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Abstract 

Triangulene and its analogue metal-free magnetic systems have garnered increasing 

attention since their discovery. Predicting the magnetic couplings and spin polarization 

energy with quantitative accuracy is beyond the predictive power of today’s density-

functional theory (DFT) due to their intrinsic multi-reference character. Herein, we 

create a benchmark dataset of 25 magnetic systems with non-local spin densities, 

including the triangulene monomer, dimer, and their analogues. We calculate the 

magnetic coupling (J) and spin-polarization energy (ΔEspin) of these systems using 

complete active space self-consistent field (CASSCF) and coupled cluster methods as 

high-quality reference values. This reference data is then used to benchmark 22 DFT 

functionals commonly used in material science. Our results show that, while some 

functionals consistently correctly predict the qualitative character of the ground state, 

achieving quantitative accuracy with small relative errors is currently not feasible. 

PBE0, M06-2X, and MN15 are predicting the correct electronic ground state for all 

systems investigated here, and also have the lowest mean absolute error for predicting 

both ΔEspin (0.34 eV, 0.32 eV and 0.31 eV) and J (11.74 meV, 12.66 meV and 10.64 

meV). They may therefore also serve as starting points for higher-level methods such 

as the GW or the random phase approximation. As other functionals fail for the 

prediction of the ground state, they cannot be recommended for metal-free magnetic 
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systems.  



Introduction: 

Metal-free magnetism, as present in systems including molecular magnets,1-2 

covalent organic frameworks3 and other organic polymers,4 has attracted significant 

research interest in recent years. However, accurately predicting the magnetic 

interactions in these systems is challenging due to their intrinsic multi-reference nature, 

meaning that multiple spin-state configurations have small energy splittings.5 To 

investigate magnetic interactions, researchers often turn to methods like density matrix 

renormalization group (DMRG), complete active space self-consistent field (CASSCF) 

and complete active space configuration interaction (CASCI), which can be enhanced 

with dynamic electron correlation methods like difference-dedicated configuration 

interaction (DDCI), complete active space second-order perturbation theory (CASPT2), 

and n-electron valence second-order perturbation theory (NEVPT2).6-12 However, these 

approaches are computationally demanding and prohibitively expensive for large 

systems, including periodic structures. Density-functional theory (DFT) offers an 

alternative way to study the electronic structures of large systems, including periodic 

ones. Moreover, it provides a starting point for more advanced methods like GW13-14 

and the random phase approximation (RPA).15-16 The quasi-particle description of DFT 

captures, in principle, static and dynamic correlations. To date, none of the existing 

functionals provides the quantitative accuracy and reliability to accurately assess the 

electronic configuration and energy differences in metal-free magnetic systems. A 

popular solution to improve the description of magnetic behavior in strongly correlated 

systems with metal centers, where the correlation is dominated by d electrons, is the 

DFT+U approach, which includes the empirical parameter Hubbard U. However, for 

metal-free systems, where static electron correlation cannot be associated with a well-

defined subset of electrons, the DFT+U approach does not provide a viable solution.6, 

17 Therefore, it is beneficial to have a high-quality dataset with reliable benchmark data 

to assess the performance of a method for organic systems with non-local spin densities, 

which will also contribute to the research of two-dimensional polymers or covalent-

organic frameworks within a periodic ansatz. 



Triangulene (TRI) is the smallest polybenzenoid known with a triplet-ground 

state.18-19 Recently, the realization of triangulene and its derivatives has led to the 

observation of many exotic phenomena including the Dirac cone and Haldane phase.20-

24 Compared to metal-organic complexes and diradicaloids with localized electronic 

structures, the delocalized and symmetric spin densities with extended π-conjugation 

make it a distinctive platform to explore electron correlation in metal-free magnets.24 

The magnetic coupling of triangulene has been studied using DFT (B3LYP functional) 

and CAS(4, 4), giving 160 meV and approximately 500 meV, respectively.18-19, 25 

B3LYP is the by far most often applied density-functional for describing organic 

molecules and widely used as standard method.26 However, while it gives the correct 

sign of the magnetic coupling, it is a factor 3 off in its quantitative description.18-19 

Additionally, as dynamic electron correlation has rarely been considered in the reported 

multi-reference calculations of triangulenes, the available predictions for magnetic 

coupling may not be accurate.19, 25 Therefore, it is of fundamental importance to 

thoroughly investigate the metal-free magnetism of triangulenes using advanced ab 

initio methods that take both static and dynamic electron correlations into account, and 

to evaluate the performance of available DFT functionals in predicting key parameters 

such as magnetic coupling and spin-polarization energy to open the door for periodic 

calculations, for example in two-dimensional (2D) polymers and covalent-organic 

frameworks (COFs). 

In this work, we investigate the metal-free magnetism of triangulene and its 

analogues (see Figure 1) with advanced ab initio methods, i.e., with coupled cluster 

single-double and perturbative triple (CCSD(T)) and CASSCF/NEVPT2, which take 

into account both static and dynamic electron correlations. We first discuss in detail 

triangulene and its dimer, gaining fundamental insight into the magnetic interaction and 

electron correlation. Additionally, we create a comprehensive dataset of 25 metal-free 

magnetic systems with non-local spin densities They span a wide range of regimes in 

magnetic coupling and spin-polarization energy. These systems will serve as reliable 

references to evaluate the performance of various DFT functionals. Using these 

reference calculations, we benchmark 22 DFT functionals, covering generalized 



gradient approximations (GGAs), meta-GGAs, hybrid GGAs, hybrid-meta GGAs, and 

range-separated hybrids. Our results show that, while achieving quantitative accuracy 

is still impossible, the hybrid functionals PBE0, MN15, and M06-2X produce 

qualitatively correct results with moderate deviations in energy, and are thus suitable 

starting points for methods such as the GW or the RPA. 

 

Results and Discussion: 

1. Magnetic coupling and spin-polarization energy of triangulene monomer and 

dimer. 

