
HAL Id: hal-04280345
https://hal.science/hal-04280345

Submitted on 10 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Deciphering the Ground State of a C 3 -Symmetrical
Blatter-type Triradical by CW and pulse EPR

Spectroscopy
Athanassios Boudalis, Christos Constantinides, Nicolas Chrysochos, Raanan
Carmieli, Gregory Leitus, Andreas Kourtellaris, Daniel Lawson, Panayiotis

Koutentis

To cite this version:
Athanassios Boudalis, Christos Constantinides, Nicolas Chrysochos, Raanan Carmieli, Gregory
Leitus, et al.. Deciphering the Ground State of a C 3 -Symmetrical Blatter-type Triradical
by CW and pulse EPR Spectroscopy. Journal of Magnetic Resonance, 2023, 349, pp.107406.
�10.1016/j.jmr.2023.107406�. �hal-04280345�

https://hal.science/hal-04280345
https://hal.archives-ouvertes.fr


Deciphering the Ground State of a C3-Symmetrical Blatter-type Triradical by CW and 

pulse EPR Spectroscopy 

Athanassios K. Boudalis,*,a Christos P. Constantinides,*,b Nicolas Chrysochos,c Raanan 

Carmieli,d Gregory Leitus,d Andreas Kourtellaris,c Daniel B. Lawsonb and Panayiotis A. 

Koutentisc 

 

a Institut de Chimie de Strasbourg (UMR 7177, CNRS-Unistra), Université de Strasbourg, 4 

rue Blaise Pascal, CS 90032, F-67081 Strasbourg, France. Email: bountalis@unistra.fr 

b Department of Natural Sciences, University of Michigan – Dearborn, 4901 Evergreen Rd, 

Dearborn, MI 48128, United States 

c Department of Chemistry, University of Cyprus, P.O. Box 20537, 1678 Nicosia, Cyprus 

d Department of Chemical Research Support, Weizmann Institute of Science, Rehovot, 76100, 

Israel 

 

Abstract 

3,3',3''-(Benzene-1,3,5-triyl)tris(1-phenyl-1H-benzo[e][1,2,4]triazin-4-yl) (1) is a C3-symmetrical 

triradical comprised of three Blatter radical units connected at the 1, 3, 5 positions of a central 

trimethylenebenzene core. This triradical has an excellent air, moisture, and thermal stability. 

Single-crystal XRD indicates that triradical 1 adopts a propeller-like geometry with the 

benzotriazinyl moieties twisted by 174.1(2)° and packs in 1D chains along the c axis to form an 

extensive network of weak intermolecular interactions. Frozen solution continuous wave (CW) 

EPR spectra and variable-temperature field-sweep echo-detected (FSED) spectra revealed an 



intramolecular ferromagnetic exchange within the spin system, supporting a quartet S = 3/2 

ground state. DFT calculations further supported these experimental findings. 

 

 

1. Introduction 

High-spin organic radicals are of fundamental interest owing to their potential applications in 

material sciences [1]. Organic radicals are inherently unstable as nature prefers to pair electrons 

and maximize bonding in a structure. Nevertheless, there are two main design strategies that can 

help stabilize unpaired spins in organic molecules: i) steric stabilization whereby bulky groups 

protect sites of high spin density; and, ii) electronic stabilization (resonance) whereby spin 

density is either highly delocalized or electronegative elements are introduced in the carbon 

backbone to offer thermodynamic stability [2]. These design strategies have been successful in 

the preparation of stable S =1/2 organic radicals. For organic polyradicals with high-spin ground 

states (S = 1, 3/2, etc.) additional design principles must be followed [3,4]. Spin-containing units, 

whether atoms or molecules, are usually connected via ferromagnetic coupling units (FCUs) 

such as trimethylenemethane (TMM) and m-benzoquinodimethane (m-BQDM) to form high-spin 

polyradicals [5]. While in closed-shell organic molecules, singlet ground states (S = 0) are 

separated from low-lying high-spin excited states by tens of kcal mol-1, inverting this large 

energy gap in favor of a high-spin state for organic polyradicals remains a challenge to this day 

[6]. The energy gap of the high-spin ground state from the nearest excited state must be in the 

same order of magnitude as the thermal energy at room temperature (≈ 0.6 kcal mol-1) [7,8]. 

Furthermore, the high-spin state must be stable and sufficiently populated at room temperature. 



