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ABSTRACT: Two-dimensional conjugated metal-organic frameworks (2D c-MOFs) have attracted increasing interests in electron-
ics due to their (semi)conducting properties. Charge-neutral 2D c-MOFs also possess persistent organic radicals that can be viewed 
as spin-concentrated arrays, affording new opportunities for spintronics. However, the strong π-interaction between neighboring lay-
ers of layer-stacked 2D c-MOFs annihilates active spin centers and significantly accelerates spin relaxation, severely limiting their 
potential as spin qubits. Herein, we report the precise tuning of the charge transport and spin dynamics in 2D c-MOFs via control of 
interlayer stacking. The introduction of bulky side groups on the conjugated ligands enables a significant dislocation of the 2D c-
MOFs-layers from serrated stacking to staggered stacking, thereby spatially weakening the interlayer interactions. As a consequence, 
the electrical conductivity of 2D c-MOFs decreases by six orders of magnitude while the spin density achieves a more than 30-fold 
increase and the spin-lattice relaxation time (T1) is increased up to ~60 µs, hence being superior the reference 2D c-MOFs with 
compact stackings whose spin relaxation is too fast to be detected. Spin dynamics results also reveal that spinless polaron pairs or 
bipolarons play critical roles in the charge transport of these 2D c-MOFs. Our strategy provides a bottom-up approach for enlonging 
spin dynamics in 2D c-MOFs, opening up pathways for developing MOF-based spintronics.

Introduction 

Molecular systems with unpaired electrons have attracted in-
creasing attention due to their exotic electronic and spintronic 
properties, which warrant their use in organic electronic devices 
and quantum information science (QIS).1-8 Organic π-conju-
gated systems (particularly those with radicals) have long spin 
lifetimes and diffusion lengths due to their weak spin-orbit and 
hyperfine interactions.9-10 These features endow organic π-con-
jugated radicals with longer coherence times including  the 
spin−lattice relaxation (T1) and spin−spin relaxation (T2) times, 
which are critical temporal metrics for QIS. 1, 11-13 However, the 
organic π-conjugated radicals usually suffer from poor air-sta-
bility. Thus, only limited organic molecules have been demon-
strated for molecular spin-related applications. 

When π-conjugated non-innocent organic ligands are linked to 
metal ions through redox coordination reactions, a new type of 

d-π conjugated van der Waals layered material, namely two-di-
mensional conjugated metal-organic frameworks (2D c-MOFs), 
can be formed.14-18 Unlike conventional MOFs, 2D c-MOFs are 
electrically conductive and can possess stable unpaired elec-
trons located on organic conjugated moieties.19-23 More im-
portantly, these persistent spin centers are assembled into peri-
odic arrays through in-plane square-planar secondary building 
units (SBUs) and out-of-plane π-π interactions.24 Thus, 2D c-
MOFs can be regarded as spin-concentrated molecular assem-
blies, offering the possibility to systematically optimize spin-
lattice and spin-spin interactions compared to isolated organic 
conjugated molecules.20 Nevertheless, the 2D c-MOFs usually 
prefer to energically-favourable AA or AA-serrated stacking 
with strong interlayer interactions, 25-29 which lead to a reduced 
active spin density and accelerate spin-lattice relaxation and 
spin decoherence.19, 30 Hence, a rational design strategy to pre-



 

cisely tailor interlayer interactions, thus tuning the spin dynam-
ics and enabling the long spin relaxation times in 2D c-MOFs 
is highly sought after. 