Triangulene monomer is a prototypical non-Kekulé diradical with a triplet ground 

state. Its dimer is also a free radical with four unpaired electrons (Figure 2). In the dimer, 

triplet configuration of the monomers is maintained, and coupled in an anti-parallel 

alignment, resulting in an open-shell singlet (OSS) with S = 0.19 In these diradicaloid 

and other radicals with an even number of unpaired electrons, the closed-shell singlet 

(CSS), the OSS and the high-spin state (HS), such as triplet or quintet, are the three 

important states to be considered (Figure 2). Among these states, the HS is well-

represented by a single-determinant wavefunction, whereas the OSS is not, which poses 

a major challenge for computational chemistry. The relative energies of these three 

states are described by the spin-polarization energy ΔEspin and the magnetic coupling J 

(Figure 2). The spin-polarization energy is defined as the energy difference between 

high-spin open-shell and closed-shell states, ΔEspin = EHS – ECSS. This value will directly 

indicate whether the open-shell state is more stable, in other words, if the molecule is a 

radical. The magnetic coupling J is derived from Heisenberg–Dirac–van Vleck (HDVV) 

Hamiltonian, �̂� =  −𝐽𝑆1̂𝑆2̂ , where 𝑆1̂  and 𝑆2̂  are the spin angular momentum 

operators on sites 1 and 2, respectively.27 It is defined as the normalized energy 

difference between the low-spin OSS and high-spin states for triangulene monomer and 

dimer: nJ = EOSS – EHS, where n is 1 for the triplet (T) and 3 for the quintet (Q). For the 

triangulene monomer, the high-spin state is T and J = EOSS – ET, whereas it is Q for the 

dimer and J = (EOSS – EQ)/3.  

The parameters ΔEspin and J are important metrics for understanding the magnetic 



behavior of metal-free magnetism. ΔEspin gives the magnitude of the electron 

correlation. A large ΔEspin value signifies robust electron correlation and a stable spin-

polarized state. In systems with partially-filled (quasi-)degenerate orbitals, the high-

spin configuration is more stable than the closed-shell one due to the Coulomb repulsion 

of unpaired electrons according to Hund's rule.27 ΔEspin is related to the on-site Coulomb 

repulsion, U, of the Hubbard model, which is critical in the physics of strongly 

correlated systems.28 It is also closely associated with Stoner magnetism, wherein the 

balance between electron correlation and electronic coupling underlies the origin of 

stable open-shell states and ferromagnetic interactions. We employ the domain-based 

local pair natural orbital coupled-cluster theory (DLPNO-CCSD(T)) method (see 

computational details section for more information) to calculate the energy difference 

between the closed-shell and high-spin states, i.e., triplet for the monomer and quintet 

for the dimer.29 In comparison to the conventional CCSD(T) method, the DLPNO-

CCSD(T) approach offers higher computational efficiency, capable to achieve nearly 

linear scaling while maintaining comparable accuracy. However, it cannot properly 

describe the OSS state due to its reliance on a restricted open-shell Hartree-Fock 

(ROHF) determinant rather than an unrestricted Hartree-Fock (UHF) one. Although 

conventional CCSD(T) is considered as a single-reference method, it is recognized as 

the golden standard in quantum chemistry and can robustly incorporate most dynamic 

electron correlations into the wave function. As shown in Table 1, the ΔEspin is -1.39 eV 

for the monomer and -2.68 eV for the dimer, indicating that the open-shell high-spin 

states are generally more stable than the closed-shell ones. This manifests that these 

molecules are indeed open-shell radicals with strong electron correlation. It is worth 

noting that the ΔEspin of the monomer is about half that of the dimer, as there are fewer 

free electrons and spin orbitals in the monomer. This reveals the close relationship 

between on-site Coulomb repulsion and spin-polarization energy. 

As for J, it is of significance to evaluate the type and strength of magnetic 

interaction. If J > 0, the high-spin state is energetically favored, implying so-called 

ferromagnetic interaction (FM), whereas, if J < 0, the low-spin state is more stable for 

anti-ferromagnetic interaction (AFM). The ground state for the triangulene monomer is 



a triplet, and thus J > 0, while for the dimer, it is the OSS and J < 0. It is notable that 

the low-spin state, i.e. the OSS radical with an even number of unpaired spins, has at 

least two Slater determinants with large coefficients. This makes single-determinant 

approaches such as HF, CCSD(T), and also DFT unsuitable for the accurate description 

of these systems. CASSCF is a natural approach to treat the multi-configurational 

systems with strong static correlation, where a full-CI expansion of the active space is 

generated, and the multi-configurational character is correctly considered. In order to 

obtain the J value for the triangulene monomer and dimer, we performed the state-

averaged CASSCF(12, 12) calculations as implemented in the ORCA program30 (see 

computational details section for more information). 

For the triangulene monomer, the triplet ground state is dominated by a single 

configuration 222221100000 of 79%, corresponding to (π1)2(π2)2(π3)2(π4)2(π5)2(π*
s1)1 

(π*
s2)1(π*

5)0(π*
4)0(π*

3)0(π*
2)0(π*

1)0, where π*
s1 and π*

s2 are two singly-occupied spin 

orbitals with anti-bonding characters. The natural orbitals in active space are shown in 

Figure S1. On the other hand, the significant contributions to the singlet state are the 

222222000000 and 222220200000 configurations, which make up 41% and 39% of the 

states, respectively, while the open-shell singlet configurations contribute about 7%. 

These results demonstrate the multi-configurational character and strong static electron 

correlation in these systems, which arise from the degenerate spin orbitals. In addition, 

the two equally weighted closed-shell singlet configurations are more prominent in the 

monomer than the OSS configuration, possibly due to the weak coupling between the 

spin orbitals and the resulting super-exchange interaction, which is insufficient to 

stabilize the anti-ferromagnetic configuration. Afterwards, NEVPT2 calculations are 

performed on top of the CASSCF wave functions in order to include the dynamic 

electron correlations and obtain accurate values for J. The resulting energy difference 

between the singlet and triplet states of the monomer, J, was calculated to be 460 meV, 

indicating a very stable triplet ground state (Table 1).  

