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Abstract: We report the isolation and characterization of a series of 

trinickel complexes with 2,3,6,7,10,11-hexaoxotriphenylene (HOTP), 

[(Me3TPANi)3(HOTP)](BF4)n (Me3TPA = N,N,N-tris[(6-methyl-2-

pyridyl)methyl]amine) (n = 2, 3, 4 for complexes 1, 2, 3). These 

complexes comprise a redox ladder whereby the HOTP core displays 

increasingly quinoidal character as its formal oxidation state changes 

from –4, to –3, and –2 in 1, 2, and 3, respectively. No formal oxidation 

state changes occur on Ni, allowing the isolation of singlet diradical, 

monoradical, and closed-shell configurations for HOTP in 1, 2, and 3, 

respectively, with a concomitant decrease in the spin coupling 

strength upon oxidation. Because the three complexes can be 

considered models of the smallest building blocks of 2D conductive 

metal-organic frameworks such as Ni9HOTP4, these results serve as 

possible inspiration for the construction of extended materials with 

targeted electric and magnetic properties. 

Introduction 

Combining high spin density and tunability in chemical 

composition and electronic structures, electrically conductive two-

dimensional metal-organic frameworks (2D MOFs) have soared 

in interest in part due to potential applications such as spintronics, 

conductive ferromagnets, and superconductors.[1–8] Many of the 

electronic features that lead to interesting properties in these 

materials stem from the ligands, which are most commonly 

electron-rich molecules derived from a trigonal triphenylene 

core.[2,9,10] In particular, because the ligands can support multiple 

redox states that are difficult to control during synthesis, reports 

rarely provide conclusive evidence for the formal oxidation state 

or, indeed, even the formula unit of a given MOF.[1,11] Strikingly 

then, the effect of ligand charge state on the electronic and spin 

interactions in these materials is still poorly understood.  

 

Scheme 1. (a) Lewis structures of HOTP6– and the redox sequence on a 

catecholate sub-unit; (b) selected resonance structures of 1, 2, and 3, illustrating 

the charge states and spin structures of HOTPn–. Me3TPA capping ligands are 

omitted for clarity. 

To address this challenge, we aimed to isolate the smallest 

building unit of a 2D MOF, a trimetallic complex bridged by a 

single triphenylene ligand, and study its physical properties as a 

proxy for the extended material. This approach can be envisioned 

as a dimensional reduction strategy that has proven successful 

for gaining insight in the electronic structure of extended 

solids.[12,13] One previous study undertaking this strategy for a Cu-

based MOF demonstrated feasibility, but ultimately provided little 

insight because only a single ligand oxidation state could be 

isolated and characterized.[14] Here, we isolate model complexes 

related to the conductive MOF nickel hexaoxytriphenylene 

(Ni9HOTP4)[1,15] in three consecutive oxidation states: 

[(Me3TPANi)3(HOTP)](BF4)n (Me3TPA = N,N,N-tris[(6-methyl-2-

pyridyl)methyl]amine) (n = 2, 3, 4 for complexes 1, 2, 3), with 

charge states of –4, –3, and –2, respectively, on the HOTP 

fragment (Scheme 1b). HOTP serves a particularly attractive 

target because its three catechol units are, in principle, each 

capable of engaging in two consecutive one-electron reversible 
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redox couples in the catecholate-semiquinonate-quinonate (cat-

sq-q) sequence (Scheme 1a), affording up to six different 

oxidation states for a Ni3HOTP complex. Ni2+ is also a rational 

choice because it exhibits an open-shell electronic structure 

under octahedral coordination, important for studying spin 

exchange interactions, but otherwise exhibits redox inert behavior 

in catecholate complexes.[1,16–20] 

Results and Discussion 

 

Figure 1. Crystal structure of 2, showing (a) the cation containing Ni3HOTP motif 

and (b) the distortion from planarity of the Ni3HOTP core. Thermal ellipsoids are 

plotted at 50% probability level for elements other than hydrogen. Hydrogen 

atoms and part of the Me3TPA backbones in (b) are omitted for clarity.  

