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ABSTRACT: This paper describes the use of the layered conductive metal–organic framework 

(MOF) (nickel)3-(hexahydroxytriphenylene)2 [Ni3(HHTP)2] as a model system for understanding 

the process of self-assembly within this class of materials. We confirm and quantify 

experimentally the role of oxidant in the synthetic process. Monitoring the deposition of 

Ni3(HHTP)2 with in-situ infrared spectroscopy revealed that MOF formation is characterized by 

an initial induction period, followed by linear growth with respect to time. The presence and 

identity of oxidizing agents is critical for the coordination-driven self-assembly of these materials, 

and impacts both the length of the induction period and the observed rate of MOF growth. A large 
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excess of hydrogen peroxide results in a 2× increase in observed deposition rate (9.6  6.8 × 10-4 

vs. 5.0  2.8 × 10-4 min-1) over standard reaction conditions, but leads to the formation of large, 

irregularly shaped particles. Slower deposition rates in the presence of oxygen favor the formation 

of uniformly sized nanorods (98  38 × 25  6 nm). These quantitative insights into the mechanism 

of HHTP-based MOF formation provide valuable information about the fundamental aspects of 

coordination and polymerization that are critical for nanoscale crystal engineering of structure–

property relationships in this class of materials. 

INTRODUCTION  

Conductive two-dimensional layered metal–organic frameworks (MOFs) are promising 

materials for electroanalysis,1–5 energy storage,6–9 and catalysis.10–14 Their multifunctional 

properties, including high surface area,7,10,15 electrical conductivity,15,16 and unique chemical 

reactivity11,17,18 have paved the way to a range of applications in chemical catalysis and 

sensing,1,11–14,18,19 physics and electronics,6,9,10,20–22 and biosensing and biomedical 

diagnostics.1,5,18,23–26 At their core, these 2D layered conductive MOFs have a rich chemistry that 

stems from the flexible redox states of their components, their tunable morphology, and their 

incorporation of diverse elements, both inorganic27–29 and organic.30–35 The functional properties 

of these MOFs in particular are influenced by the morphology,36 synthetic route,37 and crystal 

facet,4 all of which are tied together by a set of growth kinetics.  However, attaining a deeper 

understanding of the mechanistic details of MOF growth poses a challenge due to poor solubility 

of the final materials and redox activity of both the MOF and its precursors. Consequently, typical 

methods for studying chemical kinetics and supramolecular binding interactions, such as nuclear 

magnetic resonance spectroscopy (NMR)38,39 and isothermal titration calorimetry (ITC),40,41 are 
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not easily adapted for studying the self-assembly of MOFs. The absence of fundamental insight 

into coordination-polymerization that governs the rate of the assembly of conductive MOFs from 

their molecular precursors into crystalline structures hinders strategic efforts in the molecular 

design of structure–property relationships, morphological control, and deposition into devices for 

this class of materials.  

The multifunctional properties of these layered conductive MOFs are highly dependent on the 

molecular components of the material.21,42–44 Intrinsically, aspects such as redox states of 

constituents, edge functionality of the nanocrystalline products, and the underlying structural 

constraints imposed by component parts can be challenging to untangle when studying the final 

products instead of the processes involved in formation. In the subclass of these MOFs based on 

the hexahydroxytriphenylene (HHTP) ligand, structural properties are closely tied to the identity 

of the metal node. Previously reported cobalt- and nickel-based HHTP MOFs form a bilayered 

structure, in which extended sheets alternate with an intercalated layer of HHTP-metal units 

(Figure 1a).27 In Ni3(HHTP)2, X-ray photoelectron spectroscopy (XPS) has shown Ni2+ to be the 

dominant redox state.42 By contrast, the copper-based HHTP MOF is not isostructural to the Ni 

and Co members, but favors an AAA slipped-parallel packing structure,45 and has a mixed valency 

of Cu1+ and Cu2+ nodes.42,46 Coordination of lanthanide metal ions with HHTP creates a 3D MOF, 

where Ln3+ ions force the HHTP layers closer together.28 In contrast, recently reported structures 

of a Bi(HHTP) coordination polymer have unique corrugated sheet topologies47,48 and a flexible 

structure that shifts between two forms depending on the presence of water in the pores.47 Although 

these structural subtleties are well documented, with trends in the redox activity and coordination 

geometry of the metals being significant contributing factors, no systematic studies have provided 

molecular-level insight for why the metal-linker combination impacts the structure in this way.  
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Recent reports have demonstrated that the structure and morphology of MOFs, as well as 

differences in their component structure, can greatly influence their multifunctional 

properties.4,36,42,49 A closer look at the mechanistic details of the self-assembly process is necessary 

to gain deeper insights into the questions that have surrounded this class of MOFs since their 

discovery. Despite the widely reported applications of 2D layered conductive MOFs, current 

understanding of the process leading from homogeneous solution-phase reactants to templated 

solid-state products is lacking. While seminal studies for layered COFs based on HHTP and 

boronate ester chemistry have yielded valuable insights that have become instrumental in the 

advancement of the fields of COF-based electronics and controlled crystal growth,50,51 analogous 

information for 2D layered MOF materials is not yet available. Model complexes in solution have 

been used to study the redox and spin properties of HHTP MOFs,52,53 but these studies do not 

provide information about MOF nucleation, growth, or deposition. The identification of a rate law 

for specific reagents has remained largely unexplored. For example, heterogeneous solvothermal 

methods of HHTP MOF synthesis typically utilize stoichiometric amounts or a slight excess of 

metal ions (2:1 M:HHTP or greater),27,28,54,55 but the impact of these reaction conditions on the 

morphology and properties of the resulting MOF has not been systematically reported. 