As for the triangulene dimer, the high-spin state, quintet, is governed by the 

222211110000 configuration of 85%. This configuration corresponds to 

(π1)2(π1’)2(π2)2(π2’)2(π*
s1)1(π*

s2)1(π*
s3)1(π*

s4)1(π*
2’)0(π*

2)0(π*
1’)0(π*

1)0. Among these 



natural orbitals, (π*
s1), (π*

s2), (π*
s3) and (π*

s4) are four near-degenerated spin orbitals, 

while (π1) and (π1’) are pair of orbitals where only the sign of the wave function on one 

monomer is opposite. (Figure S2) By contrast, five configurations, 222211110000, 

222222000000, 222220200000, 222202020000 and 222200220000, substantially 

contribute to the singlet state by 21%, 16%, 16%, 16% and 16% respectively. These 

results reveal the multiconfigurational nature of the singlet state, which originates from 

the four nearly degenerate spin orbitals. The NEVPT2 calculation gives an energy 

splitting between the singlet and the quintet of -23.64 meV and the J of -7.88 meV, 

indicating a stable OSS ground state and AFM interaction. For comparison, we also 

calculated the J value of the planar configuration, yielding -14.3 meV. This result is in 

good agreement with the experimental singlet-triplet gap of 14 meV for the triangulene 

dimer on the Au(111) surface.19 It is noteworthy that, without considering dynamic 

electron correlations, the CASSCF calculations only predict about half of the value of 

J, -4.15 meV, for the dimer. This highlights the essential role of including dynamic 

electron correlations in the description of AFM interactions. 

 

2. Magnetic coupling and spin-polarization energy of triangulenes dataset. 

To obtain a more general understanding on the magnetic interactions of 

triangulenes, we created a collection of triangulene analogues as depicted in Figure 1, 

which cover a wide range of triangulene-centered radicals. In addition to triangulene 

monomer (TRI), they involve trioxotriangulene (TOT), triarylmethyl (TAM), nitrogen-

doped triangulene (TRI(N)), boron-doped triangulene (TRI(B)) and phenalenyl (PLY). 

All these building units are stable radicals that have been synthesized in experiments 

except TRI(B). They are either directly connected into dimers or bridged by -C≡C- 

(CC), -C≡C-C≡C- (CCCC) and phenyl (Ph) linkages. These molecules are non-

Kekulé diradicaloids with two unpaired electrons, except for the TRI-series that have 

four spins.  

Afterwards, we employ similar approaches as for the triangulene monomer and 

dimer to calculate the ΔEspin and the J of the whole collection and generate a 



triangulenes magnetism dataset (see computational details). We found that all the 

molecules, except for triangulene monomer, have OSS ground states and AFM 

interactions with J < 0 (Table 2). Our results show that the triangulene-based molecules 

exhibit a wide range of magnetic properties, with the ΔEspin and J values ranging from 

-2.73 eV to -0.34 eV and from -203 meV to -1.0 meV, respectively (Figure 3 and Table 

2). These molecules can be broadly classified into three categories based on their ΔEspin 

and J values: those with strong J and weak ΔEspin (mostly TOT and TAM series), those 

with weak J and weak ΔEspin (TRI(N), TRI(B), and PLY series), and those with weak J 

and strong ΔEspin (TRI series). For all the diradicals, the orbitals in their active space 

follow the pattern of (π1)(π1’)(π2)(π2’)(π*
s1)(π*

s2)(π*
2’)(π*

2)(π*
1’)(π*

1) due to orbital 

degeneracy imposed by symmetry resulting from the equivalence of the monomers 

(Figures S3-25). For the TRI-Ph molecule, the experimental singlet-triplet energy gap 

of 2 meV data is available19 and closely matches our calculation of the J value (Table 

2). For the systems sharing the same building units, similar ΔEspin are observed, 

manifesting the spin-polarization is principally defined by the elementary monomer 

(Table 2). We also observe that the molecules bridged by -C≡C- have stronger 

magnetic coupling than those bridged by -C≡C-C≡C-, indicating the locality of 

magnetic interactions despite being mediated by the conjugated linkages. However, the 

directly-linked dimers do not necessarily have stronger J than the -C≡C- linked ones 

due to loss of conjugation across their twisted dimer linkages. The spin ladder of all the 

dimer molecules is shown in Figure S26. 

From a materials design perspective, the AFM interaction originates from the 

super-exchange between the monomers and can be described by -4t2/U, where t 

represents the hopping integral in the Hubbard model. Thus, increasing the conjugation 

across the molecule can enhance the electronic coupling and lead to stronger AFM 

interactions. Factors such as planarity and linkages can greatly affect the conjugation, 

as we have seen that the J value of the TRI dimer increases from -7.88 meV to -14.3 

meV when transformed from a distorted to a planar configuration. With regards to 

electron correlation, an increase in the number of unpaired electrons and degenerate 

frontier orbitals will generate a greater Coulomb repulsion between the spins located 

on the same monomer, as the TRI dimer with four unpaired electrons has a larger ΔEspin 



than other diradicaloids with two unpaired electrons (Table 2). As a result, the search 

for non-Kekule building blocks, such as Clar's goblet31 and other triangulene systems32 

with unpaired π-electrons, holds great promise for the discovery of metal-free 

magnetism with strong electron correlation. 

 

3. Benchmark of broken-symmetry DFT functionals for triangulene dataset. 

Instead of a multiconfigurational wave function in CASSCF or CASCI, the broken-

symmetry (BS) DFT is also a popular and well-established approach to tackle the open-

shell states, and the approach is feasible even for relatively large systems.33-35 However, 

the accuracy of BS-DFT depends on the exchange-correlation functional being used.36 

In order to evaluate the reliability of different functionals, we will compare the results 

obtained from BS-DFT with our references for J and ΔEspin (see computational details). 

Here, ΔEspin is defined as ΔEspin = EHS – ECSS, where EHS and ECSS are calculated by 

unrestricted and restricted DFT, respectively. However, the OSS is the ground state for 

nearly all the molecules in the dataset, rather than the high-spin or closed-shell state. 

This makes it essential to accurately calculate J in order to understand the magnetic 

properties of these molecules. However, how to properly extract J from BS-DFT 

calculations pertaining to OSS remains a contentious issue.37-39 Numerous mapping 

schemes have been proposed, wherein three are commonly discussed and employed, i.e. 