Herein, we successfully achieve the tuning of the spin dynamics 
in 2D c-MOFs by introducing the bulky side groups on the con-
jugated ligands. Various side groups with different sterically 
demanding groups grafted to π-conjugated 2,3,7,8,12,13-hex-
aiminotriindole (HATI) ligands, including hydrogen atom, al-
lyl, n-propyl and isopropyl groups (denoted as X = H, vPr, nPr 
and iPr, respectively), which act as structural perturbation fac-
tors to tailor the stacking modes and the interlayer distances, 
thus affecting the interlayer interactions of the synthetic 2D c-
MOFs  (Ni3(HATI_X)2, Figure 1a). We show that the increase 
of the size of the bulky side groups leads to the widening of the 
interlayer spacings and a subsequent transition from serrated 
stacking to staggered stacking. Correspondingly, the electrical 
conductivities of these 2D c-MOFs are gradually diminished 
from 1 to 10-6 S cm-1. However, because of this reason the dis-
tinct staggered packing drives the spin centers to be spatially 
isolated (Figures 1b and 1c), the resultant Ni3(HATI_iPr)2 
manifests an intrinsic spin density up to 5.96 × 1021 mol-1, 30 
times higher than that of Ni3(HATI_H)2. Additionally, 
Ni3(HATI_iPr)2 displays significantly longer spin-lattice relax-
ation time (T1, ~60 µs) while the one of Ni3(HATI_H)2 remains 
undetectable. The simultaneous realization of high spin densi-
ties and extended spin-lattice relaxation times is unprecedented 
among spin-concentrated assemblies. The spin dynamics stud-
ies also revealed the fact that the carrier transport in these 2D c-

MOFs is dominated by spinless polaron pairs or bipolarons. Our 
work develops a bottom-up strategy for the controlled synthesis 
of layer-controlled 2D c-MOFs as spin arrays, opening interest-
ing perspectives toward spintronic devices. 

Results and Discussion 

Synthesis and characterization 

For the synthesis of 2,3,7,8,12,13-hexaiminotriindole (HATI) 
ligands without substituents, denoted as HATI_H,  the tert-
butoxycarbonyl (Boc) was introduced to protect the hexabro-
motriindole heterocycle and was removed in the last step (de-
tails shown in Supporting Information). The functionalization 
of hexaiminotriindole by substituents including allyl, n-propyl 
and isopropyl groups were carried out through continuous nu-
cleophilic substitution reaction, carbon-nitrogen coupling reac-
tion and deprotection, denoted as HATI_vPr, HATI_nPr and 
HATI_iPr, respectively. Then, the reaction of HATI ligands 
with Ni2+ ions in a mixture of dimethylsulfoxide (DMSO) and 
water at 65 oC for 2 h resulted in the 2D c-MOFs, Ni3(HATI_X)2 
(X = H, vPr, nPr, and iPr, details seen in Figure 1a and Sup-
porting Information). The use of spin-free nuclei ion, i.e. Ni2+, 
to connect the HATI ligand scan generates organic radicals in 
conjugated ligands during the redox coordination reaction. The 
sodium acetate was also utilized as a weak base that could de-
crease the deprotonation and coordination reaction rate, which 
ensured high crystallinity of the final MOF product. 

 

Figure 1. a, Synthesis of Ni3(HATI_X)2 2D c-MOFs with substitution of different side groups, the spin centers (yellow arrows) are 
located on the organic π-conjugated parts; b and c, conceptual schematic for precise tuning of spin dynamics through control of 
stacking modes. b, serrated stacking or inclined stacking; c, staggered stacking. Gray balls: C; white balls: H; blue balls: N; cyan 
balls: Ni. 



 

The high-resolution X-ray photoelectron spectra (XPS) in the 
Ni(2p) range evidences the presence of Ni(Ⅱ) in all 2D c-MOFs 
(Figure S1 and S2). In addition, Na+ peaks were not observed; 
the absence of extraneous cations suggested the neutral state of 
Ni3(HATI_X)2. Fourier-transform infrared (FT-IR) spectra of 
Ni3(HATI_X)2 reveal the disappearance of stretch vibration 
band of the N-H groups from the ligand HATI_X (Figure S3), 
demonstrating the efficient coordination polymerization be-
tween metal ions and conjugated ligands. Thermogravimetric 
analysis (TGA) reveals that all Ni3(HATI_X)2 2D c-MOFs start 
desolvation over 100 °C and exhibit pronounced weight losses 
above 200 °C due to decomposition (Figure S4). Scanning elec-
tron microscopy (SEM) and transmission electron microscopy 
(TEM) images reveal the formation of rod-like crystals of the 
2D c-MOFs with domain sizes of 100-200 nm (Figure S5-6). 