Furthermore, heterogeneous, hydrothermal syntheses of triphenylene-based MOFs are almost 

universally run under ambient atmosphere,49 yet the role of oxygen and/or oxidizing agents has 

not been systematically investigated. In particular, interfacial growth methods for HHTP MOFs, 

which can result in MOF thin films and/or highly oriented crystals, use directional reaction 

geometries, which likely serve to mediate the diffusion of oxygen to the reactants, but the role of 

oxygen has not been explicitly acknowledged.56,57 Work recently published by our group and 

others found that control of oxidation state of the starting materials and control over oxidants in 
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the MOF formation reaction could provide control over epitaxial MOF alignment and 

morphology.4,49 Understanding how 2D MOFs self-assemble is important to the strategic design 

of the structure–property relationships in this unique class of 2D materials. 

This work presents the first systematic investigation of the formation and deposition of 

nanocrystalline Ni3(HHTP)2, a 2D layered conductive MOF. By carefully controlling the presence, 

identity, and concentration of oxidants, we determine the role of redox reactions in the formation 

process of MOFs, and the overall rates related to MOF growth and deposition onto substrates. 

Herein, we discover and present the initial stage of MOF formation that consists of a coordination 

stage coinciding with the spectroscopically observed induction time, followed by a period of linear 

growth vs. time that is limited by the oxidation state of reactive components. We attribute the 

formation processes and dependence on oxygen to the reactivity of different oxidation states of 

HHTP (See Figure S1). Our study systematically compares the use of several oxidizing agents, 

including free oxygen diffusion from air and the addition of H2O2. This investigation demonstrates 

the relationship between growth rates and oxidant concentration, and the correlation of rates with 

control over the nanoscale morphology of MOF crystals. Increasing the dissolved oxygen 

concentration by bubbling air through the reaction results in a 10-fold increase in observed rate 

over the reaction driven by passive diffusion of air, although both conditions yield samples with 

similar morphology. By contrast, adding an excess of H2O2 to the reaction further doubles the 

observed rate of MOF formation, but results in irregularly shaped MOF particles. The insights into 

the formation mechanism of this MOF have the potential to inform the incorporation of 2D MOF 

materials into functional devices.  

EXPERIMENTAL DESIGN 
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Naming Conventions for Triphenylene-based MOFs: Since the initial reports of layered, 

conductive MOFs incorporating triphenylene-based linkers, a variety of naming conventions have 

been employed to describe these materials.27,32,58 These include the form M-CAT-1 for 

hexahydroxytriphenylene MOFs (where M is the metal node linking HHTP), the form 

M3(HXTP)2, (where M is the metal node and X represents the heteroatom of the triphenylene-

based linker), or the form M-HXTP using the same abbreviations. The M3(HXTP)2 form represents 

a stoichiometric formula for the coordinated 2D layer, and indicates the oxidation state of metal 

and linker in a charge-neutral layer: M2+ and [HHTP]3-. For the cobalt- and nickel-

hexahydroxytriphenylene analogs, which contain the intercalated layer, the total stoichiometric 

ratio for both layers is 9 Ni: 4 HHTP. However, it is important to recognize that neither the name 

Cu3(HHTP)2 nor the name Ni9(HHTP)4 reflect complete chemical formulas, as these names do not 

account for the presence of edge sites, defects, coordinated water, or trapped solvent molecules. In 

light of this inconsistency, we have adopted the naming convention of M3(HXTP)2 for all 2D 

layered triphenylene-based MOFs, regardless of packing mode, because this convention is the best 

descriptor for the connectivity of the MOF layer, and clearly indicates the structural commonalities 

between all the MOFs of this class.  

Choice of MOF System: We chose Ni3(HHTP)2 as a model system for studying MOF formation 

and deposition in situ for several reasons: 1) the established utility of HHTP-based MOFs for 

applications such as chemical sensing and catalysis,3,11 2) the straightforward synthetic access of 

the components and starting materials, which has led to their use in many applications,59 3) the 

established demonstration that nanostructured control of interfaces has a profound influence on 

the functional performance of this class of materials,4,21,36,60,61 and 4) the precedent for depositing 

Ni3(HHTP)2 on surfaces,21,54,62–64 which is a critical feature for the method of spectroscopic 
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monitoring of MOF growth we employed. We modified the synthetic procedures slightly from 

previously published reaction conditions by lowering the temperature and changing the solvent 

from pure water to a 20:3 water:dimethylformamide (DMF) mixture, ensuring that all components 

could be dissolved, so that the reaction could proceed homogeneously (Figure 1a).  

Choice of Spectroscopic Technique: We selected attenuated total reflectance Fourier transform 

infrared spectroscopy (ATR-FTIR) for in situ monitoring of MOF formation. ATR-FTIR is a 

powerful technique that relies on the generation of an evanescent wave adjacent to the surface of 

an optical crystal;65,66 attenuation of the wave by chemical species near the crystal by absorbing, 

scattering, and reflecting infrared light leads to observable absorbance bands that correspond to 

specific vibrational modes of proximal chemical entities. The evanescent wave is most sensitive 

to the chemical environment within 2 µm of the surface of the ATR crystal with the sensitivity 

dropping exponentially with distance.65,66 For this reason, IR sampling of reactions by ATR 

methods are well suited to studies of the deposition of materials onto the ATR crystal. We 

constructed a custom reaction cell accessory in which reactions could be conducted, and we 

tracked the formation of MOF by monitoring the change in absorbance at three characteristic 

vibrational frequencies known to represent key structural features of the MOF (See Supporting 

Information, Section IV, for more details). Through a series of experiments, we assessed variables 

relevant to MOF formation controlling for the presence and concentration of oxidizing agents (O2 

or H2O2). We compared the results with bulk solution experiments through which we were able to 

monitor reaction yield, MOF crystallinity, and morphology. The interpretation of the spectroscopic 

results presented here relies on a key assumption: that the MOF particles deposited on the surface 

of the ATR crystal are similar in size and morphology to those collected from solution. We believe 

this to be a reasonable assumption based on previously reported Ni3(HHTP)2 hydrothermal surface 
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deposition methods where particles collected from solution are similar in morphology and particle 

size (within an order of magnitude) to those deposited on substrates.26,54,67 

Choices of Reagents, Oxidants, and Experimental Conditions: As with all chemical reactions, 

many factors, including reaction temperature, pH, and the concentration of all reagents likely 

contribute to the overall observed rate of Ni3(HHTP)2 deposition. While all of these factors may 

be worthy of further study, we have chosen specifically to study the impact of the oxidant on 