Noodleman's (eqn. (1)),34 Yamaguchi's (eqn. (2)),40-41 and Ruiz's (eqn. (3)) 

approaches,36 as follows: 

𝐽 =  
−2(𝐸HS−𝐸OSS)

𝑆𝑚𝑎𝑥
2                            (1) 

𝐽 =  
−2(𝐸HS−𝐸OSS)

〈𝑆2〉HS−〈𝑆2〉LS
                           (2) 

𝐽 =  
−2(𝐸HS−𝐸OSS)

𝑆𝑚𝑎𝑥(𝑆𝑚𝑎𝑥+1)
                           (3) 

Where 𝑆𝑚𝑎𝑥 is the total spin of the HS state, 〈𝑆2〉HS and 〈𝑆2〉LS are the expectation 

values for the total spin of the HS and LS states, respectively. Among them, both 

Noodleman's and Yamaguchi's methods are spin-projected approaches, while Ruiz's 

method is referred to as a non-projected approach.37 Although some discussions have 

focused on selecting mapping approaches based on the strength of J, it is important to 



note that the fundamental understanding of OSS calculated by BS-DFT varies 

inherently across these approaches.39, 42 The long-standing debate regarding which 

mapping approach can yield more reliable results has yet to reach a consensus within 

the community.37-38, 43 In practice, the choice of approach is contingent on the specific 

chemical system under investigation and the functional employed.38 Each method has 

been supported by experimental data or high-level quantum chemistry calculations in 

the literature.36-38 This further complicates the prediction of J with quantitative accuracy 

using BS-DFT. In this study, rather than endorsing a particular approach, we calculated 

J using all three formulas, with the results presented in Table S1 (Noodleman's 

approach), Table S2 (Yamaguchi's approach), and Tables 1-2 (Ruiz's approach). 

We firstly benchmark 22 DFT functionals for the triangulene monomer and dimer, 

including PBE,44 BLYP,45-46 BP86,45, 47 TPSS,48 M06L,49 SCAN,50 r2SCAN-3c,51 

MN15-L,52 B3LYP,46, 53 PBE0,46, 54 M06-2X,52 TPSSh,48 MN15,55 PW6B95,56 

ωB97XD,57 ωB97M-V,58 HSE06,59 B2GP-PLYP,60 PWPB95,61 B2PLYP,62 and ωB97X-

263 (Table 1). This comprehensive selection of functionals covers GGA, meta-GGA, 

hybrid-GGA, hybrid-meta GGA, range-separated hybrids, and double hybrids. The 

total energy of CSS, OSS and HS, namely triplet for the monomer and quintet for the 

dimer, are calculated, and J and ΔEspin are derived. For OSS states, the broken-

symmetry approach is employed, while the stability of DFT wavefunction is tested. As 

in Gaussian 16 it is possible to automatically optimize the wavefunction until it is stable, 

most of the calculations are performed employing this code, except for SCAN, 

r2SCAN-3c, ωB97M-V, ωB97X-2, B2GP-PLYP, and PWPB95, which are not available 

in Gaussian 16. Instead, these functionals have been studied using the ORCA 5.0 

program. We used this occasion to compare the numerical differences between the 

Gaussian 16 and ORCA 5.0 programs. Even though the numerical values of J and ΔEspin 

correspond to small energies, the calculations at B3LYP/def2-TZVP level are consistent 

for all cases studied with difference of the target quantities within 2% (Table S3). As 

shown in Figure 4 and Table 1, the hybrid functionals generally provide a more accurate 

prediction of the J and ΔEspin with MAE of 110.1 meV and 0.25 eV for the monomer 

and 1.7 meV and 0.74 eV for the dimer compared to those from GGA and meta-GGA 



functionals of 218.6 meV and 0.50 eV for the monomer and 3.9 meV and 1.7 eV for the 

dimer. Among them, for the dimer, PBE0, MN15 and ωB97M-V give the best prediction 

of -9.73 meV, -8.90 meV and -10.07 meV for the J and -1.99 eV, -2.40 eV and -2.80 eV 

for the ΔEspin with reference to -7.88 meV for the J and -2.68 eV for the ΔEspin. As for 

the monomer, ωB97XD and ωB97M-V predict the J values of 449.52 meV and 455.30 

meV and ΔEspin of -1.46 eV, which are comparable to the reference values of 460 meV 

and -1.39 eV. On the contrary, apart from SCAN series of functionals, most GGA and 

meta-GGA functionals severely underestimate both the J and the ΔEspin with a mean 

relative error of -59% and -45% for the monomer and -50% and -71% for the dimer. 

Particularly, SCAN works surprisingly well for the triangulene monomer and predicts 

the J of 468.41 meV and ΔEspin of -1.4 eV, yet less accurately for the dimer with relative 

errors of 119% and -24%. This suggests that SCAN may be suitable to describe systems 

with strong magnetic coupling. It is also observed that double hybrid functionals 

generally produce unreliable results for both the monomer and dimer, potentially 

leading to incorrect ground states64 (Table 1 and Figure 4). For example, B2GP-PLYP 

and ωB97X-2 erroneously predict an OSS ground state for the monomer and a high-

spin state for the dimer. Although B2PLYP could correctly indicate the ground state, 

the J values are overestimated by 23% and 216% for the monomer and dimer, 

respectively. 

On the basis of these findings, we further choose 10 functionals with better 

popularity in material science, including PBE, SCAN, r2SCAN-3c, B3LYP, PBE0, 

M06-2X, MN15, ωB97XD, ωB97X-V and HSE06, and extend above-mentioned DFT 

calculations to all the molecules in the dataset. Based on our benchmark results shown 

in Table 2 and Figure 5, we found that while the qualitative predictions of J and ΔEspin 

are generally good, quantitative predictions are not yet attainable within the DFT 

framework, particularly for the systems with relatively weak magnetic coupling and 

spin-polarization, such as -2 meV for J and -0.5 eV for ΔEspin, where errors in the 

relative energies between different states are largest. Regarding the mapping 

approaches, we found that Noodleman's and Yamaguchi's methods yield similar J 

values, which are generally about twice those predicted by Ruiz's method. (Tables S1-



2 and Table 2) For example, the predicted J values for TRI dimer are -10.08 meV, -

10.53 meV, and -6.76 meV using Noodleman's, Yamaguchi's, and Ruiz's methods, 

respectively, in comparison to the reference value of 7.88 meV. This overestimation of 

J, as predicted by Noodleman's and Yamaguchi's approaches, has been consistently 

reported in the literature, particularly for organic diradical systems.65-67 Consequently, 

scaling factors of 0.3-0.5 have been employed to align with experimental J values.68-70 

As demonstrated in Figure S27, Tables S1-2 and Table 2, J predictions derived from 

Noodleman's and Yamaguchi's methods exhibit larger mean absolute errors (MAEs) 

and mean relative errors (MREs) than those obtained using Ruiz's approach. For 

example, with B3LYP, PBE0, and M062X functionals, the MAEs are 29.6 meV, 34.43 

meV, and 21.75 meV for Noodleman's method, 25.92 meV, 34.62 meV, and 21.86 meV 

for Yamaguchi's method, and 13.38 meV, 11.74 meV, and 12.66 meV for Ruiz's 

approach. Thus, at least from a numerical perspective, Ruiz's method appears more 

suitable for extracting J from BS-DFT for these metal-free systems.66-67, 71-72 Hereafter, 

the detailed analysis of the functionals' performance will be grounded in the results 

obtained using Ruiz's approach.  