Structural elucidation 

The crystalline structures of 2D c-MOFs were determined by 
powder X-ray diffraction (PXRD) analysis with Cu Kα radia-
tion. Figure 2a exhibits the PXRD patterns of all 2D c-MOFs 
under their optimal synthesis conditions. As revealed from 
PXRD analysis, Ni3(HATI_H)2 shows high crystallinity, exhib-
iting the first intense peak at a low angle of 3.7° (2θ), which 
corresponds to the (100) reflection plane, along with minor 
peaks at 6.4°, 7.4°, 9.8°, 13.0°, and 13.9°, attributable to the 
(110), (020), (210), (220), and (011) reflection planes, respec-
tively. Ni3(HATI_H)2 shows an interlayer distance of ca. 3.21 
Å, derived from the (002) peak at 27.5°. Ni3(HATI_vPr)2 and 
Ni3(HATI_nPr)2 exhibit similar PXRD patterns, ascribed to the 
same type of side chain substitution. For Ni3(HATI_vPr)2 and 
Ni3(HATI_nPr)2, the first and most intense peak corresponding 
to the (100) reflection plane appears at ∼3.85°, with other minor 
reflects at 6.6°, 7.7°, and 14.0°, corresponding to the (110), 
(200), and (310) reflection planes, respectively. Due to the 
smaller steric bulkiness of the unsaturated allyl group, 
Ni3(HATI_vPr)2 displays a closer interlayer distance (3.58 Å) 

 
Figure 2. a, XRD patterns for Ni3(HATI_H)2, Ni3(HATI_vPr)2, Ni3(HATI_nPr)2, and Ni3(HATI_iPr)2. b and c, N2 adsorption 
isotherm and DFT pore distribution for Ni3(HATI_H)2, Ni3(HATI_vPr)2, Ni3(HATI_nPr)2 and Ni3(HATI_iPr)2, respectively. d-
g, Top (left) and side (right) views of the corresponding refined 2D crystal structures of Ni3(HATI_H)2, Ni3(HATI_vPr)2, 
Ni3(HATI_nPr)2 and Ni3(HATI_iPr)2, respectively. 



 

than the saturated propyl substituted Ni3(HATI_nPr)2 (3.68 Å). 
It is notable that Ni3(HATI_iPr)2 exhibits strong PXRD peaks 
at 3.75°, 6.5°, 7.5°, 10.1°, 14.0°, 20.4°, and 21.1°, correspond-
ing to the (100), (110), (2-20), (1-11), (211), (11-2), and (21-2) 
reflection planes, respectively, which are significantly different 
from the above mentioned three samples. The huge steric bulk-
iness of the branching isopropyl group enables Ni3(HATI_iPr)2 
to have the largest interlayer distance of around 4.70 Å among 
all the achieved 2D c-MOFs, which also indicates significantly 
reduced interlayer interactions. 

In order to elucidate the structures of Ni3(HATI_X)2 and calcu-
late the unit cell parameters, a variety of possible stacking 
modes were considered and optimized by the density functional 
theory (DFT) method, including eclipsed stacking (AA), in-
clined stacking (AA-inclined), serrated stacking (AA-serrated) 
and staggered stacking (AB) models (Figure S7). Regarding 
Ni3(HATI_H)2 2D c-MOF, the calculated AA-serrated stacking 
possesses the lowest total energy (at least lower by 275 kJ mol–