Ni3(HHTP)2 deposition for the following reasons: Firstly, the role of the oxidant has been 

mentioned in previous reports of this material, but remains underexplored.4,21,27,54,56,68–70 Despite 

this gap in the literature, we found that manipulating the introduction of oxidants into Ni3(HHTP)2 

synthesis had a dramatic impact on MOF morphology and crystallinity, necessitating the 

understanding of this important reaction parameter before seeking to elucidate the impact of other 

reagents and conditions. In order to elucidate the role of oxidants, the concentrations of other 

reagents were held constant for all experiments. The 2:1 ratio of Ni2+ ions to HHTP linkers 

represents the standard ratio in reports of Ni3(HHTP)2,
4,42,54,62,64,68,69,71,72 and the use of 11.1 mM 

HHTP solution is similar to previously reported hydrothermal syntheses of these materials.4,42,54 

Additionally, the acetate salt is the most common nickel source used in Ni3(HHTP)2 

syntheses,4,23,42,54,55,62,64,68,69,71–74 as the acetate counter ion serves to modulate the pH of the 

reaction solution and assist in the deprotonation of HHTP, which is necessary for Ni3(HHTP)2 self-

assembly. Two important changes from standard synthesis conditions were made in order to study 

MOF deposition in situ: firstly, a mixture of dimethylformamide (DMF) and water was used as the 

solvent matrix, rather than pure water, so that HHTP could be fully dissolved at the start of the 

reaction. We compared our samples with Ni3(HHTP)2 produced from a hydrothermal, 

heterogeneous control synthesis in order to ensure that the impact of this change was minimal. 
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Secondly, in situ ATR-FTIR measurements of reactions were carried out at room temperature 

rather than with applied heat, an experimental limitation of the current reaction cell. We made 

multiple comparisons between samples produced at room temperature vs. 85 °C in order to 

understand the impacts temperature might have on the self-assembly of this MOF.  

RESULTS AND DISCUSSION 

Impact of Oxidants in Bulk Syntheses. We began our investigation by examining the process 

of Ni3(HHTP)2 formation in bulk solution, and the effect of oxidizing agents on the transformation 

of HHTP into MOF. HHTP can exist in 7 possible oxidation states ranging from the fully oxidized 

tris-quinone (HHTP-tq) to the fully reduced tris-catecholate (HHTP-tc) (See Figure S1).52,75,76 To 

ensure HHTP remained in a relatively reduced form prior to the start of the reaction, we 

synthesized and isolated HHTP in the absence of oxygen and degassed all solvents before 

beginning each MOF growth experiment (See Supporting Information, Section II for more 

details). The oxidation state of the HHTP starting material was assessed with electron 

paramagnetic resonance (EPR), NMR spectroscopy, and UV-vis spectroscopy (See Figures S2-

S5) and shown to be relatively reduced compared with commercially available ligand, although 

the presence of carbon-centered radical character observed with EPR indicated the partially 

oxidized state of the ligand used in this study (See Figure S5). We examined the impact of 

oxidizing agents on the crystallinity and morphology of the resulting MOF particles using scanning 

electron microscopy (SEM) and powder X-ray diffraction (PXRD) shown in Figure 1b-e. For each 

of the conditions compared, Figure 1 shows a photograph of the reaction after 1 hour, a 

representative SEM image of the MOF nanoscale morphology, and the PXRD pattern, compared 

with a simulated diffraction pattern based on ABAB layered structure of the previously reported 
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crystal structure for Co3(HHTP)2 (which is isostructural to Ni3(HHTP)2).
27 Miller indices of 

corresponding Bragg planes are indicated on the plot.   
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Figure 1. The impact of synthetic conditions on Ni3(HHTP)3 morphology, assessed by powder X-

ray diffraction (PXRD), and scanning electron microscopy (SEM). (a) General synthetic 

conditions and structure of Ni3(HHTP)2, including conjugated and intercalated layers observed in 

the ABAB stacking pattern. (b-e) Four homogeneous synthetic conditions (in a 20:3 H2O: DMF 

mixture) were compared: (b) bubbling air, (c) bubbling nitrogen, (d) added H2O2 (1 mL, 6% H2O2) 

while bubbling air and (e) added H2O2 (1 mL, 6% H2O2) while bubbling nitrogen. The normalized 

PXRD patterns (center), and representative SEM images (left) of each MOF sample are shown, as 

well as a photograph of the reaction vial after 1 hr of reaction time (right). See supporting 

information for additional SEM images and experimental details.  

 

The presence of oxidizing agent was critical to MOF formation. Bubbling of oxygen through the 

reaction (while heating to 85 ° C) —either in a homogeneous reaction with reagents dissolved in 

a water/DMF mixture (Figure 1b) or in a hydrothermal reaction with reagents suspended in 

degassed water (Figure S6)— produced nanoscale rods, as characterized by SEM. In PXRD 

analysis, the (100) peak of these samples is particularly prominent, as were key peaks 

corresponding to the presence of the intercalated layer, including the (002)/ (31̅1̅) peak at 14° 2θ 

(highlighted in green in Figure 1, see Figure S7 and Table S1 for more details). Crystallinity, 

morphology, and conductivity (see Table S2) generally aligned well with previous reports of this 

material,27,42,54,56,61 as did the simulated diffraction pattern generated from the single crystal x-ray 

structure of the isostructural Co3(HHTP)2 MOF reported by Hmadeh et al.27 In contrast, the 

absence of oxygen (Figure 1c) suppressed MOF formation, as evidenced in the low intensity of 

characteristic MOF peaks by PXRD, and the lack of visible reaction after 1 hr (Figure S8). The 

addition of excess H2O2 (16 eq., 1 mL 6% H2O2) to the reaction, with or without bubbled air, 
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produced visible solids in the reaction vial after 1 hr, but the final MOF crystal morphologies were 

irregular, with no visible rod structures (Figure 1d-e). PXRD patterns of these samples showed 

that the (100) peak was less intense in comparison with other crystallographic peaks. The preferred 

orientation of the samples was consistent with a lack of randomly oriented rods and a prominence 

of plate-like slabs that tended to orient parallel with the PXRD substrate,4 and the overall intensity 

of the peaks was much less than in MOF samples synthesized with air, although peaks indicative 

of the intercalated layer were still present (See Figure 1 & Figure S9). TEM analysis of the 

samples synthesized with H2O2 showed that the large particles observed in SEM are aggregates of 

smaller particles which show ordered crystalline domains (Figures S10-13). The yields of these 

reactions were also lower than the bubbled air condition (19% vs 39%, see Table S3). Additional 