Complexes 2 and 3 were accessed by oxidation of 1 with one 

equivalent of ferrocenium tetrafluoroborate (FcBF4) or two 

equivalents of AgBF4 in dichloromethane (DCM) under nitrogen 

atmosphere (Scheme S1c, d). Complexes 1, 2, and 3 were further 

purified by recrystallization from DCM solutions layered with 

hexane, giving dark green ribbon-shaped, dark blue needle-

shaped, and dark purple needle-shaped crystals, respectively. 

Although all complexes were analytically pure and crystalline (see 

Supporting Information, Synthetic Details and Figure S2), only 

crystals of 2 were of sufficient quality to allow investigation by 

single crystal X-ray diffraction (XRD). Compound 2 crystallizes in 

space group P21/n, with neighboring [Ni3HOTP]3+ moieties well 

separated in space by Me3TPA capping each of the Ni2+ centers 

and by three charge-balancing tetrafluoroborate anions (Figure 

1a). The average C–O bond length in 2, 1.28(1) Å, lies close to 

the reported values for similar trimetallic complexes of HOTP3–, 

and is consistent with all three catecholate groups presenting as 

semiquinones.[14,19]  The average Ni–N bond length of 2, 2.11(1) 

Å, is also close to the typical value for Ni2+ complexes of 

Me3TPA.[20,21] Relevantly, the Ni3HOTP core deviates from 

planarity: whereas two Ni2+-semiquinonate sub-units are 

essentially coplanar, the third catecholate arm twists away from 

the plane of the first two by 18.9° (Figure 1b). As discussed later, 

this distortion has important implications for the spin interactions 

in 2. 

 

 

Figure 2. Cyclic voltammograms of 1, 2, and 3 measured in 0.2 M solutions of 

TBAPF6 in DCM under nitrogen. Black marks indicate open circuit potentials. 

Arrows indicate scanning direction. A, B, C, D, and E mark, respectively, the 

dominant species within the series [Ni3(HOTPn–)](6–n)+ (n = 6, 5, 4, 3, 2). 

Cyclic voltammetry (CV) measurements confirmed the formal 

charges in each of the complexes. The three complexes share 

similar CV features, all showing four reversible redox couples at 

E1/2 = –1.31, –0.90, –0.46, and +0.18 V with respect to the 

ferrocenium/ferrocene (Fc+/Fc) couple (Figure 2). We assign 

these to ligand-center redox events: HOTP5–/6–, HOTP4–/5–, 

HOTP3–/4–, and HOTP2–/3–, respectively, in line with literature 

reports for similar systems.[14,19,22,23] The CVs for complexes 1-3 

differ only in their open-circuit potential (OCP), measured at –0.63, 

+0.05, and +0.54 V vs. Fc+/Fc for 1, 2, and 3, respectively. These 

OCP values confirm that the HOTP moieties in 1, 2, and 3 carry 

formal charges of –4, –3, and –2, respectively, as described in 

Scheme 1. The electrochemical data, taken in the context of 

classical mixed-valence theory and considering each HOTP 

moiety as being composed of three catecholate subunits, offers 

an important clue into the degree of electron delocalization within 

the HOTP ligand. In particular the difference of 0.64 V between 

the E1/2 potentials of the HOTP3–/4– and HOTP2–/3– redox couples 

equates to a comproportionation constant Kc of 1010.8 (see Figure 

S3 and related discussion).This corresponds to full delocalization 

among the three semiquinonate sub-units, allowing the 

classification of 2 as a Robin-Day class III mixed-valence 

compound.[14,24–26] The increased oxidation of the ligand in going 

from 1 to 2 and 3 was also evidenced spectroscopically: in the 

UV-Visible-near-IR region, a blue-shift of the lowest energy 

absorption was observed from 1, to 2, to 3, with the peak 

maximum shifting from 1386, to 1196, and 1114 nm (all with 𝜖~104 

M-1cm-1) (Figure S6a). A blue-shift of the lowest-energy 

absorption in the near-IR region has been associated with an 

increase of quinoidal character in related trinuclear HOTP 

complexes.[27] In the mid-IR region, a blue-shift of the (C–O)-

based stretching band from 1310, 1331, to 1341 cm–1, again 

suggests increased quinoidal character and C–O bond order in 

HOTP upon oxidation from 1 to 2 and 3 (Figure S7).[28] Altogether, 

CV and UV-Visible-IR measurements confirm 1, 2, and 3 as a 
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redox ladder of three successive oxidation states for 

[Ni3(HOTP)]n+ (n = 2, 3, and 4) with electron transfer events all 

ligand-based. 

