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ABSTRACT: Reaction of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 2,3,6,7,10,11-hexaaminotriphenylene (HATP) with 
[Cu(Me3tacn)]2+ (Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane) produces trigonal tricopper complexes 
[(Me3tacnCu)3(HOTP)]3+ (1) and [(Me3tacnCu)3(HITP)]4+ (2) (HOTP, HITP = hexaoxy- and hexaimino-triphenylene, respectively). 
These trinuclear complexes are molecular models for spin exchange interactions in the two-dimensional conductive metal-organic 
frameworks (MOFs) copper hexaoxytriphenylene (Cu3HOTP2) and copper hexaiminotriphenylene (Cu3HITP2). Whereas complex 
1 is isolated with HOTP3‒ bearing the same oxidation state as found in the oxy-bridged MOF, the triply oxidized HITP3‒ found in 
Cu3HITP2 is unstable with respect to disproportionation in the molecular model. Indeed, magnetic measurements reveal ligand-
centered radical character for 1 and a closed-shell structure for 2, in agreement with the redox state of the ligands. All neighboring 
spins are antiferromagnetically coupled in 1 and 2. These results help probe metal-ligand-metal interactions in conductive MOFs 
and provide potential inspiration for the synthesis of other two-dimensional materials with delocalized electrons.  

 
Figure 1. (a) Structural and chemical representation of typical 2D conductive MOFs, with depiction of the graphite-like 
honeycomb structure as well as HXTP (X = O, I) ligand-centered radical. The highlighted part illustrates the trinuclear metal – 
ligand monomeric unit modeled here as shown in (b). (c) Spin lattice of typical 2D conductive MOFs, with arrows showing 
randomized spin centers. (d) Spin structure of the monomeric unit depicted in (b), showing metal- and ligand-centered radicals.  

 
INTRODUCTION 

Multifunctional spintronic devices that respond to 
electrical, magnetic, and chemical stimuli have drawn much 
attention in recent years due to their important role in 
downsizing logic circuits.1–3 One class of materials that show 
promise towards such applications are two-dimensional 
(2D) electrically conductive metal-organic frameworks 
(MOFs) made from paramagnetic ions that in principle  
 

 
respond to electrical, magnetic, as well as chemical stimuli.4–

17 These 2D MOFs have layered graphene-like honeycomb 
structures, where the vertices in the hexagonal tiles are the 
tritopic organic ligands and the transition metals ions 
bridging the ligands reside on the edges of each hexagon 
(Figure 1).4,10,17 Because the ligands and metals in MOFs can 
be independently modified or chosen, these materials 
present opportunities that are not easily achieved with 
graphite or other 2D materials, allowing for control over 
porosity, conductivity, and spin state. However, the 

 



 

 
Figure 2. Crystal structures of 1 and 2, showing (a, c) single cationic fragments containing Cu3HXTP motifs, (b, d) top (left) and 
side (right) views of the dimeric packing modes in unit cells. Thermal ellipsoids are plotted at 50% probability level for elements 
other than hydrogen. All anions and solvent molecules are omitted for clarity. The L backbones are also omitted in (b) and (d). 
The red dotted lines indicate selected inter-molecular C-C distances. 
 
extended structures and compositional complexity also 
translate into complicated electronic structures that give 
rise to electrical and magnetic properties that are still poorly 
understood despite numerous experimental and 
computational studies.8,9,18–20 One powerful means to 
interrogate the properties of solids has been dimensional 
reduction, wherein the independent synthesis and study of 
smaller building blocks provide insight into the electronic 
structure of the parent solids.21,22 The 2D conductive 
materials described above make excellent targets for this 
strategy. Here, we report trinuclear Cu complexes bridged 
by the same trigonal ligands found in the MOFs and study 
their redox and magnetic properties.  
 