SEM images as well as particle size analysis of all samples are shown in Figures S14-19 and 

Table S4.  XPS and EDX analysis showed that all samples contained carbon, oxygen, and nickel 

in similar ratios (see Figures S20-27 and Tables S5-6). Lowering the temperature of MOF 

formation reactions (from 85 °C to 40 °C or 22 °C, in the presence of bubbled air) produced slightly 

smaller rods and lowered overall yields, indicating the role of heat in driving Ni3(HHTP)2 self-

assembly (see Figures S28-29, and Table S7). For MOFs, the nature of the link between synthesis 

temperature and MOF particle size varies depending on the specific MOF system.77,78 However, 

the  link we observed between lower reaction temperature and decreased Ni3(HHTP)2 nanorod size 

is consistent with trends observed in the hydrothermal synthesis of other crystalline nanomaterials, 

such as metal oxides.79–82 

Mechanistic Insights into MOF Self-Assembly from in situ Spectroscopy. To gain deeper 

understanding of Ni3(HHTP)2 self-assembly, we investigated the rates of MOF deposition using 

in situ ATR-FTIR spectroscopy. Using a custom ATR reaction vessel (Figure S30), we examined 
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three characteristic bands (Figure 2a) corresponding to the vibrational modes of the MOF at 1464, 

1314, and 1220 cm-1, which were identified in previous reports of Ni3(HHTP)2.
42,56 An additional 

band at 1647 cm-1 corresponds to the bending mode of water;83 the negative-going direction of this 

band indicates the likely displacement of water from the crystal upon the addition of MOF 

precursors to the reaction cell. The diagnostic MOF bands (which appear in the difference spectra 

of the initial solution subtracted from each reaction timepoint) correspond to absorbance bands 

observed in FTIR spectra of dried MOF powder regardless of particle morphology, and are not 

present in spectra of precursors HHTP and Ni(OAc)2 (See Figures S31-S32). Although it is 

difficult to assign these bands to specific vibrational modes, past reports suggest that these energies 

correspond to vibrations within the aromatic ring system formed by HHTP coordinated with nickel 

ions.42,84–86 The three bands grow in parallel over the course of MOF formation, although the band 

at 1464 cm-1 is always the largest, and without both nickel ions and HHTP present these bands do 

not appear (see Figures S33-39). The progress of MOF deposition onto the ATR crystal is 

represented by the increase in intensity of the band at 1464 cm-1 over the reaction time (Figure 

2b-c).  

Two important features characterize the reaction profiles in Figure 2b-c. Firstly, all reactions 

show an induction period, a region defined by minimal growth, immediately following the addition 

of oxidizing agent. This period is longest in the case when the cell is simply uncovered and exposed 

to air (3 hours) and shortest when H2O2 (16 equivalents, 50 µL 6% H2O2, 118 mM in cell) is added 

to the cell (12 minutes). When air is bubbled into the cell, the induction period is 40 minutes in 

length. The second feature is the initial region of growth following the induction period, a sharp 

increase in absorbance at 1464 cm-1 that was linear with respect to time. Initial rates were 

calculated based on this initial linear region of each growth trace (see Figure S36). The ‘air 



 14 

bubbled’ condition had a faster initial rate (5.0  2.8 × 10-4 min-1) than the ‘air diffusion’ condition, 

which was an order of magnitude slower (5.0  0.7 × 10-5 min-1). The addition of H2O2 

approximately doubled the initial rate over that of the air bubbling condition (9.6  6.8 × 10-4 min-

1). Rates and induction periods for MOF growth experiments are summarized in Table S8. 

To understand the correlation between growth rates and morphology, we collected MOF 

powders from syntheses mimicking the conditions used to collect rate data, analyzed them with 

SEM and PXRD, and calculated MOF yields. The yields of the collected MOF product were lower 

overall for these experiments, which occurred at room temperature, than that of the bulk synthesis 

reactions conducted at 85 °C (9.7 % vs 39 % for the ‘air bubbled’ condition, although yields were 

increased by running the reaction for longer than 18 hrs, see Table S8). SEM imaging showed that 

room temperature reaction conditions produced nanorods whether air is introduced through 

bubbling or diffusion. The rods appear shorter and more aggregated in the ‘air bubbled’ sample 

(Figure 2d,f and Figures S40-41) than in the ‘air diffusion’ sample (98  38 nm vs. 275  125 nm 

average length for air bubbled and air diffusion samples respectively, and similar differences in 

rod sizes were observed in samples collected after 6 days at room temperature, see Figure S42). 