1 per unit cell) compared with the other stacking modes, which 
also matches well with the experimental PXRD patterns (Fig-
ure 2d). For Ni3(HATI_vPr)2 and Ni3(HATI_nPr)2, the AA-in-
clined stacking model matches well with the experimental 
PXRD patterns (Figures 2e-f) and features the lowest total en-
ergy value (lower by 82 - 243 kJ mol–1 per unit cell) compared 
with AB, and AA-serrated stacking. In contrast to the common 
AA-serrated and -inclined stacking models mentioned above, 
the calculated staggered stacking (close to the AB model) 
agrees well with PXRD patterns of Ni3(HATI_iPr)2 (Figure 
2g). Pawley refinements offer optimized parameters that pro-
vide good consistency factors (Rp = 1.84% and Rwp = 5.79% 
for Ni3(HATI_H)2; Rp = 1.17% and Rwp = 1.91% for 
Ni3(HATI_vPr)2; Rp = 4.67% and Rwp = 7.66% for 
Ni3(HATI_nPr)2). Similarly, unit cell parameters are obtained 
for Ni3(HATI_iPr)2 with acceptably low residuals (Rp = 2.54% 
and Rwp = 7.42%) (Figure S8).  

N2 sorption isotherms at 77 K on the activated 2D c-MOFs sam-
ples were measured to facilitate the structural elucidation and 
porosity investigation of side-group functionalized 2D c-MOFs. 
Their adsorption curves exhibited a type-I adsorption isotherm 
(Figure 2b). The nonlocal density functional theory (NLDFT) 
gave rise to a narrow pore size distribution for Ni3(HATI_X)2 
(Figure 2c). Ni3(HATI_H)2 exhibits the BET surface area of 
788 m2·g−1 and 2.02 nm pore size. With the linear side chains 
grafting onto the pore walls, the BET surface areas of 
Ni3(HATI_vPr)2 and Ni3(HATI_nPr)2 were reduced as 472 and 
411 m2·g−1, respectively, and the corresponding pore sizes were 
reduced as 1.66 and 1.40 nm. However, Ni3(HATI_iPr)2 exhib-
its a significantly higher BET surface area of 1625 m2·g−1 than 
other samples. The improvement in porosity of Ni3(HATI_iPr)2 
is evidenced by the t-Plot pore area and t-Plot pore volume, 
which are approximately 3 times higher than those of 
Ni3(HATI_H)2 (Table S1), setting a new record among thus-far 
reported 2D c-MOFs.14 Interestingly, the pore size distribution 
of Ni3(HATI_iPr)2 evidenced two types of pores existing in this 
sample, with the pore sizes of 1.60 nm and 0.60 nm, respec-
tively, consistent with the simulated values for the highly stag-
gered stacking mode (Figure 2g).31-32 

Optoelectronic and charge transport properties 

Visible/near-infrared (vis−NIR) absorption spectroscopy indi-
cates that all Ni3(HATI_X)2 2D c-MOFs present wide absorp-
tion bands in the near-infrared region, attributed to the organic 
radicals of the conjugated ligands after coordination with Ni 
ions (Figure 3a). As expected, the optical gaps estimated from 
the Tauc plots of Ni3(HATI_X)2 reveal a significant increase 
from 0.26 to 0.46, 0.49, and 0.68 eV with increasing steric bulk-
iness of side groups and thus, the interlayer distance (Figure 
S9). The staggered stacking of Ni3(HATI_iPr)2 dramatically de-
creases the overlap of the frontier molecular orbital through the 
dislocating of the 2D layers and enlarging the layer spacing, 
leading to the large widening of the optical band gap, which 
further reveals the strong dependence of the electronic structure 
of 2D c-MOF on the stacking mode. 