Among the tested functionals, the PBE0, M06-2X and MN15 are most accurate 

both for J and ΔEspin, with MAE of 11.74 meV, 12.66 meV and 10.64 meV for J and 

0.34 eV, 0.32 eV and 0.31 eV for ΔEspin. The MRE are 15%, -30%, 0% for J and -4%, 

29% and 21% for ΔEspin (Table 2 and Figure 5). The root mean square error (RMSE) 

and mean absolute relative error (MARE) are also shown in Table 2. Although the MAE 

of B3LYP and HSE06, i.e. 13.38 meV and 13.18 meV for J and 0.46 eV and 0.41 eV 

for ΔEspin, are comparable to that of PBE0 and M06-2X, they incorrectly predict the 

relative energy of closed-shell and high-spin state for TAM dimer, resulting in 

erroneous ΔEspin (Table 2). These results demonstrate that PBE0, M06-2X and MN15 

generally provide a more accurate and reliable description of the magnetic systems 

compared to other functionals. In addition, SCAN, as meta-GGA functional, shows 

similar accuracy as many hybrid functionals, especially for the prediction of ΔEspin, 

where the MAE and MRE are 0.36 eV and -11%. This provides a significant 

computational advantage in optimizing the magnetic state for large systems, especially 



for high-spin states, as meta-GGA functionals are generally less computationally 

expensive. However, some functionals mistake the sign of J and ΔEspin, leading to an 

incorrect prediction of the ground state. For example, PBE will reverse the sign of the 

J for all the TRI(B) series molecules and the sign of ΔEspin for all the TAM and most of 

the TOT molecules (Table 2). Although ωB97XD and ωB97X-V correctly predict the 

signs of J and ΔEspin for all the molecules in the dataset, the MRE of ΔEspin are 104% 

and 113%, which is about three times larger than other hybrid functionals, indicating 

severe overestimation of electron correlation. The 〈𝑆2〉HS  and 〈𝑆2〉LS  of all these 

functionals for the molecules in the dataset are shown in Table S4. The spin densities 

of all the dimer molecules calculated by MN15 functional are shown in Figures S27-

S50 Optimizing the range-separation parameter ω, rather than using a single value for 

all the systems, may lead to a more accurate description of magnetic states, as this has 

been demonstrated to enhance the prediction of the fundamental gaps and the charge-

transfer excitations in organic assemblies and polymers.73 Furthermore, previous 

research has demonstrated that LC-ωPBE improves the description of magnetic 

coupling in transition-metal oxides compared to B3LYP.74 In view of the direct impact 

on the electron correlations, we calculated J and ΔEspin with long-range (LC) corrected 

hybrid functional, LC-ωPBE,75-77 and employ different values of ω based on the 

building monomers, where ω=0.20 for TRI, ω=0.15 for TOT, TAM and PLY, ω=0.10 

for TRI(N) and ω=0.05 for TRI(B) were chosen. The results are shown in Table 2 and 

Figure 5 and denoted as LC-ωPBE* in comparison to LC-ωPBE with default ω (ω = 

0.4). By using these target application-tuned values of ω, we significantly improve the 

values for ΔEspin with MAE and MRE of 0.13 eV and -0.02% compared with that of 

0.73 eV and 82% in LC-ωPBE with default ω as well as other hybrid functionals. Also, 

its values for J with MAE and MRE of 13.13 meV and -25% are comparable to those 

calculated with PBE0 and M06-2X. This demonstrates the effectivity of range-

separated hybrid functionals for strong-correlated systems, however, the range-

separation parameter must be adjusted based on the electron correlations in order to 

achieve accurate predictions. This may be a suitable approach for studying oligomers 

or polymers based on the same monomer. Current developments for optimizing the 



range-separation parameter based on Koopman's theorem might provide useful 

alternatives in the future and a generalized multireference-DFT method could also give 

more accurate predictions.73, 78-81 

 

Conclusion 

In summary, we investigated the magnetic properties of triangulene monomer, 

dimer and their analogues, and predicted their spin-polarization energy (ΔEspin) and 

magnetic coupling (J) with DLPNO-CCSD(T) and CASSCF/NEVPT2 methods. Our 

predictions of J for the triangulene dimer with and without the phenylene spacer, i.e. -

7.88 meV and -2.42 meV, are consistent with experimental observations. We highlight 

the importance of including both dynamic and static correlations for the accurate 

calculation of magnetic interactions. We found that all the molecules, except the 

triangulene monomer, have open-shell-singlet ground states and AFM interactions with 

J < 0. On the basis of these results, we suggest a comprehensive dataset with high-

quality reference values, containing 25 metal-free magnetic molecules. This dataset 

covers a wide range of ΔEspin from -2.73 eV to -0.34 eV and J from -203 meV to -1.0 

meV, which provides an extensive and reliable starting point for future research. In 

order to assess the performance of DFT functionals for the prediction of ΔEspin and J, 

we benchmarked 22 functionals for the triangulene monomer and dimer, and 10 

functionals for the whole dataset. We found that, although qualitative prediction of 

ΔEspin and J could be achieved within the DFT framework by carefully choosing the 

functionals, quantitative accuracy has not been reached yet, especially for systems with 

relatively weak electron correlations. In general, PBE0, M06-2X and MN15 are 

recommended for calculating both J and ΔEspin of metal-free magnetic systems, as they 

have reasonable MAE of 11.74 meV, 12.66 meV and 10.64 meV respectively for J and 

0.34 eV, 0.32 eV and 0.31 eV respectively for ΔEspin. On the contrary, most GGA and 

meta-GGA functionals will underestimate both parameters, for example, PBE with 

MRE of -144% and -78% for J and ΔEspin respectively. SCAN performs as accurately 

as many hybrid functionals for ΔEspin with MAE of 0.36 eV, and produces an accurate 



value for J of the triangulene monomer with a relative error of 2%, indicating its 

potential for describing systems with strong magnetic coupling and spin-polarization. 