RESULTS AND DISCUSSION 

In a manner mimicking the isolation of small clusters related 
to Prussian blue analogs,23 we employed Cu2+ complexes 
capped with the neutral multidentate 𝜅𝜅3 -chelating ligand 
1,4,7-trimethyl-1,4,7-triazacyclononane (Me3tacn) to target 
the MOF model complexes. Importantly, the typical 
coordination mode of Me3tacn keeps the copper magnetic 
orbital (dx2−y2) in the aromatic plane of the ligand, as is also 
likely the case in Cu3HXTP2 (X = O, I). Because in the 
extended MOFs the ligand is formally triply oxidized – and 
thus bears a formal oxidation state of ‒3 after six-fold 
deprotonation of the amino or hydroxy groups – we targeted 
the same oxidation state in the molecular complexes 
(Scheme 1, left). In view of the expected rich redox reactivity 

of [M3HOTP]n+ complexes,24–26 the target compounds 
[(Me3tacnCu)3(HXTP)]n+ were synthesized under inert 
atmosphere followed by stoichiometric oxidations with 
three equivalent of oxidants. Thus, reaction of 
[(Me3tacn)Cu](BF4)2 with 2,3,6,7,10,11-
hexahydroxytriphenylene (HHTP) under N2, followed by 
deprotonation and oxidation with three equivalents of 
ferrocenium tetrafluoroborate (FcBF4) yielded 
[(Me3tacnCu)3(HOTP)](BF4)3 (1⋅(BF4)3) as dark navy crystals 
in 73% yield (Scheme S1). Unexpectedly, a similar procedure 
utilizing 2,3,6,7,10,11-hexaaminotriphenylene (HATP) 
instead of HHTP did not lead to the isolation of the desired 
[(Me3tacnCu)3(HITP)]3+ complex. Instead, upon reaction of 
HATP with [(Me3tacn)Cu]2+ and oxidation by three 
equivalents of FcBF4, an initially dark blue-green solution 
changes to a dark blue solution whereupon only 
[(Me3tacnCu)3(HITP)](BF4)4 (2⋅(BF4)4) could be isolated 
(Scheme 1, right; also Scheme S1). This more electron-
deficient species containing the quadruply oxidized ligand 
HITP2‒ suggests that [(Me3tacnCu)3(HITP)]3+ is unstable 
with respect to disproportionation, a redox behavior that 
diverges from that of Cu3HITP2 under otherwise similar 
synthetic conditions. The identities of 1 and 2 were 
confirmed by high-resolution electrospray ionization/mass 
spectrometry (ESI/MS) and microelemental analyses. The 
former gave m/z values of 1285.3 for 1 ([M+H]+, M = 
[(C9H21N3Cu)3(C18H6O6)](BF4)3) and m/z = 1365.4 for 2 
([M+H]+, M = [(C9H21N3Cu)3(C18H12N6)](BF4)4, see also 
Supporting Information).  
  



 

 
Scheme 1. Lewis structures of selected resonance forms of 1 
and 2, illustrating the charge states and spin structures of 
HXTP (X = O, I), respectively. The capping Me3tacn ligands 
are omitted for clarity. 
 
    Single crystals of 1 and 2 suitable for X-ray diffraction 
(XRD) analysis were obtained by layering or diffusing vapors 
of t-butyl-methyl-ether to solutions of the respective 
complexes in 4:1 mixtures of dichloroethane:methanol at ‒5 
°C. Compounds 1 and 2 crystallize in space groups P1� and 
P21/c, respectively (Fig. 2a, c). In the solid state, both 1 and 2 
pack in dimeric fashion, with closest C…C distances of 
3.086(5) and 3.223(6) Å between the dimers (Fig. 2b, d; 
right). A top-down view of the dimers reveals staggered 
conformations for both complexes (Fig. 2b,d). In both 1 and 
2, the longest Cu– NMe3tacn  bonds are the axial ones, as 
expected due to the Jahn-Teller distortion, and confirming 
the co-planarity of the Cu dx2−y2 magnetic orbital with the 
HXTP plane. For metal-semiquinone complexes, the C–O 
bond length is often related to the degree of oxidation of the 
semiquinone fragment. Shorter C–O bonds indicate more 
oxidized (quinone-type) character whereas longer C–O 
bonds correspond to reduced (catechol-type) character.27 
For 1, the average C–O bond length is 1.283(4) Å, in very good 
agreement with the value of 1.288(2) Å reported for an 
established copper bis-semiquinonate complex.28 In 
contrast, 2 exhibits an average C–N bond length of 1.305(6) 
Å, shorter than that of a structurally relevant bis-
iminosemiquinonate copper azophenine complex (1.327(3) 
Å).29 Although subtle, the difference between the shorter 
average C–N bond length in 2 relative to the established 
iminosemiquinonate Cu complex is consistent with a higher 
degree of oxidation and partial iminoquinone character in 2. 
    Cyclic voltammetry (CV) provided further support for 
assigning formal oxidation states in 1 and 2 and offered clues 
into the degree of electron delocalization in the trinuclear 
complexes. CV experiments for complex 1 conducted in 0.1 
M propylene carbonate solutions of tetrabutylammonium 
hexafluorophosphate (TBAPF6) under N2 reveal three 
reversible reduction events at ‒0.80 V, ‒0.45V, ‒0.09 V 
relative to the ferrocenium/ferrocene (Fc+/Fc) couple (Fig. 
3a). All three values are in line with expected ligand-
centered redox couples: HOTP3‒/4‒, HOTP4‒/5‒, and HOTP5‒