The electrical conductivities of Ni3(HATI_X)2 were measured 
from the powder pellets by the collinear four-probe method un-
der vacuum in the dark. At 300 K, the electrical conductivity 
values were calculated as 1 ± 0.1 S cm-1, (1 ± 0.2) × 10-2 S cm-

1, (4 ± 0.7) × 10-3 S cm-1 and (2 ± 0.4) × 10-6 S cm-1 for 
Ni3(HATI_H)2, Ni3(HATI_vPr)2, Ni3(HATI_nPr)2 and 
Ni3(HATI_iPr)2, respectively. The electrical conductivities of 
Ni3(HATI_X)2 span over six orders of magnitude, from reason-
able to poor conductivity in the 2D c-MOFs (Figure S10). As 
shown in Figure 3b, all the samples present thermally-activated 
charge transport according to the variable-temperature (VT) 
conductivity measurements from 200 to 320 K. The hopping 
activation energies were determined as 45 meV, 190 meV, 215 
meV, and 350 meV for Ni3(HATI_H)2, Ni3(HATI_vPr)2, 
Ni3(HATI_nPr)2, and Ni3(HATI_iPr)2, respectively, which cor-
relate well with the bulk electrical conductivities and the calcu-
lated band gaps. To further investigate the microscopic 
transport properties of these 2D c-MOFs, we employed time-
resolved terahertz spectroscopy (TRTS, see details in Support-
ing Information). Briefly, an ultrashort pulse laser with 3.1 eV 
photon energy (400 nm wavelength) optically injects charge 
carriers into the sample via above-bandgap excitation, and a 
subsequent THz pulse probes the conductivity of the photogen-
erated charge carriers, i.e. the photoconductivity Δσ: The pump-
induced relative attenuation in the transmitted THz electric field 
(− !"

"
) scales linearly with Δσ.33 Δσ is further related to the pho-

togenerated charge carrier density n (= the product of the free 
carrier generation quantum yield φ and absorbed photon density 
Nabs) and carrier mobility µ, following Δσ=𝑒𝑛µ = 𝑒(φ𝑁#$%)µ. 
Figure 3c shows the THz photoconductivity dynamics of dif-
ferent samples divided to the absorbed photon density (Nabs): 
('!"" )

)#$%
 ∝ !*

)#$%
 ∝ φµ. The photoconductivity per Nabs provides a 

direct comparison on the short-range carrier mobility (assuming 
a similar φ).  

After photoexcitation, the photoconductivity dynamics exhibit 
a sub-ps rise due to the formation of quasi-free charge carriers. 
This is followed by a decay process on the timescale of several 
ps. The sub-ps fast photoconductivity decay and structure-inde-
pendent lifetime (Figure S11) indicate that defect-assisted re-
combination is the dominant recombination mechanism.34 This 
encourages further efforts to elucidate defect types, design ap-
proximate repair/passivation strategies, and conduct controlled 
spectroscopic studies, aiming to gain a deeper understanding of 
structure-property relationships, in particular the role of inter-
layer distance and stacking structure on charge carrier lifetime. 



 

As further elucidated in Figure 3d, the !*
)#$%

 amplitude and thus 
the (relative) charge mobilities of the samples follow the fol-
lowing order: Ni3(HATI_H)2 > Ni3(HATI_vPr)2 > 
Ni3(HATI_nPr)2 > Ni3(HATI_iPr)2. This trend is in good agree-
ment with the results of electrical conductivities, yet the varia-
tion in photoconductivity (factor of ~2) is only a fraction of the 
conductivity variation (~106). This is understandable since THz 
is sensitive primarily to short-range conductivity in the plane of 
2D materials, while the conductivity measurements are limited 
by the less efficient out-of-plane transport. The modest varia-
tion in THz photoconductivity illustrates that chemical substi-

tution of the 2D c-MOFs barely affects the in-plane conductiv-
ity but strongly affects the out-of-plane conductivity. The trend 
in THz photoconductivity can be explained qualitatively by 
band dispersion evolution, where increasing the steric bulkiness 
of side groups slightly weakens the in-plane band dispersion but 
highly suppresses the out-plane band dispersion (supported by 
DFT calculations discussed below). These results consistently 
suggest that the charge carrier mobilities decrease with increas-
ing the steric bulkiness of side groups, by weakening the π-π 
interactions between 2D layers and/or suppressing effective 
out-of-plane charge transport pathways. 