We further demonstrated that tuning the range-separation parameter, ω, based on the 

electron correlation in the range-separated hybrid functional, LC-ωPBE, improves the 

performance, particularly for ΔEspin. Our findings will be used to advance the 

understanding of the magnetic interactions and spin-polarization of triangulene and its 

analogues and illustrate the performance of novel DFT functionals when describing 

metal-free magnetism. 

 

Computational details 

The geometries of all the molecules have been optimized at the PBE0/def2-TZVP 

level as implemented in the Gaussian16 program.82 We have performed the domain-

based local pair natural orbital coupled-cluster theory (DLPNO-CCSD(T)) with ORCA 

5.0 program.30 “RIJCOSX” method has been employed to speed up the SCF process. 

The auxiliary basis set, def2-TZVP/C, and Coulomb fitting set, def2/J, have been used 

for correlated calculations.83 TightSCF option has been used to tighten the convergence 

settings. The closed-shell singlet and quintet states have been calculated for TRI dimer, 

TRI-CC, TRI-CCCC and TRI-Ph, while the closed-shell singlet and triplet states have 

been calculated for the other molecules in the dataset. 

 The state-averaged (SA) CASSCF has also been carried out with ORCA 5.0 

program to calculate the magnetic coupling. SA CASSCF is more convenient and 

computationally efficient to conduct a constrained minimization of a weighted sum of 

energies pertaining multiple electronic states, whereas the state-specific (SS) CASSCF 

approach often encounters convergence issues due to root flipping. Thus, SA CASSCF 

provides a more balanced treatment of multiple states and is better suited for studying 

magnetic interactions.84 RIJK approximation has been used to speed up the SCF 

calculations. The exchange fitting basis, def2/JK, has been used.85 The singlet and 

quintet states have been considered for TRI dimer, TRI-CC, TRI-CCCC, and TRI-Ph, 

while the singlet and triplet states have been calculated for the other molecules in the 



dataset because the TRI-series dimers possess 4 unpaired electrons, while the other 

diradicals only have 2 spins. Considering the degeneracy of the orbitals, CAS(12, 12) 

has been used for TRI monomer, TRI dimer, TRI-CC, TRI-CCCC, TRI-Ph, while 

CAS(10, 10) has been used for the other diradicals. This means, for all the molecules 

in the dataset, we have applied a consistent active space, includes 4 occupied orbitals, 

4 virtual orbitals, and all the SOMOs. While it would be ideal to include all the π-

electrons in the active space, the resources required for this scale exponentially and 

make CAS(14,14) calculations impractical. In addition, adding nearly fully occupied or 

virtual orbitals to the active space may lead to convergence problems.86 On top of the 

CASSCF-optimized wave function, the RI-NEVPT2 method has been employed to 

include the dynamic correlation. We have noticed major progress in the development 

of density matrix renormalization group (DMRG) technique recently, allowing for the 

inclusion of more orbitals and electrons in the active space.8-9 This improvement leads 

to enhanced accuracy that aligns with experimental data, particularly for systems 

containing numerous SOMOs and necessitating large active spaces, such as the 

chromium dimer, where notable discrepancies between experimental and 

computational data have been reported. In this study, we stick to the more traditional 

ab initio methods as they are sufficient for the small number of SOMOs and show 

excellent agreement to experiment if available. 

For DFT calculations, SCAN, r2SCAN-3c, wB97M-V, ωB97X-2, B2GP-PLYP, and 

PWPB95 calculations have been performed in ORCA 5.0 program, while the other 

functionals have been carried out with Gaussian 16 program. For closed-shell singlet, 

restricted DFT calculations have been performed, while unrestricted DFT calculations 

have been employed for the triplet and quintet. For open-shell singlet, a broken-

symmetry approach has been performed. The stability of the DFT wave function has 

been optimized and checked with “stable=opt” for Gaussian and “STABPerform true” 

for ORCA. The basis set is def2-TZVP for all the calculations considering the large 

computational demand for the CAS and CCSD(T) calculations.87 Mean absolute 

relative error (MARE) is defined as MARE =
1

n
∑ |

𝑥𝑖−𝑥ref

𝑥ref
|𝑖≤𝑛  . Mean relative error 



(MRE) is defined as MRE =
1

n
∑ (

𝑥𝑖−𝑥ref

𝑥ref
)𝑖≤𝑛 . Mean absolute error (MAE) is defined 

as MAE =
1

n
∑ |𝑥𝑖 − 𝑥ref|𝑖≤𝑛 . Root mean square error (RMSE) is defined as RMSE =

√
1

n
∑ (𝑥𝑖 − 𝑥ref)

2
𝑖≤𝑛 . 

  



 

Figure 1. Molecule collection of triangulene monomer, dimer and its analogues. 

  

 

Figure 2. Molecular structures and spin states of triangulene monomer, dimer 

and TAM dimer. CSS: closed-shell singlet, OSS: open-shell singlet, HS: high-spin 

state, namely triplet for triangulene monomer and TAM dimer and quintet for 

triangulene dimer. The green check signs indicate the ground states. 

 



 

Figure 3. Magnetic coupling and spin-polarization energy distribution of the 

dataset. 

 



 

Figure 4. Magnetic coupling, J, (a) and spin-polarization energy, ΔEspin, (b) of the 

triangulene monomer, as well as J (c) and ΔEspin (d) of the dimer. The reference is 

highlighted in red. The negative values of J in (a) and positive values in (c) are not 

shown. Color code: reference value in red; GGAs in orange; meta-GGAs in green; 

hybrid functionals in light blue; range-separated hybrids in blue; double hybrids 

in purple. 



  

Figure 5. Mean absolute error (MAE) (a) and mean absolute relative Error 

(MARE) (b) of J, as well as MAE (c) and MARE (d) of ΔEspin. The ω is tuned 

according to the electron correlations in LC-ωPBE*, and ω is 0.4 by default in LC-

ωPBE. Color code: GGA in orange; meta-GGAs in green; hybrid functionals in 

light blue; range-separated hybrids in blue. 