 

 

Figure 3. (a) Temperature-dependent 𝜒𝑀𝑇  (H = 1.0 kOe) and (b) field-

dependent magnetization (T = 1.8 K) curves for 1, 2, and 3. The solid black lines 

are fits described in the text. 

Magnetometry measurements provided critical insight into the 

nature and strength of spin coupling in the three complexes. 

Variable temperature direct current susceptibility measurements 

revealed that the 𝜒𝑀𝑇  of 1 increases significantly from 5.36 

cm3mol–1K at 293 K to a maximum of 9.04 cm3mol–1K at 15 K, 

before a sharp drop to 6.91 cm3mol-1K at 1.8 K (Figure 3a). This 

behavior is indicative of strong ferromagnetic interactions within 1. 

A variable field magnetization measurement of 1 at 1.8 K reveals 

early saturation above 20 kOe to a reduced magnetization value 

of 6.94 B.M. (Figure 3b). A reasonable first thought for interpreting 

this data is to model 1 as a three-spin system with a closed-shell 

HOTP4– ligand connecting three octahedral S = 1 Ni2+ centers. 

Under this assumption, the highest possible spin value for 1 would 

be S = 3, if the three Ni2+ centers are coupled ferromagnetically 

(Figure S8c). This would give a saturation magnetization of 6.94 

B.M. and a corresponding 𝑔-value of ~2.3. The latter value is 

further supported by the variable-temperature-variable-field 

(VTVH) magnetization data for 1 in the temperature range 1.8-10 

K under magnetic fields of 10-70 kOe (see Figure S9 and related 

discussion). However, this model would give a maximum value of 

𝜒𝑀𝑇 ~7.9 cm3mol–1K, significantly lower than the observed 𝜒𝑀𝑇 

maximum of 9.04 cm3mol–1K. Forcing HOTP4– to remain closed-

shell while fitting the 𝜒𝑀𝑇  data leads to an unreasonably high 

isotropic g-value of 2.45 for Ni2+, in further disagreement with the 

VTVH data (Figure S10 and related discussion). 

 

Intriguingly, an alternative model for the spin structure of 1 

assumes that HOTP4– possesses diradical character instead of a 

closed-shell configuration. This diradical formalism is not 

unprecedented for hexa-substituted triphenylene moieties in the 

4– redox state.[29,30] It involves two coupled HOTP-centered S = 

1/2 radicals, each further coupled to the three S = 1 Ni2+ centers 

(Figure S8a). The 𝜒𝑀𝑇 and reduced magnetization data can be fit 

to this model using a Hamiltonian with the following terms 

describing the isotropic exchange coupling [Eq. (1)]: 

ℋ1 = ℋ11 + ℋ12 + ℋ13;       (1)  

ℋ11 = −2𝐽1(𝑺𝑁𝑖1
𝑺𝑁𝑖2

+ 𝑺𝑁𝑖1
𝑺𝑁𝑖3

+ 𝑺𝑁𝑖2
𝑺𝑁𝑖3

);   (2)  

ℋ12 = −(2𝐽2 ∑ 𝑺𝑁𝑖𝑖
𝑺𝐿

𝑖=1,2,3

+ 2𝐽3 ∑ 𝑺𝑁𝑖𝑖
𝑺𝐿)

𝑖=1,2,3

; 

           (3)  

ℋ13 = −2𝐽4𝑺𝐿1𝑺𝐿2;               (4) 

where ℋ11 [Eq. (2)],  ℋ12 [Eq. (3)], and ℋ13 [Eq. (4)] describe the 

Ni2+-Ni2+, Ni2+-radical, and radical-radical spin interactions. Good 

fits were obtained for  𝐽1 = +7.0 cm-1, 𝐽2 = +16.8 cm-1, 𝐽3 = +22.8 

cm-1, 𝐽4 = –64.0 cm-1, 𝑔𝑁𝑖 = 2.28, and |𝐷𝑁𝑖| = 2.0 cm-1, with 𝑔𝐻𝑂𝑇𝑃 

fixed to the free electron value of 2.0 (Figure 3). The competing 

ferromagnetic and antiferromagnetic interactions between the 

Ni2+-Ni2+, Ni2+-radical, and radical-radical pairs produce a S = 3 

spin ground state for 1, in line with the value expected from the 

magnetization data. Expectedly, the strongest exchange 

interaction takes place within the HOTP moiety, where the 

geometric distortion away from planarity likely determines the 

antiferromagnetic coupling of the two radicals. The ferromagnetic 

Ni2+-radical interactions are in line with previous observations in 

Ni2+-semiquinonate complexes, and can be explained by the 

orthogonality of the Ni2+ and HOTP4– magnetic orbitals.[18,31] 