 

 

Figure 3. a, Vis−NIR absorption spectra of Ni3(HATI_X)2; b, Variable-temperature electrical conductivities of Ni3(HATI_X)2; c, 
THz photoconductivity dynamics of different samples normalized to the absorbed photon density (Nabs). The samples are photoexcited 
by an ultrashort pulsed laser (photon energy: 3.1 eV, absorbed fluence: 760 μJ/cm2); d, Comparison of the maximum THz photocon-
ductivity of different samples normalized to Nabs. e and f, the calculated band structures of bulk Ni3(HATI_H)2 and Ni3(HATI_iPr)2, 
respectively. The Fermi energy was set to 0 eV. 

In order to gain an in-depth understanding on the influence of 
stacking modes on the transport properties of Ni3(HATI_X)2, 
DFT calculations are performed to predict the energy band dia-
grams for single-layer and layer-stacked 2D c-MOFs. The band 
structures of Ni3(HATI_X)2 monolayers are almost not influ-
enced by side group substitution (Figure S12), while the band 
gaps of bulk Ni3(HATI_H)2, Ni3(HATI_vPr)2, Ni3(HATI_nPr)2, 
and Ni3(HATI_iPr)2 can be deduced as 0.07, 0.26, 0.27, and 
0.47 eV, respectively. In the case of Ni3(HATI_H)2, the energy 
band near the Fermi level exhibits a dispersion of up to 0.5 eV 
(Figure 3e). In contrast, with increasing bulkiness of the side 

group, the corresponding energy band of Ni3(HATI_iPr)2 shows 
a limited dispersion of only 0.05 eV (Figure 3f), indicating the 
increasingly localized nature of charge carriers (in line with 
electrical and THz results) and being almost on par with the 
band structures of monolayer 2D c-MOFs. These observations 
suggest that the interlayer electronic couplings in 2D c-MOFs 
strongly rely on the stacking modes, which not only influence 
the charge transport properties but also herald a significant im-
pact on the spin communication between 2D layers (see below). 

Spin dynamic behavior 



 

The most basic information about a spin-concentrated molecu-
lar assembly revolves around the count of active spin centers it 
possesses.19 Notably, these 2D c-MOFs possess identical topo-
logical network and SBUs (the spins in 2D c-MOFs originated 
from the redox SBUs), which enables that their spin densities 
should ideally be the same. The room-temperature spin densi-
ties of these 2D c-MOFs were quantified by electron spin reso-
nance (ESR) measurements. Specifically, Ni3(HATI_H)2, 
Ni3(HATI_vPr)2, Ni3(HATI_nPr)2, and Ni3(HATI_iPr)2 possess 
spin densities of 1.9 × 1020, 1.89 × 1021, 2.50 × 1021, and 5.96 × 
1021 mol-1, obtained by double integration of room temperature 
ESR results, respectively. The 30-fold variation in the spin den-
sity of Ni3(HATI_X)2 proves our design concept — successfully 
manipulating spin properties within the system through regulat-
ing 2D c-MOF stacking modes. The substitution of bulky 
groups (branched side chains) will dislocate the 2D layers and 
expand the interlayer distance, which spatially reduces the cou-
pling between spins in different layers, resulting in a substan-
tially higher spin density in Ni3(HATI_iPr)2 than in 
Ni3(HATI_H)2.  