  



Table 1. Benchmark of DFT functionals of the magnetic coupling and spin-

polarization energy for triangulene monomer and dimer. 

 Monomer Dimer 

 

 

J (meV) ΔEspin (eV) J (meV) ΔEspin (eV) 

Reference  460 -1.39 -7.88 -2.68 

GGA BLYP 150.91 -0.68 -2.74 -0.60 

BP86 160.21 -0.70 -2.99 -0.65 

PBE 160.57 -0.71 -3.00 -0.65 

Meta-GGA TPSS 202.13 -0.80 -4.47 -0.84 

M06L 230.05 -0.87 -5.49 -1.00 

SCAN 468.41 -1.40 -17.29 -2.05 

r2SCAN 300.71 -1.02 -9.05 -1.26 

r2SCAN-3c 299.87 -1.01 -8.95 -1.26 

MN15-L 216.65 -0.83 -4.87 -0.91 

Hybrid 

GGA 

B3LYP 288.39 -1.01 -6.76 -1.60 

PBE0 344.73 -1.16 -9.73 -1.99 

Hybrid 

meta-GGA 

M06-2X 342.57 -1.15 -5.94 -2.50 

TPSSh 273.15 -0.97 -6.97 -1.36 

MN15 363.28 -1.19 -8.90 -2.40 

PW6B95 303.27 -1.05 -6.56 -1.81 

Range-

separated 

Hybrids 

ωB97XD 449.52 -1.46 -11.56 -3.74 

ωB97M-V 455.30 -1.46 -10.07 -2.80 

HSE06 328.50 -1.11 -9.56 -1.66 

Double 

Hybrids 

B2GP-PLYP -88.91 -0.30 16.47 -0.53 

PWPB95 171.69 -0.76 2.21 -1.44 

B2PLYP 565.61 -1.84 -24.94 -3.91 

ωB97X-2 -161.67 -0.19 18.74 -0.29 

 



Table 2. Benchmark of DFT functionals of the magnetic coupling and spin-polarization energy for the molecules in the dataset. 

J(meV) / ΔEspin(eV) Ref. PBE SCAN r2SCAN-3c B3LYP PBE0 M062X MN15 ωB97XD ωB97M-V HSE06 LC-ωPBE LC-ωPBE* 

TRI mono J 460 160.57 468.41 299.87 288.39 344.73 342.57 363.28 449.52 455.3 328.5 610.88 378.81 

ΔEspin -1.39 -0.71 -1.4 -1.01 -1.01 -1.16 -1.15 -1.19 -1.46 -1.46 -1.11 -2.04 -1.27 

TRI dimer J -7.88 -3 -17.29 -8.95 -6.76 -9.73 -5.94 -8.9 -11.56 -10.07 -9.56 -23.14 -7.72 

ΔEspin -2.68 -0.65 -2.05 -1.26 -1.6 -1.99 -2.5 -2.4 -3.74 -2.8 -1.66 -5.21 -3.24 

TRI-CC J -4.13 -2.08 -16.39 -7.6 -5.27 -7.91 -4.33 -6.79 -9.27 -7.66 -7.75 -19.72 -6.21 

ΔEspin -2.61 -1.26 -2.11 -1.31 -1.74 -2.16 -2.34 -2.42 -4.27 -2.85 -2.12 -4.16 -2.58 

TRI-CCCC J -1.33 -1.24 -12.02 -4.84 -3.16 -4.94 -2.33 -4.08 -5.63 -4.3 -4.85 -13.24 -3.72 

ΔEspin -2.59 -1.22 -2.13 -1.32 -1.92 -2.18 -2.36 -2.25 -3 -2.82 -2.27 -4.2 -2.6 

TRI-Ph J -2.42 -0.36 -6.63 -1.12 -0.94 -1.45 -0.73 -1.24 -1.6 -1.28 -1.45 -1 -1 

ΔEspin -2.73 -1.38 -2.12 -1.32 -1.78 -2.2 -2.26 -2.43 -2.97 -2.99 -2.12 -2.58 -2.58 

TRI(N) dimer J -2.1 26.07 0.08 -1.53 -0.38 -0.33 -0.21 -0.18 -0.19 -0.19 -0.36 -0.2 -0.3 

ΔEspin -0.94 -0.31 -0.84 -0.52 -0.73 -0.92 -1.14 -1.11 -1.69 -1.8 -0.78 -1.41 -0.74 

TRI(N)-CC J -16 -5.2 -40.66 -22.82 -15.81 -22.15 -13.74 -18.76 -23.51 -19.49 -21.92 -17.12 -9.48 

ΔEspin -0.85 -0.29 -0.83 -0.52 -0.73 -0.93 -1.22 -1.16 -1.9 -2.04 -0.78 -1.61 -0.82 

TRI(N)-CCCC J -6.04 -4.28 -31.92 -47.15 -10.11 -14.57 -7.77 -11.78 -14.85 -11.39 -14.56 -10.73 -5.94 

ΔEspin -1.01 -0.29 -0.85 -0.5 -0.78 -0.99 -1.33 -1.32 -2.12 -2.26 -0.79 -1.83 -1 

TRI(N)-Ph J -5.61 -1.07 -17.73 -3.7 -2.66 -3.89 -2.14 -3.26 -3.88 -3.09 -3.91 -2.63 -1.46 



ΔEspin -0.83 -0.27 -0.84 -0.52 -0.76 -0.96 -1.29 -1.22 -2.04 -2.18 -0.8 -1.76 -0.94 

TRI(B) dimer J -0.57 11.96 -1.03 -0.04 -0.21 -0.15 -0.1 -0.15 -0.19 -0.23 -0.2 -0.17 -0.34 

ΔEspin -0.34 -0.3 -1 -0.6 -0.79 -1.02 -1.24 -1.18 -1.89 -1.99 -0.85 -1.55 -0.45 

TRI(B)-CC J -3.54 5.52 -0.46 0.16 -0.11 -0.06 -0.03 -0.07 -0.06 -0.06 -0.09 -0.06 -0.28 

ΔEspin -0.53 -0.29 -0.99 -0.6 -0.83 -1.08 -1.41 -1.31 -2.19 -2.32 -0.86 -1.84 -0.5 