 

Parallel and perpendicular X-band electron paramagnetic 

resonance (EPR) spectroscopy provided further validation for the 

electronic structure of the complexes. At 4.5 K, frozen glasses of 

DCM solutions of 2 gave an intense signal with 𝑔 = 15.14 and a 

weaker signal with 𝑔 = 2.31, both only observed under parallel 

mode (Figure 4). These features are assigned to the transition 

within the 𝑚𝑠 = ±3 and 𝑚𝑠 = ±1 doublets of the S = 3 ground state 

upon further introducing rhombicity to the Ni2+-centered spins. 

Indeed, the two main EPR features were reproduced by a 

simulation with the above fitting parameters and an E/D = 0.12 

(Figure 4a, black trace), without losing the quality of fit of the 

magnetometry data (Figure S11). The consistency of 

magnetometry and EPR data supports our assignment of the spin 

structure of 1, namely an unusual open-shell singlet diradical on 

HOTP4–. 

 

The 𝜒𝑀𝑇 of 2 exhibits a slight increase from 4.35 cm3mol–1K at 

293 K to a maximum of 4.62 cm3mol–1K near 25 K, suggesting a 

weak overall ferromagnetic interaction between Ni2+ centers 

(Figure 3a). Below 25 K, 𝜒𝑀𝑇 dropped abruptly to 2.73 cm3mol–1K 

at 1.8 K, typical for octahedral Ni2+-centered spins with zero-field 
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splitting. The presence of zero-field splitting also agrees with the 

absence of saturation up to 90 kOe in the saturation 

magnetization measurement (Figure 3b). Based on these data, 2 

should have three Ni2+-centered S = 1 spins and a HOTP3–-

centered S = 1/2 spin. Although 𝜒𝑀𝑇 at 293 K is higher than the 

expected value for such a model (3.38 cm3mol–1K with g = 2.0), 

octahedral Ni2+ centers often exhibit g-values larger than 2.0.[32,33] 

Indeed, fitting the 𝜒𝑀𝑇 and reduced magnetization data for 2 to a 

straightforward Hamiltonian: 

ℋ2 = −2𝐽1𝑺𝑁𝑖1
𝑺𝐻𝑂𝑇𝑃 − 2𝐽2(𝑺𝑁𝑖2

𝑺𝐻𝑂𝑇𝑃 + 𝑺𝑁𝑖3
𝑺𝐻𝑂𝑇𝑃)  (5)  

where two 𝑔, J, and D are used to account for the low symmetry 

observed in the crystal structure (see Figure S8b and related 

discussions) gave good fits for 𝐽1 = –6.4 cm–1 and 𝐽2 = +12.5 cm–

1 (𝑔1 = 𝑔2 = 2.28, |𝐷1| = 21.5 cm–1, |𝐷2| = 5.7 cm–1) and an overall 

spin ground state S = 3/2 [Eq. (5)].  

 

Figure 4. (a) Experimental and simulated EPR spectra for 1 under parallel 

mode; (b) experimental EPR spectra for 1, 2, 3 under perpendicular mode. All 

measurements were carried out at 4.5 K. 

Perpendicular-mode EPR measurements corroborate these fit 

parameters: at 4.5 K, the spectrum of 2 displayed an intense 

positive peak with a maximum at 1390 G (𝑔 = 4.82) and a broad 

negative peak with a minimum at around 2050 G ( 𝑔  = 3.27) 

(Figure 4b). Upon increasing the temperature to 45 K, the overall 

intensity of the signal decreased, with an increase of relative 

intensity in the range of 520-1150 G (𝑔 ~ 12.8-5.8) to that at 1390 

G (Figure S12). This temperature dependence is expected for a 

system described by the above fitting parameters, where thermal 

excitation from the S = 3/2 ground state with 𝑔⊥ = 2.21 and 𝑔∥ = 

4.94 leads to population of low-lying spin excited states with 𝑔-

values ranging from 5.77 to 11.22 (Table S2). 