Variable-temperature (VT) ESR measurements were then per-
formed to elucidate the spin and transport properties of these 
2D c-MOFs. The ESR spectra for Ni3(HATI_H)2, 
Ni3(HATI_vPr)2, and Ni3(HATI_nPr)2 (Figures 4a and S13) 
consist of single-components across the entire 10-300 K tem-
perature range, where common g values of 2.0052, 2.0027 and 

2.0020 were assigned, respectively. In striking contrast, 
Ni3(HATI_iPr)2 exhibits asymmetric multi-component spectra 
(Figure S13). Despite the unresolved broad peaks which pre-
clude a satisfactory simulation of the spectra, this complex fea-
ture can be reasonably ascribed to the different types of organic 
radicals resulting from the staggered stacking of 
Ni3(HATI_iPr)2. The ESR signal becomes weaker as the tem-
perature rises in all cases, while this intensity decrease is more 
significant for Ni3(HATI_H)2. Indeed, Ni3(HATI_H)2 displays 
the weakest signal compared to the other samples at each meas-
ured temperature, notwithstanding its highest conductivity 
among them. This is likely because the carrier transport in these 
2D c-MOFs is dominated by spinless polaron pairs or bipolar-
ons.35-36 In addition, this may also indicate the fast spin-lattice 
relaxation for Ni3(HATI_H)2.37-38 The temperature dependence 
of the ESR spectra is further analyzed in terms of their lin-
ewidths (Figure S14), from which two temperature regions can 
be distinguished. At low temperatures (< 100 K), the ESR lin-
ewidths of the four samples decrease upon heating due to mo-
tional narrowing effects;39 further elevating temperature leads 
to line broadening except for Ni3(HATI_H)2. Spin-lattice relax-
ation facilitated by the Elliott mechanism is accountable for this 
observation,38 which occurs by phonon scattering of metal-like 
conduction electrons, as previously evidenced in conducting 
polymers.40 

 

Figure 4. a, Variable-temperature ESR spectra of Ni3(HATI_H)2 at 10-300 K. b, ctotT versus temperature (T) plot for the spin sus-
ceptibility (ctot) obtained from the double integration of the ESR spectra. The solid lines are fits using ctotT = C + cpauliT, where C and 
cpauli are the Curie constant and Pauli susceptibility. c, spin echo signal recovery for Ni3(HATI_iPr)2 at different temperatures, from 
which T1 is extracted using exponential fits (solid lines). d, Hahn-echo decay for Ni3(HATI_iPr)2 at different temperatures, from 
which T2 is extracted using exponential fits (solid lines). e, temperature dependence of T1 and T2 for Ni3(HATI_vPr)2, Ni3(HATI_nPr)2 
and Ni3(HATI_iPr)2. f, schematic diagram of spin interaction and communication in 2D c-MOFs with highly staggered stacking.  

To gain quantitative insight into these systems, the temperature 
dependence of spin susceptibility (ctot) was extracted from the 
double integration of the ESR spectra. The net susceptibility is 

written as the sum of Pauli and Curie susceptibilities, ctot = cPauli 
+ cCurie, referring to free and localized electrons, respectively. 
These two contributions can be better presented in a ctotT – T 



 

plot (Figures 4b and S15), being ctotT = cPauliT + C, where C is 
the Curie constant.41 For Ni3(HATI_vPr)2, Ni3(HATI_nPr)2, 
and Ni3(HATI_iPr)2, clear slopes are observed in the tempera-
ture region of 50-200 K, which indicates significant Pauli con-
tributions from free conduction electrons (Table 1). The exist-
ence of free electrons makes the materials susceptible to the El-
liott mechanism, which is consistent with the result of increased 
linewidths at higher temperatures. On the contrary, 

Ni3(HATI_H)2 with the highest conductivity shows almost con-
stant ctotT values from 25 to 160 K, and thus no noticeable line 
broadening is observed (Figure 4b). Overall, these analyses re-
veal that higher conductivity occurs when less free electrons are 
present in these 2D c-MOF samples (Table 1). This rather coun-
terintuitive behavior has previously been reported,37, 40 and con-
firms the previous hypothesis that electronic spin does not play 
a major role in carrier transport.  