TRI(B)-CCCC J -3.46 0.14 0.19 0.43 -0.07 -0.03 -0.01 -0.04 -0.01 -0.03 -0.06 -0.02 -0.22 

ΔEspin -0.52 -0.29 -1 -0.6 -0.85 -1.11 -1.48 -1.37 -2.35 -2.48 -0.86 -2.01 -0.55 

TRI(B)-Ph J -5.12 0.39 -15.88 -3.74 -2.64 -3.67 -1.96 -3.17 -3.48 -2.77 -3.74 -2.4 -1.26 

ΔEspin -0.67 -0.29 -0.98 -0.59 -0.81 -1.06 -1.4 -1.3 -2.22 -2.35 -0.93 -1.88 -0.49 

TAM-dimer J -203 -267.48 -170.1 -181.77 -152.66 -144.15 -126.4 -136.42 -110.98 -107.67 -157.8 -100.36 -106.22 

ΔEspin -0.43 0.27 -0.02 0.14 0.01 -0.09 -0.24 -0.21 -0.62 -0.66 0.01 -0.51 -0.32 

TAM-CC J -127 -246.6 -161.33 -170.19 -132.47 -126 -99.35 -113.84 -93.46 -85.98 -140 -85.04 -90.13 

ΔEspin -0.56 0.25 -0.04 0.13 -0.04 -0.14 -0.34 -0.3 -0.75 -0.82 -0.02 -0.62 -0.41 

TAM-CCCC J -81 -191.09 -133 -134.34 -95.41 -91.97 -63.44 -78.78 -65.42 -55.99 -103.69 -59.45 -63.07 

ΔEspin -0.79 0.19 -0.1 0.07 -0.13 -0.24 -0.52 -0.45 -0.97 -1.07 -0.1 -0.81 -0.57 

TAM-Ph J -19 -49.37 -53.35 -34 -22.07 -21.35 -13.83 -17.92 -13.39 -11.7 -25.04 -11.43 -12.34 

ΔEspin -1.16 0 -0.35 -0.17 -0.42 -0.56 -0.93 -0.82 -1.52 -1.66 -0.37 -1.32 -1.02 

TOT-dimer J -74 -105.9 -91.64 -73.91 -61.45 -59.69 -51.99 -58.46 -51.84 -50.82 -64.96 -44.96 -43.52 

ΔEspin -0.53 0.09 -0.33 -0.05 -0.22 -0.34 -0.57 -0.5 -0.98 -1.06 -0.22 -0.82 -0.6 



TOT-CC J -40 -104.61 -92.55 -73.88 -55.28 -53.71 -40.62 -49.61 -43.59 -40.03 -59.48 -38.81 -38.36 

ΔEspin -0.68 0.09 -0.33 -0.05 -0.24 -0.37 -0.65 -0.56 -1.1 -1.2 -0.22 -0.92 -0.68 

TOT-CCCC J -17 -76.23 -76.58 -55.32 -37.24 -36.86 -23.78 -32.33 -28.46 -24.13 -41.41 -25.27 -24.97 

ΔEspin -0.9 0.05 -0.37 -0.09 -0.32 -0.46 -0.81 -0.69 -1.33 -1.46 -0.28 -1.11 -0.84 

TOT-Ph J -11 -27.09 -42.88 -19.16 -12.87 -12.53 -8.29 -10.94 -8.9 -8 -14.6 -7.29 -7.24 

ΔEspin -1.03 -0.05 -0.49 -0.2 -0.45 -0.6 -0.99 -0.86 -1.57 -1.71 -0.41 -1.36 -1.07 

PLY-dimer J -23 -6.08 -42.41 -18.93 -13.88 -20.23 -11.89 -18.35 -24.21 -21.09 -19.9 -16.08 -10.89 

ΔEspin -1.03 -0.27 -0.94 -0.54 -0.68 -0.85 -1.04 -1.01 -1.53 -1.62 -0.73 -1.31 -1.02 

PLY-CC J -8.82 -4.59 -42.38 -17.55 -11.82 -17.93 -9.74 -15.24 -21.25 -17.68 -17.56 -14.17 -9.53 

ΔEspin -1.15 -0.31 -0.99 -0.58 -0.78 -0.97 -1.26 -1.2 -1.89 -2.02 -0.8 -1.65 -1.32 

PLY-CCCC J -6.04 -2.84 -32.38 -11.76 -7.36 -11.63 -5.45 -9.49 -13.41 -10.29 -11.4 -8.85 -5.87 

ΔEspin -1.21 -0.31 -1 -0.59 -0.82 -1.02 -1.37 -1.29 -2.09 -2.21 -0.81 -1.85 -1.51 

PLY -Ph J -4.11 -0.74 -17.07 -2.76 -1.93 -3.03 -1.47 -2.56 -3.37 -2.7 -3.02 -2.09 -1.39 

ΔEspin -1.0 -0.31 -0.99 -0.59 -0.81 -1 -1.33 -1.26 -2.02 -2.15 -0.81 -1.79 -1.45 

MAE J  36.34 21.41 18.5 13.38 11.74 12.66 10.64 10.44 10.23 13.18 17.95 13.13 

ΔEspin  0.81 0.36 0.63 0.46 0.34 0.32 0.31 0.8 0.79 0.41 0.73 0.13 

MRE J  -1.44 1.78 0.52 -0.08 0.15 -0.3 0 0.16 -0.03 0.2 0.36 -0.25 

ΔEspin  -0.78 -0.11 -0.52 -0.26 -0.04 0.29 0.21 1.04 1.13 -0.23 0.82 -0.0002 

MARE J  2.33 2.03 0.96 0.48 0.61 0.43 0.51 0.67 0.56 0.63 1.03 0.48 



ΔEspin 

 

0.78 0.45 0.61 0.48 0.44 0.46 0.45 1.04 1.13 0.48 0.83 0.14 

RMSE J  72.58 26.95 37.75 36.44 26.81 29.32 24.26 21.03 22.16 29.26 38.62 27.54 

RMSE ΔEspin  0.91 0.43 0.74 0.52 0.4 0.42 0.38 0.96 0.97 0.47 0.95 0.19 

 

*In LC-ωPBE, ω=0.4 is default. Here, we tuned the ω for each monomer according to its electron correlations, namely ω=0.20 for TRI, ω=0.15 for TAM, TOT and 

PLY, ω=0.10 for TRI(N) and ω=0.05 for TRI(B). 
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