 

Finally, the 𝜒𝑀𝑇 of 3 decreased gradually with temperature from 

3.38 cm3mol–1K at 293 K to 3.08 cm3mol–1K near 30 K, followed 

by a sharp decrease to 0.93 cm3mol–1K at 1.8 K (Figure 3a). This 

temperature dependence, together with the absence of magnetic 

saturation up to 90 kOe at 1.8 K (Figure 3b), suggests the 

presence of overall weak antiferromagnetic interactions between 

the Ni2+-centered S = 1 spins and zero-field splitting at the Ni2+ 

centers. The 𝜒𝑀𝑇 value at 293 K agrees well with the predicted 

value for three uncoupled S = 1 spins (3.0 cm3mol–1K with g = 2.0). 

Fitting the magnetometry data to the exchange Hamiltonian: 

ℋ3 = −2𝐽1𝑺𝑁𝑖2
𝑺𝑁𝑖3

− 2𝐽2(𝑺𝑁𝑖1
𝑺𝑁𝑖2

+ 𝑺𝑁𝑖1
𝑺𝑁𝑖3

)   (6)  

gave best fit parameters 𝐽1 = –0.4 cm–1 and 𝐽2 = –0.9 cm–1 (𝑔1 = 

2.05, |𝐷1| = 2.6 cm–1; 𝑔2 = 2.19, |𝐷2| = 1.2 cm–1; Figure S8c) [Eq. 

(6)]. These parameters correspond to two weak antiferromagnetic 

pathways with slightly unequal strength, giving rise to a spin 

ground state of S = 1. Compound 3 remains EPR-silent in both 

perpendicular and parallel modes at X-band (Figure 4).  

Conclusion 

Altogether, structural, electrochemical, spectroscopic, and 

magnetic data support the increase of HOTP oxidation state and 

progressive quinoidal character from 1 to 3. The electron density 

on HOTP delocalizes significantly for all HOTP charge states, and 

is in line with the observed excellent charge delocalization in 

MOFs made with the same ligand.[15,34] Indeed, the 

comproportionation constant describing HOTP-based redox 

events is among the largest for complexes with triphenylene 

bridges.[14,19,22,23,27] In the three trinuclear nickel complexes 

reported here, the HOTP moieties take spin configurations of 

singlet diradical, monoradical, and closed-shell as they become 

doubly, triply, or quadruply oxidized relative to the fully reduced 

HOTP6–. Importantly, the spin coupling strength decreases as 

HOTP becomes more oxidized, likely due to the decrease in the 

spin density on this bridging ligand.[35–37] Notably, 1 is a rare 

example of diradical delocalized 𝜋-type bridging ligand. Here, its 

diradical nature is likely stabilized by the coordination to electron-

withdrawing metal cations, by mixing with low-lying excited 

electronic states,[38–40] and not least by its singlet ground state, 

likely stemming from the distortion from coplanarity.[41,42] In fact, 1 

represents the first isolated example of a diradical triphenylene 

bridge, the closest previous example a triiron complex 

characterized only in solution and never isolated. Compounds 1 

and 2 further serve as rare examples of complexes containing 

tritopic radical bridges, an important motif that is challenging to 

achieve in molecular-based magnetic materials.[37,43,44] 

 

Radical ligands have attracted considerable attention recently as 

potential building blocks for molecular and extended magnetic 

molecules and materials.[37,43,44] Our report therefore provides 

additional rationale for using HOTP and other triphenylene linkers 

as precursors for such targets. Finally, the distortion of the 

triphenylene core and its critical influence on the magnetic 
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exchange couplings provides new ideas for targeting extended 

materials, including 2D MOFs, made from distorted cores that 

may exhibit strong magnetic interactions and bulk magnetism, a 

current direction of interest in our laboratory. 

 

Deposition Number 2095320 contains the supplementary 

crystallographic data for this paper. The data is provided free of 

charge by the Cambridge Crystallographic Data Center. 
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The article investigates spin coupling and electronic delocalization in trinickel clusters bridged by the radical-containing tritopic ligand 
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