By contrast, the H2O2 condition showed large (1.2  0.9 μm), irregular particles (Figure 2e, 

Figures S43-44). PXRD analysis of these samples showed differences in relative crystallinity 

similar to samples from bulk synthesis experiments (Figure S45). The N2 growth condition yielded 

less than 0.5 mg (<1% yield) of MOF and had no visible rod structures. Particle size analysis of 

all samples is shown in Figures S46 and Table S9.  
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Figure 2. In situ ATR-FTIR monitoring of Ni3(HHTP)2 deposition. (a) FTIR absorbance spectra 

of the initial HHTP solution, the solution after the addition of nickel (II) acetate, and the difference 

spectra of the MOF deposited on the ATR crystal at reaction time points from 0.75 to 14 h of 

exposure to air (all spectra shown are difference spectra subtracting the initial solution baseline 

from the reaction timepoint). (b) Comparison of the deposition profiles at 1464 cm-1 for four 

reaction conditions: the cell open to air (‘Air Diffusion’) the cell with needle inserted bubbling air 

slowly through the solution (‘Air Bubbled’), 50 μL 6% H2O2 added to the cell after the addition of 

the nickel solution and exposed to air (‘Air + H2O2’), and the cell with N2 gas flowing slowly over 
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reaction solution (‘N2’). (c) Expanded view of the first 90 minutes of MOF deposition. (c-d) The 

end of the induction period, which we defined as the point where MOF peaks became visible above 

the background, are marked on each trace with a circle. (d-g) SEM images of the morphology of 

Ni3(HHTP)2 samples collected from in situ IR experiments. All conditions shown used 11.1 mM 

HHTP dissolved in 20:3 water:DMF and a 2:1 Ni:HHTP ratio.  

 

The variations in growth rates and morphologies correlated to reaction conditions further support 

the key role that oxidants play in the self-assembly of Ni3(HHTP)2. The oxidation of HHTP from 

the tris-catecholate to the tris-semiquinone state (accompanied by appropriate deprotonation) is 

necessary to achieve charge balance with the Ni2+ ions in the conjugated layer of the framework. 

Therefore, 3 equivalents of oxidant per 1 eq. HHTP in the conjugated layer are theoretically 

required for transformation from precursors into MOF. (The presence of the acetate counter ions 

assists in this transformation by aiding deprotonation of HHTP, which is also necessary for 

oxidation.) The reaction conditions described above reflect different regimes for oxidant 

concentration relative to HHTP. All reactions were set up with a deoxygenated solvent matrix. 

Exposure of the cell to air initiates the diffusion of oxygen into the reaction solution. The 

concentration of oxygen is therefore limited initially by the rate of O2 diffusion at room 

temperature and ambient pressure. Additionally, the saturated concentration of oxygen in the 

solution at room temperature is expected to be an order of magnitude lower than that of HHTP 

(see Table S10), making O2 the limiting reagent at the metal/linker concentrations used for all 

experiments (which reflect previously reported concentrations in the synthesis of this 

material).4,27,42,54,55 Continued oxygen diffusion is necessary for MOF formation over the course 

of the reaction, and bubbling air into the reaction cell allows for faster diffusion of O2 into the 
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solution, allowing the system to reach saturation more quickly than without bubbling air, and 

replenishing oxygen more quickly as it is consumed by the reaction. This hypothesis is supported 

by the fact that slowing oxygen diffusion by shrinking the aperture of the cell opening within the 

ATR-IR apparatus lengthens the induction period from 3 to 4.5 h, without a significant impact on 

the initial rate (see Figure S47).  

By contrast, the ‘Air + H2O2’ condition is in a regime of higher oxidant concentration than 

reactions with air as the sole oxidant. In these reactions, the H2O2 concentration in the cell is in 

approximately a 15-fold excess relative to HHTP, leading to a shorter induction period of 8 ± 3 

minutes. While nickel-containing materials have demonstrated catalytic activity towards the 

degradation of  H2O2,
87,88 adding H2O2 to the nickel acetate solution produced no change in the 

UV absorbance over 18 hours, while  the HHTP solution changed color from pale pink to brown 

following the addition of H2O2 over the same time period (Figure S48), indicating that the primary 

role of H2O2 in the MOF formation reaction is to oxidize the linker.  

Correlation of Observed Growth Rates with Oxidant Concentrations. We next sought to 

correlate the initial rate of reaction with oxidant concentration by adding stoichiometric 

equivalents of oxidant to the reaction cell. The observed rate of Ni3(HHTP)2 growth increased with 

increasing concentrations of H2O2 from 0-10 molar equivalents. (Figure 3a-b). The initial rate 

(calculated based on the initial linear portion of the curve, approx. 10-30 min. depending on 

condition) for the 10 eq. H2O2 condition was approximately 10× greater than the observed rate for 

the 3 eq. and 1 eq. H2O2 conditions (3.7 ± 0.6 × 10-3 min-1 vs. 4.1 ± 2.2 × 10-4 min-1, and 2.8 ± 

1.3 × 10-4, respectively, see Table S11). In most of these experiments, MOF growth proceeded 

immediately upon addition of oxidant with no observed induction period. However, when only 1 

equivalent H2O2 was added to the reaction, an induction period of approximately 40 minutes was 
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observed (see Figure S49). PXRD analysis of samples from these reactions (isolated after allowing 

the reaction to proceed overnight) showed low intensity of diffraction peaks that were broad in 

nature (Figure S50). SEM micrographs of these samples show a key feature: the 1 eq. and 3 eq. 

samples show some regions with irregularly shaped particles, but also regions containing small 

(<100 nm long) nanorods (Figures 3d-e, S51, see Table S12 for additional particle size 

information).  The presence of rod-like morphologies in these samples suggests that a slow initial 

growth rate is a critical factor in forming MOF nanorods. 

This result was further supported by experiments in which H2O2 was added gradually to the 

reaction cell. Adding 2 equivalents H2O2 to the reaction cell at 0, 1, 2, 3, and 4 h (10 equivalents 

total, Figure 3e) resulted in a slower rate of deposition (average rate in the first hour of 1.7 ± 0.3 

× 10-3 min-1 for the gradual addition versus 2.4 ± 0.4 × 10-3 min-1 when 10 equivalents was added 

at the start of the reaction). Similar average deposition rates were obtained when 2 eq. aliquots 

were added to the reaction at 30 minutes intervals (5 additions over 2 hours, 9.0 ± 7.1 × 10-4 min-

1, Figure 3e, Table S13). This reduction in deposition rate corresponded with a dramatic change 

in particle morphology and crystallinity. Rather than irregularly shaped particles, samples isolated 

from these reactions showed rod-shaped particles in SEM analysis (Figure 3g,h, Figure S52, 

Table S14), and PXRD patterns showed prominent (100) peaks (Figure S53) similar to the 

diffraction patterns of samples generated with air as the oxidant. These results indicate that the 

gradual infusion of H2O2 into the reaction cell moderates the rate of MOF deposition, allowing for 

the formation of material with larger crystalline domains. In this way, this gradual infusion of H2O2 

mimicked the diffusion of oxygen from the air into the reaction solution and produced similar 

results.   