We previously reported the synthesis and characterization of a C3-symmetrical triradical, 

3,3',3''-(benzene-1,3,5-triyl)tris(1-phenyl-1H-benzo[e][1,2,4]triazin-4-yl) (1) (Fig. 1), based on 

1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (2) (aka Blatter’s radical) [9]. Several 

Blatter-based di- and tri-radicals have since been reported in the literature [10-17]. These include 

mixed Blatter-nitronyl nitroxide and all Blatter di- and tri-radicals wherein the radical units are 

connected through strategic locations to promote intramolecular ferromagnetic alignment via the 

spin polarization mechanism. They possess high-spin ground states with robust stability owing to 

the excellent air, moisture, and thermal stability of Blatter’s radical 2 [18-22]. Our extensive 

synthetic work on this family of radicals has enabled broad access to various derivatives, 

significantly expanding the structural diversity of the parent radical 2 [23-29]. This has led to 

many applications in magnetic materials [30-39], photodetection [40,41], liquid crystalline 

photoconduction [42-45], electroactive building blocks for purely all-organic batteries [46-48], 

ligands for metal complexes [49-51] and metal-organic frameworks [52], initiators in controlled 

polymerizations [53-56], Overhauser DNP polarizing agents for high-field MAS-DNP [57] and 

as pH sensors [58]. These radicals have been shown to have excellent ability to form stable thin 

films [59,60] which has led to applications in spintronic devices [61-63]. 

Triradical 1 was designed to connect three Blatter-type radicals onto a 1,3,5-trimethylene-

benzene core via their C3 carbons. The latter is a non-disjoint non-Kekulé triradical that acts as a 

ferromagnetic coupling unit [5]. SOMO orbital calculations for Blatter-type radicals indicate that 

there is a node on C3 carbons and therefore a question arises as to which is the ground state of 

triradical 1. If the nodes on C3 carbons disrupt the communication between the three ‘arms’, then 

the three S =1/2 radicals are independent of each other and triradical 1 will have near degenerate 

high- and low-spin states. However, if the spin polarization mechanism is in effect and there is 



sufficient communication between the three radicals then according to Ovchinnikov's rule [4] a 

high-spin S = 3/2 quartet will be the ground state due to the intramolecular ferromagnetic 

alignment. Following our reported the synthesis of triradical 1, Rajca and co-workers [12] 

commented that triradical 1 is “composed of three S = 1/2 spins that are magnetically 

independent” and that “this triradical might turn out to be a low-spin (doublet) ground state, very 

close in energy to the excited quartet”. In light of this, and to provide experimental support of the 

ground state, herein, we report detailed solid-state XRD, solution EPR and computational studies 

to decipher the ground state of this triradical. 

N

N
N

2

N

N
N

N
N

N

N
N

N

1

1
2

3

45

6

7

8

 

 

Fig 1. Structure of triradical 1 and Blatter’s radical 2. 

2. Experimental 

2.1 Single-crystal and powder XRD 

Data were collected on an Oxford-Diffraction Supernova diffractometer, equipped with a 

CCD area detector utilizing Mo-Kα radiation (λ = 0.71073 Å). A suitable crystal was attached to 

glass fibers using paratone-N oil and transferred to a goniostat where they were cooled for data 

collection. Unit cell dimensions were determined and refined by using 1617 (4.67° ≤ θ ≤ 28.65°) 



reflections. Empirical absorption corrections (multi-scan based on symmetry-related 

measurements) were applied using CrysAlis RED software [64]. The structures were solved by 

direct method and refined on F2 using full-matrix least squares using SHELXL97 [65]. Software 

packages used: CrysAlis CCD [64] for data collection, CrysAlis RED [64] for cell refinement 

and data reduction, WINGX for geometric calculations [66], and DIAMOND [67] for molecular 

graphics. The non-H atoms were treated anisotropically. The hydrogen atoms were placed in 

calculated, ideal positions and refined as riding on their respective carbon atoms. 

Crystal refinement data for triradical 1 (CCDC 1982625) 

Dark brown cubes. C45H30N9, M = 696.78, Trigonal, space group P3, a = 17.1703(9) Å, b = 

17.1703(9) Å, c = 6.8377(4) Å, α = 90°, β = 90°, γ = 120°, V = 1745.81(16) Å3, Z = 2, T = 

100(2) K, ρcalcd = 1.326 g·cm−3, 2θmax = 25°. Refinement of 163 parameters on 2044 independent 

reflections out of 3962 measured reflections (Rint = 0.0267) led to R1 = 0.0491 [I > 2σ(I)], wR2 = 

0.1518 (all data), and S = 1.163 with the largest difference peak and hole of 0.338 e−3 and −0.227 

e−3, respectively. 