/6‒, the last corresponding to the formation of neutral 
[(Me3tacnCu)3(HOTP)].25,30 In the framework of the classical 
theory of mixed-valence compounds, which relates 
electrochemical redox potentials to the degree of electronic 
delocalization between mixed-valence centers,31,32 the 
potential difference between the HOTP5‒/6‒ and HOTP3‒/4‒

couples, 𝛥𝛥 E = 0.71 V, equates to a comproportionation 
constant,33 Kc, of 1012.0. This large value indicates that the 
three redox centers – the three semiquinone/hydroquinone 
moieties of each HOTP ligand – are fully delocalized and 
form a Robin-Day class III mixed-valent compound,34 as may 

be expected for three formal radicals, all centered on a single 
organic moiety. A similar analysis for 2 is made difficult by 
the irreversibility of the first reduction event, presumably 
the HITP2‒/3‒ couple, which occurs at –0.51 V (Fig. 3b). The 
irreversible reduction of 2 is in line with rapid 
disproportionation of the [(Me3tacnCu)3(HITP)]3+ species, 
which further prevents access to more reduced complexes. 
Although the strong degree of charge delocalization within 
HOTP is in-line with the extended delocalization observed 
in the respective HOTP-based MOF, inaccessible Cu-based 
redox events with either 1 or 2 prevent the assessment of 
charge delocalization between the metal centers, as 
mediated by HOTP or HITP.  

 
Figure 3. Cyclic voltammograms of 1 (a) and 2 (b) in 0.1 M 
TBAPF6 – propylene carbonate under N2. Scanning 
directions are marked by arrows. Open circuit potentials are 
indicated by black tick marks. 
 
    Magnetometry provided critical information about the 
electronic communication between metals and/or ligands in 
complexes 1 and 2. Variable temperature direct current 
magnetic susceptibility measurements indicated 
antiferromagnetic coupling for both complexes, as revealed 
by rapid decreases of 𝜒𝜒𝑀𝑀𝑇𝑇 below 50 K in an applied field of 
2.5 kOe (Fig. 4a). For 1, a room temperature 𝜒𝜒𝑀𝑀𝑇𝑇 value of 1.79 
cm3mol‒1K is close to the value expected for four 
independent S = ½ spins (1.50 cm3mol‒1K, with g = 2.0), 
representing three non-interacting Cu2+ ions and one S = ½ 
HOTP3‒ organic radical. Because of a significant 
contribution from temperature independent 



 

paramagnetism (TIP) (see Fig. S2 and related discussion for 
assignment of TIP), the room-temperature 𝜒𝜒𝑀𝑀𝑇𝑇 value for 2 
is 2.32 cm3mol‒1K, higher than expected for three uncoupled 
Cu2+ ions connected through the diamagnetic HITP2‒ (see 
Fig. S3 for 𝜒𝜒𝑀𝑀𝑇𝑇 vs. T plot where the contributions of TIP were 
corrected for). The plateau 𝜒𝜒𝑀𝑀𝑇𝑇 value for 2 of 0.42 cm3mol‒1K 
at 1.8 K is nevertheless close to the value expected for a S = 
1/2 spin system (0.375 cm3mol‒1K with g = 2.0). This suggests 
that the ground spin state of 2 is S = 1/2, as would be expected 
for three antiferromagnetically coupled Cu2+ ions at low 
temperature.  
    To assess the magnitude of the spin exchange 
interactions, the temperature-dependent 𝜒𝜒𝑀𝑀𝑇𝑇  data were 
fitted with Heisenberg-Dirac-Van Vleck (HDVV) 
Hamiltonians, H1 for 1 and H2 for 2 (see also Fig. S4):  
 