 19 

 

Figure 3. Impact of oxidant concentration on the morphology and self-assembly rates of 

Ni3(HHTP)2. (a) Deposition profiles of Ni3(HHTP)2 with 10, 7.5, 5, 3, 1, and 0 equivalents of H2O2 

added at t = 3 min. All conditions shown used 11.1 mM HHTP dissolved in 20:3 water:DMF and 

a 2:1 Ni:HHTP ratio at room temperature. (b) Calculated rates of Ni3(HHTP)2 self-assembly for 

experiments with 1-10 eq. H2O2. Both initial rate (slope of the linear portion of the curve) and 

average rate (total change in the first 60 min of reaction) are shown. Error bars represent the 

standard deviation from the mean based on 3 replicates. (c-e) SEM images of samples isolated 

from (c) the 10-equivalent H2O2 condition, (d) the 3-equivalent H2O2 condition, and (e) the 1-

equivalent H2O2 condition. (f) Deposition profiles of Ni3(HHTP)2 with 10 equivalents H2O2 added 

at t =  3 min, or introduced gradually in 5 aliquots over 2 or 4 hours. Colored arrows indicate the 

addition of aliquots to the cell. All conditions shown used 11.1 mM HHTP dissolved in 20:3 

water:DMF and a 2:1 Ni:HHTP ratio at room temperature. (g-h) SEM images of samples isolated 

from (g) the 4-hour infusion condition and (h) the 2-hour infusion condition.  
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Less dramatic modulations in deposition rate can be observed when the flow rate of air bubbled 

into the reaction cell is varied using a mass flow controller. When air is flowed into the reaction at 

bubbling rates varying from 1 – 4 mL/min, the initial rate increases with increasing flow rate, and 

the length of the observed induction period decreases (Figure 4a-b). The difference in these rates 

is less extreme than the differences in rates between the 1 eq. and 10 eq. H2O2 conditions (a 2-fold 

increase between 1 and 4 mL/min experiments versus a 10-fold increase in the latter case, Figure 

4c-d, Table S15). This result is consistent both with the relatively narrow range of flow rates 

explored due to experimental limitations (4 mL/min is the maximum flow rate of the mass flow 

controller) and with the fact that the maximum concentration of oxygen in the reaction is still 

limited by the maximum solubility of O2 in the solvent matrix. Samples isolated from these 

reactions showed nanorod morphologies of similar sizes to particles generated from other 

experiments with air as the oxidant (Figure 4e-g, Figure S54, Table S16). These samples also 

showed prominent (100) peaks in PXRD patterns, consistent with rod-like morphologies (Figure 

S55).  
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Figure 4. Impact of air bubbling rate on Ni3(HHTP)2 deposition rates and particle morphology. 

(a) Deposition profiles of Ni3(HHTP)2 with air bubbling into the reaction at 1, 2 and 4 mL/minute. 

All conditions shown used 11.1 mM HHTP dissolved in 20:3 water:DMF and a 2:1 Ni:HHTP ratio 

at room temperature. (b) Expanded view of the first 90 minutes of MOF deposition. (c) Calculated 

initial rates and average rates of Ni3(HHTP)2 deposition. (d) Observed length of induction periods 

for experiments with air bubbled into the reaction at a rate of 1, 2 and 4 mL/minute. (e-g) SEM 

images of samples isolated from (e) the1 mL/min condition, (f) the 2 mL/min condition, and (e) 

the 4 mL/min condition.  
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Observations of the Initial Phase of Self-Assembly of MOF. While the induction period 

observed in ATR-FTIR experiments results in no deposition of MOF on the ATR crystal, important 

processes are occurring during this time. One such process is the solution-phase formation of Ni-

HHTP coordination complexes, which can then self-assemble into larger, solid-phase MOF 

crystals. The formation of such a complex is supported by UV-vis spectroscopy, which showed an 

immediate color change and new maximum absorbance of approximately 600 nm upon the 

addition of Ni(OAc)2 to the HHTP solution (Figure 5a). This observed peak is similar in position 

to those of previously reported nickel-catecholate complexes,85 and increased in intensity over the 

period of an hour, with or without oxidant, corresponding to a darkening of the navy-blue color of 

the solution (Figures 5b, S56). A detailed study of analogous ruthenium-HHTP complexes by 

Ward and colleagues suggests that this new peak in the red region of the visible spectrum is a 

combination of ligand-centered 𝜋 → 𝜋∗ transitions and metal-to-ligand charge transfer, and that 

the red shifting of the peak over time is consistent with oxidation of the Ni-HHTP complexes.76 In 

addition to the growth of the peak at 604 nm, the absorbance from 750-800 nm increased, and the 

cuvette also became visibly less translucent over this period, consistent with increases in turbidity 

observed in the crystallization of other framework materials.51,89 This initial nucleation can also 

be observed in FTIR studies as a small initial rise in absorbance at 1464 cm-1 (Figure 5c). 

Excluding oxidant from the reaction system halts reaction progress, with no observable MOF 

precipitation. Delaying oxidant addition by two hours effectively leads to reaction arrest, as 

evidenced by the absorbance at 1464 cm-1, which remains approximately constant in that time. 

Taken together, these changes suggest that in the absence of oxidant, formation of Ni-HHTP 

complexes and oligomers in solution is possible, but significant growth of MOF nanocrystals only 

begins after the oxidant (H2O2) is added to the reaction (Figure 5d). 
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Figure 5. The role of the Ni2+-HHTP coordination complex in Ni3(HHTP)2 MOF formation. (a) 

Visible absorption spectrum of HHTP solution, Ni(OAc)2 solution, and Ni and HHTP solutions 

combined. (b) The visible spectrum of the first hour following addition of Ni(OAc)2 solution to 

HHTP solution in a sealed cuvette (double beam with DMF/H2O solution matrix blank). (c) FTIR 

difference spectra of reaction mixture immediately after addition on Ni2+ (initial), at 2 hours (prior 

to addition of oxidant) and 3 hours (1 hour post-addition of 10 eq. H2O2) (d) Deposition profile 

for experiments with delayed addition of 3 and 10 equivalents H2O2, added two hours after 

combination of Ni(OAc)2 and HHTP solutions. 