 

Table 1. Summary of results extracted from the temperature dependence of spin susceptibility 

 

We conducted pulsed ESR measurements to further probe the 
spin dynamic properties of Ni3(HATI_X)2 spin-lattice relaxa-
tion time (T1) using spin-echo inversion recovery and spin-spin 
relaxation time (or quantum coherence time, T2) using echo de-
cay. Figures 4c-d portray the experimental curves for 
Ni3(HATI_iPr)2 as an example, from which the values of T1 and 
T2 are extracted by exponential fits below 100 K. The spin echo 
signal for Ni3(HATI_H)2, however, is too weak to be recorded 
even at 5 K, indicative of the shortest T1 and T2 among these 
samples. Combined with the conductivities and temperature-de-
pendent ESR results, the ultra-short spin-lattice relaxation time 
of Ni3(HATI_H)2 could be attributed to the scattering of the 
metal-like conduction electrons by phonons. This may suggest 
that highly conductive 2D c-MOF systems are not necessarily 
good potential candidates for spin qubits. The results for the 
other three systems are illustrated in Figure 4e and Figure S16: 
Ni3(HATI_iPr)2 possesses higher T1 values compared to those 
of Ni3(HATI_nPr)2 and Ni3(HATI_vPr)2. This should be due to 
the large interlayer distance and the mismatched stacking mode 
in Ni3(HATI_iPr)2 with the most steric side group. This gives 
rise to an ultra-weak interlayer interaction and hinders the lat-
tice phonons, as demonstrated by the calculated electronic band 
dispersion.30 Interestingly, the T1 behavior of these materials is 
related to the Curie constant (C) and Pauli susceptibility (cPauli) 
values extracted from the VT-ESR results (Table 1). This ten-
tatively suggests that more localized spins lead to longer T1 val-
ues. Figure 4e reveals that T2 is temperature-independent, and 
the values (~ 100 ns) are comparable among different samples, 
meaning that T2 is not limited by thermally-accelerated spin-
lattice relaxation T1. The latter may be explained by the fact that 
these samples consist of similar p-conjugated networks and nu-
clear spin baths, and that communication between spins may 
mainly occur within the 2D layer (Figure 4f). The above results 
unravel that T1 is dominated by the stacking modes of the 2D 
layer, with the looser packing (dislocated stacking and weak in-
terlayer interaction) of 2D c-MOFs favoring longer spin-lattice 
relaxation time, while T2 is independent of the interlayer stak-
ing. These systematical investigations of classical and quantum 
spin properties in these 2D c-MOFs provide a playground for 
studying the spin dynamics in spin-concentrated networks 
where further improvements should be anticipated with the aim 

of excluding nuclear spin-rich atoms, such as nitrogen and hy-
drogen, while maintaining the weak interlayer interactions.42 

Conclusion 

In conclusion, we have achieved precise and wide-range tuning 
of spin behavior, particularly about the spin-lattice relaxation, 
in conductive 2D c-MOFs through control of the stacking mode. 
The π-conjugated hexaiminotriindole ligands attached by side 
groups with different shapes are synthesized, concomitant with 
precisely tunable stacking modes from the serrated stacking to 
staggered stacking in corresponding 2D c-MOFs. Conse-
quently, introducing bulky side group substitutions distinctly 
dislocates the stacking of 2D layers, attenuating the interlayer 
interactions within the 2D c-MOFs. This perturbation yields a 
remarkable 30-fold enhancement in spin density and extends 
the lattice relaxation time of the spin carriers in the 2D c-MOFs. 
In these MOFs the ability to control the stacking modes of the 
layers will also open up an avenue to discover the exotic phys-
ical properties of this class of van der Waals materials. Finally, 
a systematic investigation of the structure-property relation in 
these 2D c-MOFs lays a design guideline for offering spin 
qubits for quantum information science.  
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