𝐇𝐇1 = −2𝐽𝐽1(𝐒𝐒Cu1𝐒𝐒L + 𝐒𝐒Cu2𝐒𝐒L) − 2𝐽𝐽2𝐒𝐒Cu3𝐒𝐒L 
𝐇𝐇2 = −2𝐽𝐽1(𝐒𝐒Cu1𝐒𝐒Cu2 + 𝐒𝐒Cu1𝐒𝐒Cu3) − 𝟐𝟐𝐽𝐽2𝐒𝐒Cu2𝐒𝐒Cu3 
 

 
Figure 4. (a) Temperature-dependent 𝝌𝝌𝑴𝑴𝑻𝑻 (H = 2.5 kOe) 
and (b) field-dependent magnetization (T = 1.8 K) curves for 
1 and 2. The solid black lines are the best fits as described in 
the text. 

Good fits were obtained for both complexes by using two J 
values representing only the spin interactions between 
nearest neighbors. For 1, fitting with contribution from TIP 
and intermolecular coupling, zJ’, as well as two g values for 
copper- and ligand-centered spins gives J1 = J2 = ‒2.76 cm‒1 
(with gCu = 2.06, gL = 1.98, 𝜒𝜒TIP = 8.86·10‒4 cm3 mol-1, zJ’ = ‒
0.309 cm-1) (Fig. 4a) (see Fig. S5 and related discussion on 
the choice of g). This indicates that the ligand-based radical 
is coupled to the three Cu2+ ions through weak 
antiferromagnetic interactions of similar strength. As such, 
the ground spin state of 1 is S = 1, with the trigonal symmetry 
preserved in the spin structure despite a geometric 

distortion from perfect planarity. For 2, the best fit of the 
temperature-dependent 𝜒𝜒𝑀𝑀𝑇𝑇 data gave J1 = J2 = ‒6.99 cm-1, 
with gCu = 2.12 and 𝜒𝜒𝑇𝑇𝑇𝑇𝑇𝑇  = 3.71·10‒3 cm3mol-1 (Fig. 4a). To 
assess the possibility that paramagnetic impurities 
contribute to the magnetic properties of 1 and 2, we fitted 
the data by adding S = ½ Cu2+ impurities. This produced fits 
with similar parameters as for the pure samples above, with 
negligible contribution from the S = ½ impurities (Fig. S6 
and related discussions). The lack of crystalline impurities is 
also supported by the powder X-ray diffraction analysis for 1 
and 2 (see Fig. S7 and related discussions).  
The ground spin states of complexes 1 and 2 were confirmed 
by variable field magnetization measurements (Fig. 4b). For 
1, the magnetization does not saturate even at 90 kOe and 
continues to grow after reaching an inflection point of ~1 
B.M. at approximately 40 kOe, a behavior that is typically 
associated with the presence of low-lying excited spin 
states.35 The magnetization curve for 1 further deviates from 
typical Brillouin behavior, likely because of additional 
intermolecular antiferromagnetic interactions that lower 
the expected saturation value of 2 B.M. for an S = 1 system 
(see Fig. S8 and related discussion in the Supporting 
Information). In contrast, the magnetization of complex 2 
follows typical Brillouin-type behavior and shows a 
saturation value of 1 B.M., as expected for an S = 1/2 system. 
Fitting of this data with a Brillouin function gives g = 2.0, a 
slightly smaller value than usually observed for Cu2+, again 
likely owing to weak intermolecular antiferromagnetic 
interactions. Low temperature electron paramagnetic 
resonance (EPR) provided further insight on the electronic 
structure of 1 and 2. For 1, an isotropic S = 1/2 signal at g = 
2.00 and an axial S = 1/2 signal with 𝑔𝑔∥ = 2.25, 𝑔𝑔⊥ = 2.05, and 
hyperfine coupling to Cu2+ (I = 3/2) with  𝐴𝐴∥~ 30 G were 
observed (Fig. S9). This agrees with the observation of single 
unpaired spins on both HOTP and Cu2+ from magnetometry 
measurements in 1. For 2, only an axial S = 1/2 signal with 
𝑔𝑔∥ = 2.25, 𝑔𝑔⊥ = 2.05 is observed, which gives a good fit with 
Cu2+ hyperfine coupling constants of 𝐴𝐴∥ = 40 G and 𝐴𝐴⊥= 413 
G, suggesting the presence of S = 1/2 spins coupled to Cu2+ in 
2. This is in good agreement with the magnetometry data 
that suggests the absence of an HITP-based radical in 2.  
      Density functional theory (DFT) calculations carried out 
for the cationic fragments [(Me3tacnCu)3HOTP]3+ and 
[(Me3tacnCu)3HITP]4+ corroborate magnetometry data and 
provide further insight into the orbital interactions involved 
in the spin exchange mechanisms in 1 and 2. For both 
complexes, DFT calculations agree with the proposed spin 
density distribution derived from magnetometry data above. 
The magnetic orbitals of the copper centers have the same 
symmetry as the dx2−y2  atomic orbitals, and lie in the plane 
of the molecule (Fig. 5). For both 1 and 2, the oxygen and 
nitrogen atoms of the HXTP (X = O, I) ligands have primarily 
the same sign of spin density as the copper atoms, suggesting 
ferromagnetic exchange due to orbital orthogonality. 
Meanwhile, the dominating antiferromagnetic interaction in 
both complexes is embodied through spin polarization or 
antiferromagnetic superexchange mechanisms in the p-π 
systems of the ligands.  
    Altogether, the structural, electrochemical, and magnetic 
data support a ligand-based S = ½ radical in 1, which 
therefore represents a first example of a molecular complex 
modeling electronic interactions in a conductive MOF, in 
this case Cu3HOTP2. Notably, even though other examples 