 

Comparing the initial rates of reaction in the experiments with delayed and immediate addition 

of H2O2 further supports the vital role of the Ni-HHTP coordination complex in MOF self-

assembly and the impact of oxidants on MOF morphology. The initial rate for the 10 eq. condition 

is not significantly changed with delayed H2O2 addition, but the rate for the 3 eq. condition is 

approximately 3× greater when H2O2 is added after 2 hours (4.1 ± 2.2 × 10-4 vs. 1.3 ± 0.7 × 10-3 

min-1, respectively, see Table S11). This result indicates that after Ni-HHTP subunits have 
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assembled, the addition of oxidant allows MOF growth to proceed rapidly. This ‘pre-assembly’ of 

the Ni-HHTP coordination complex prior to the introduction of oxidant dramatically impacts the 

resulting morphology of the MOF. The morphologies of the MOF samples collected from these 

reactions (allowed to continue over 18 hours before isolation) are similar to other MOF samples 

with large excesses of H2O2, with SEM images showing large, irregularly shaped particles, 

indicating that rapid precipitation is the cause of these aggregated MOF particles (See Figures 

S57-S58) for additional SEM images and PXRD characterization). These results demonstrate how 

the manipulation of growth rates and induction periods for Ni3(HHTP)2 directly impacts the 

morphology of the synthesized MOF particles. 

The observed phases of MOF growth in this study, comprising an induction period, followed by 

linear growth, followed by a plateau, are similar to those observed in the growth of COF-5, an 

HHTP- based COF.51,89 In the case of COF-5, the initial rate and length of the induction period are 

highly dependent on the temperature and concentrations of framework components. Temperature 

governs the length of COF-formation processes because the energy barrier for the reaction between 

HHTP and the 1,4-phenylene bis(boronic acid) linker is relatively high, compared with the rapid, 

low activation energy process of stacking once extended layers form, such that the observed rate 

of COF growth is a combination of the parallel processes of oligomer formation and layer 

stacking.51 Although the structure of COF-5 is not totally analogous to that of Ni3(HHTP)2, the 

stacking of the layers of both materials consists of 𝜋 − 𝜋 interactions of triphenylene subunits.27,84 

Computational analysis of COF-5 self-assembly suggests that stacking between larger layers is 

more stable than stacking of smaller layers, leading to the formation of insoluble COF nuclei.51 

These mechanistic insights into COF formation are useful in interpreting the kinetic results 

presented here, and in theorizing potential mechanisms for HHTP-based MOF nucleation and 
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growth. Similar to COF-5, the overall growth rate of Ni3(HHTP)2 is a combination of at least two 

processes: 1) coordination-polymerization of ligand monomers and Ni2+ ions into the conjugated 

layer, and 2) the stacking of layers to form the layered MOF crystals. We have determined that the 

initial coordination of Ni2+ ions with ligand proceeds rapidly, but the nucleation of MOF 

crystallites (corresponding to the observed induction period) is governed by the presence of 

oxidants. This result indicates that oxidation is a necessary step of the coordination–polymerization 

of the ligand and Ni2+. To form the metal (bis-dioxolene) linkages that extend into a charge-neutral 

coordination polymer, the ligand must be appropriately oxidized and charge-balanced to provide 

a charge-neutral extended framework compensating the 2+ charge of Ni-ions90 (see Figure S59 

for the structure of the monomer units and intercalated layer). As layers grow larger, they can 

begin to stack, and result in solid crystals (see Figure 6).   

In all cases, oxidants are critical to the formation of Ni3(HHTP)2 crystallites. In a typical, 

hydrothermal, heterogeneous synthesis of Ni3(HHTP)2 under ambient atmosphere, the starting 

HHTP/nickel acetate/water mixture is not degassed and thus contains dissolved oxygen. In such 

reactions, HHTP is typically present at mM concentrations, meaning that, as in the experiments 

presented above, oxygen is the limiting reagent, and must be replenished through the course of the 

reaction. Thus, the diffusion of oxygen governs the rate at which the MOF can self-assemble, and 

as we have shown here, adding large excesses of oxidant at the beginning of the reaction can speed 

up the precipitation of MOF solid, but results in large, irregularly shaped particles. In order to 

fabricate Ni3(HHTP)2 MOF particles with consistent size and morphology,4 control of growth 

kinetics is essential, and a critical factor in controlling growth kinetics is the concentration of 

oxidants.  
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Figure 6. Schematic diagram depicting the proposed mechanistic domains of Ni3(HHTP)2 

formation. The formation of Ni(catecholate) coordination complexes proceeds immediately after 

the addition of Ni(OAc)2. Without oxygen, the complexes cannot form Ni bis(dioxolene) 

structures, which precludes the formation of higher oligomers and eventually MOF crystallites. 

Addition of an oxidant at this step oxidizes the HHTP coordination complex, which leads to a brief 

induction period where the 2D coordination-polymerization and stacking processes begin, 

followed by MOF aggregation and precipitation.  

 

CONCLUSION  

This paper presents a novel approach to monitoring the growth and deposition of Ni3(HHTP)2 

MOF particles, which is used as a model system for understanding the self-assembly process of 

layered, conductive MOF nanocrystals. Our in situ observations demonstrated three key aspects of 

Ni3(HHTP)2 self-assembly and deposition: Firstly, the presence and identity of oxidants is crucial 

to the precipitation of solid MOF from reaction components and impact the morphology of the 

resulting MOF particles. Secondly, observable MOF growth proceeds after an induction period, 
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during which Ni-HHTP coordination complexes form in solution. Finally, the observed rates of 

MOF growth are driven by the concentrations of oxidants added to the system.  

