 
π–π stacking becomes more ordered. 

Given the relatively broad diffraction peaks, the exact π–π stacking arrangements adopted by 
PyrTNTP-OC4 and tBu-PyrTNTP-OC4 are difficult to determine with absolute certainty. 
Previously reported computational studies on 2D covalent organic frameworks have shown that 
slipped (also called inclined) and serrated structures with small interlayer offsets are more 
energetically favored than perfectly eclipsed arrangements.42 On the other hand, the experimental 
peak intensities of solvated 2D COFs are better modeled with larger interlayer offsets (“quasi-
AB”).43 Similarly, frameworks with larger alkyl substituents have been shown to adopt fully 
staggered AB and ABC stacking motifs.44 Considering the relative peak intensities as well as the 
presence of sterically bulky tert-butyl groups, we hypothesize that tBu-PyrTNTP-OC4 likely 
adopts either a quasi-AB or AB stacking pattern (Fig. 4b). 

The successful formation of pyrazine linkages was confirmed spectroscopically through a 
combination of infrared spectroscopy and solid-state 13C NMR (Fig. 4c). The infrared spectrum of 
PyrTNTP-OC4 shows the disappearance of the amine N–H stretches and the preservation of the 
alkyl C–H features, confirming that the H4TNTP-OC4 backbone is present but the free amine 
groups have reacted (Fig. S13). Surprisingly, a carbonyl C=O stretching feature at 1660 cm–1 is 
observed in PyrTNTP-OC4, which cannot be removed even after repeating rinsing with solvents 
such as DMF, MeOH, and DCM. We attribute this feature to a small number of unreacted, dangling 
carbonyl groups and incomplete macrocyclization. Similar residual C=O stretches have been 
observed in related pyrazine-based COFs22 and are likely exacerbated by the poor solubility of 
pyrene-4,5,9,10-tetraone. Consistent with this hypothesis, the residual C=O stretches are 
significantly reduced in tBu-PyrTNTP-OC4 due to the greater solubility afforded by the tert-butyl 
substituents (Fig. S14). 

While the dibenzopyrazine ring system is known to display characteristic stretches between 
1200–1500 cm–1,18,20,21 these bands were difficult to definitively assign due to the large number of 
peaks in this region. Vibrational frequency calculations using density functional theory show that 
this region of the spectra is populated by a large number of skeletal vibrations involving the entirety 
of the macrocycle core (see Fig. S15 and the SI for more details). Therefore, we turned to solid-
state 13C NMR to confirm the presence of pyrazine linkages, as pyrazine moieties have a diagnostic 
peak at ~140 ppm.18,21,22 Gratifyingly, a new peak at 139.8 ppm is observed in the solid-state 13C 
NMR spectrum of both PyrTNTP-OC4 and tBu-PyrTNTP-OC4 that is not present in the starting 
ligand (Fig. 4c and Fig. S17–18), confirming the formation of a dibenzopyrazine unit. Consistent 
with our infrared spectra, a residual carbonyl peak is observed at 172.8 ppm in PyrTNTP-OC4 but 
is completely absent in the 13C NMR of tBu-PyrTNTP-OC4 (Fig. 4c and Fig. S17). 

Preliminary pressed pellet conductivity measurements show that tBu-PyrTNTP-OC4 is 
semiconducting, with a modest electrical conductivity of 8(1) × 10–10 S/cm. This is consistent with 
previously reported conjugated 2D COFs, which generally display relatively low pellet 
conductivities of 10–10 to 10–5 S/cm prior to chemical doping.45,46 Orders of magnitude increases 
in conductivity can be observed upon p-type doping with chemical oxidants,46 which will be the 
subject of future work.  

Finally, we tested the dispersibility of tBu-PyrTNTP-OC4 in organic solvents. Immediately 
after synthesis, the material was isolated by centrifugation, washed with DMF, and redispersed in 
a variety of organic solvents (DMF, DCM, MeOH, THF, and toluene) via probe sonication. We 
note that isolating the material via centrifugation, and not filtration, was important to maintaining 
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dispersibility. Out of the five solvents tested, tBu-PyrTNTP-OC4 formed the most stable colloidal 
dispersions in DCM (Fig. S19 and Fig. S20). Dynamic light scattering (DLS) measurements 
immediately following sonication showed that over 90% of the particles were less than 100 nm in 
diameter, with a smaller population of ~500 nm particles (Table S6). This particle size distribution 
remained relatively constant over the course of 24 hours. However, we note that the population of 
larger ~400–500 nm particles does increase over the period of two weeks, indicating slow 
aggregation over time.  

The relative ease by which tBu-PyrTNTP-OC4 can be dispersed in organic solvents highlights 
the processability advantages of discrete macrocycles over structurally similar extended 2D 
frameworks. While colloidally stable imine- and boronate ester-based COF nanoparticles have 
been reported,47–49 to our knowledge similar syntheses have not been developed for pyrazine-based 
COFs. This may be due to their exceptionally strong π–π stacking and relatively harsh synthesis 
conditions. Going forward, the greater dispersibility of tBu-PyrTNTP-OC4 may aid the integration 
of these materials in thin film membranes and electrochemical devices, as well as facilitate more 
intimate mixing with binders and conductive additives. 
 
Conclusion. 

In conclusion, we have developed a new nitrogen-based ditopic ligand, H4TNTP-OC4, which 
is compatible with diverse coordination chemistry and dynamic covalent chemistry reactions. 
Using this versatile building block, we have constructed three fully conjugated and shape-
persistent macrocyclic cores with strong interlayer stacking, semiconducting behavior, and high 
chemical stability. Specifically, metalating H4TNTP-OC4·4HCl with nickel(II) salts leads to fully 
conjugated nickel macrocycles with pressed pellet conductivities on the order of 10–3 S/cm.9 These 
values are ten-fold higher than related macrocycles constructed from oxygen-based ligands. 
Similarly, the reaction of H4TNTP-OC4·4HCl with tetraketones leads to a new family of fully 
conjugated organic macrocycles containing robust pyrazine linkages, strong interlayer π–π 
stacking, and good solution processability. Together, the work outlined here further emphasizes 
how discrete conjugated macrocycles can preserve key structural features of 2D metal–organic and 
covalent organic frameworks while enabling new directions in synthetic and materials chemistry. 
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