 

of  isolable M3HXTP-type complexes (X = O, N, S) exist, none 
of these show spin density on both the metal and the 
ligand.24–26,30,32,36 Although 1 is a truncated model of an 
idealized single-sheet of Cu3HOTP2, which to our knowledge 
has not been accessed yet, if the antiferromagnetic 
interactions observed in 1 are reproduced in a single sheet of 
Cu3HOTP2, the latter may exhibit properties consistent with 
a conductive 2D ferrimagnet.20,37 Verifying such rare 
behavior rests entirely with efforts to generate and exfoliate 
sufficiently large single crystals of Cu3HOTP2, an area of 
ongoing interest in our laboratory.  
    In the same vein, it should be noted that 2 satisfies the 
classical geometric spin frustration criterion of J1 = J2 < 0 in a 
spin triangle, as proposed by Kahn.38 Although it has been 
established that true geometric spin frustration cannot be 
achieved in molecular complexes due to fast geometric 
relaxation,39,40 the type of interactions observed in 2 bring 
about the possibility of a geometrically frustrated solid state 
material, where structural relaxation to lower symmetry is 
quenched by lattice rigidity. As with 1, if it exists, spin 
frustration is likely to be observed only in single, charged 
sheets of extended MOFs of the type M3(HITP)2, with no 
inter-sheet interactions.41,42 Once again, the challenge in 
accessing such 2D structures rests squarely in the synthetic 
realm and highlights the importance of controlling crystal 
growth for 2D conductive MOFs.  

 
Figure 5. Calculated spin density isosurfaces (0.0007 a.u.) of 
(a) 1 and (b) 2. Red and blue represent spin-up and spin-
down densities. 

CONCLUSIONS 

In conclusion, we present the synthesis, electrochemical, 
and magnetic characterization of two new trinuclear copper 
complexes that mimic the smallest building blocks of 
conductive 2D MOFs Cu3HOTP2 and Cu3HITP2. Whereas the 
oxygen-based complex retains a ligand-based radical similar 
to the corresponding Cu3HOTP2, the nitrogen-based ligand 
radical disproportionates, thereby diverging from the formal 
oxidation state present in Cu3HITP2. In both complexes, the 
metal and/or ligand-based electronic spins are coupled 
through weak antiferromagnetic interactions. These results 
portend potentially exciting long-range magnetic 
interactions in isolated single sheets of the respective 2D 
MOFs, substantiating the importance of future efforts to 
isolate such sheets.   
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