Based on these observations, we propose a possible mechanism for the nucleation of HHTP 

MOFs from precursor components, in which reduced HHTP coordinates with nickel ions in 

solution. The combination of these coordination complexes and oxidizing agents allows for the 

formation of extended layers of HHTP ligands coordinated to nickel ions and drives the formation 

of oligomers, which combine and stack to form crystalline MOF particles. Although initial 

coordination between Ni2+ and HHTP may proceed without an oxidant, the process likely does not 

lead to the formation of extended MOF layers, instead terminating at the point of coordination 

complex formation. This initial coordination step is a necessary, but insufficient step for self-

assembly into MOF crystallites. Without oxidant, the reaction is stalled at this step, making the 

coordination-polymerization process inaccessible. Speeding up oxidation, for example, by adding 

H2O2 to the reaction, increases the rate of this process, but faster growth leads to irregularly shaped 

particles, suggesting that a slow, self-correcting process — the rate of which can be controlled by 

the identity and concentration of the oxidant — is necessary for the formation of nanocrystalline 

MOF particles. 

Our in situ studies provide valuable insights into the role of oxidants in Ni3(HHTP)2 self-

assembly, but a key limitation is the lack of control over temperature in the ATR-FTIR reaction 

cell used in this study. Our studies demonstrate that Ni3(HHTP)2 self-assembly can occur at room 

temperature, but the impact of heat and pH on the rates of MOF formation and the resulting particle 

morphology are still unexplored. This limitation could be overcome with a more sophisticated 

design of a reaction cell, which would also allow for the study of other MOF systems that do not 

form at room temperature. Another limitation is inherent to the use of attenuated total reflectance, 
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namely that it only captures the deposition of MOF particles on a surface and cannot provide 

insight into the nucleation of particles in solution. Finally, we were unable to isolate fully reduced 

HHTP-tc which limited our ability to precisely measure how HHTP-tc behaves in its coordination 

process with Ni2+. 

Nevertheless, this work gives new context to previously reported methods for the synthesis of 

HHTP-based MOFs, particularly interfacial and surface deposition methods.4,54,56,61–63 Our results 

show that the diffusion of oxidizing agents plays a key role in the kinetics of MOF formation, 

suggesting that particular MOF morphologies, such as oriented thin films, can be generated with 

careful control of the concentration and identity of the oxidant. Strategic design of reaction vessel 

geometries and consideration of other synthetic parameters allows for the controlled diffusion of 

oxygen into the system, leading to slow, and often highly oriented MOF growth.4,56 We anticipate 

that the same principles and methods can be applied to the study of the growth of other layered 

conductive MOFs. On a fundamental level, understanding of the experimental conditions that 

impact growth and deposition for other M3(HXTP)2 materials will lead to new understanding of 

the layered packing structure of triphenylene-based MOFs, particularly those that form without an 

intercalated layer. More practically, the insights we present here are poised to allow for the 

development of new methods for depositing layered conductive MOF onto surfaces and 

incorporating these materials into functional devices such as portable chemical sensors,1 

electrocatalysts,11 energy storage devices,6 and magnetoelectronic systems.22   

EXPERIMENTAL METHODS 

A complete account of methods, supporting characterization, and experimental results can be 

found in the Supporting Information. 
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Bulk synthesis of Ni3(HHTP)2. The synthesis of Ni3(HHTP)2 was modified from previously 

reported methods27,54,62 to form MOF from a homogeneous solution. Into a 1 dram (20 mL) vial 

with a septa top was added 10 mL of a solvent mixture consisting of 20 parts DI H2O and 3 parts 

DMF. The flask was sparged with N2 for 10 min. Once free of oxygen, HHTP (36 mg, 0.111 mmol) 

was added to the vial and sonicated until fully dissolved. In a separate vial was dissolved 

Ni(OAc)2(H2O)4 (55 mg, 0.222 mmol) in the same degassed H2O/DMF solvent system. Once 

dissolved and degassed, the solution of Ni(OAc)2 was added via syringe to the vial containing the 

solution of HHTP. The reaction was kept under the desired atmosphere (air or N2 bubbled through 

the solution) at the desired temperature (25 °C or 85 °C) for 18 hours. The reaction contents were 

then collected via vacuum filtration and rinsed 5 times each with 10 mL of acetone followed by 

10 mL of water. The resulting blue-black powder was dried and stored under vacuum.  

In-situ monitoring of Ni3(HHTP)2 growth by ATR-FTIR: Details of FTIR instrumentation, 

and the construction of a custom ATR-FTIR reaction cell are detailed in Section IV of the 

Supporting Information. Reactions performed on the ATR-FTIR were run for 14 hours. To 

monitor the reaction, we collected spectra from 400–4000 cm-1 every 60 seconds. The spectra were 

collected as double beam experiments subtracted from a single beam taken of the starting HHTP 

solution. In a typical experiment, 36 mg HHTP was dissolved in 10 mL solvent mixture [degassed 

water:DMF (20:3 vol:vol)] in a septa-topped vial purged with nitrogen, and 55.3 mg Ni(OAc)2 • 

4H2O was dissolved in 5 mL of solvent mixture in a septa-topped vial purged with nitrogen. 500 

μL HHTP solution was added via syringe to the reaction cell, and background spectra were 

collected, with nitrogen flowing over the cell headspace. 250 μL Ni solution was added to the 

reaction cell, the desired oxidant was introduced (air bubbled through solution, nitrogen flow 

removed and cell left open to air, or H2O2 added) and spectra were collected every 60 s for 14 
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hours. All spectra shown are difference spectra, reflecting changes in absorbance from the initial 

HHTP solution. The remaining nickel acetate solution was added to the remaining HHTP solution, 

and the desired oxidant was introduced. The reaction was left at room temperature for 18 hours, 

after which time the MOF was collected via vacuum filtration and washed with water and ethanol, 

so that MOF samples could be collected for PXRD and SEM analysis. 
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