2.2 EPR measurements 

EPR spectra of frozen glasses of 1 in 2-Methyltetrahydrofuran (1 mM) were recorded on a 

Bruker Elexsys E580 spectrometer operating at 9.5 GHz and X-band frequencies (9.5 GHz) 

equipped with an EN4118X-MD4 resonator at temperature range of 5 K-110 K. The temperature 

was controlled by an Oxford Instruments CF935 continuous flow cryostat using liquid He. Field-

sweep echo-detected (FS-ED) EPR spectra were recorded using the two-pulse echo sequence 

(π/2-τ-π-τ-echo) where the echo intensity is measured as a function of the magnetic field. The 

microwave pulse lengths, π/2 and π were 10 and 20 ns, respectively and the time interval 

between the pulses, τ, was 200 ns. The two-pulse ESEEM sequence, π/2-τ-π-τ-echo, was 



employed with a two-step phase cycle. The measurements were carried out at a magnetic field 

where the echo intensity is maximum, and the length of the π/2 and π microwave (MW) pulses 

were 12 ns and 24 ns, respectively. The pulse interval τ was selected to be 100 ns with a 12 ns 

increment. For measuring T1 the inversion recovery sequence, π-Td-π/2-τ-π-τ-echo, was 

employed with a two-step phase cycle. The measurements were carried out at a magnetic field 

where the echo intensity is maximum, and the length of the π/2 and π microwave (MW) pulses 

were 12 ns and 24 ns, respectively. The pulse interval τ was selected to be 200 ns and Td was 

started from 400 ns and increased with a 1600 ns increment. 

The IR trace was fitted to a stretched exponential decay law 1( / )
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decay (ED) traces, the presence of three peaks in their FT spectra, characteristic of 1H, and 2H 

and double 2H modulation frequencies, required the additional consideration of three 

modulations, at frequencies (f1-3), each decaying with a characteristic time (b1-3). Various tests 

determined that the exponential decay obeyed to a stretched exponential process. The relaxation 
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Fourier transforms were carried out on ED traces after subtraction of the exponential decay 

background, zero-filling and apodization to a Hamming window function. 

Spectra fits to CW spectra were carried out with Easyspin v. 6.0 [68] using home-written 

functions. 

 



2.3 Computational methodology 

Full optimization for the doublet and quartet states of triradical 1 were carried using the 

UB3LYP method [69-72] that performs well for Blatter type radicals [30-39]. Basis sets used in 

this work included the standard Pople basis sets including the 6-31g(d) and 6-311+G(2d,p) basis 

sets along with the SVP and TZVP Ahlrichs [73] def2 basis sets. All calculations were 

performed with Gaussian16 [74] using the University of Michigan’s Greatlakes cluster. To 

estimate the intramolecular exchange-coupling constants (Jintra,comp) we use the magnetic 

Heisenberg–Dirac–Van Vleck Hamiltonian for three electrons in a symmetric three center 

triradical molecular system which can be written as 

   𝐻�𝑖𝑛𝑡𝑟𝑎 = −�𝐽12  ∙ 𝑆̂1 ∙ 𝑆̂2 + 𝐽23  ∙ 𝑆̂2 ∙ 𝑆̂3 + 𝐽13  ∙ 𝑆̂1 ∙ 𝑆̂3� 

Where 𝐽𝑖𝑗 is the intramolecular exchange-coupling constants between nearest neighbor spin 

centers and Ŝi are the spin operators for the three spin sites. As written 𝐻�𝑖𝑛𝑡𝑟𝑎 can be applied to a 

linear molecular system with spins evenly separated or to a triangular molecular system where 

the spins are located at the corners of an isosceles triangle [5]. These intramolecular magnetic 

interactions produce two doublets and one quartet energies [75]. As in this case, the equilateral 

triangular molecular symmetry reduces the exchange-coupling constants to Jintra = J1 = J2 = J3 

and the resulting energies of the two degenerate doublet states, ED, and one quartet energies, EQ, 

can be written as [76]:  

     𝐸D = + 3
4� ∙ 𝐽𝑖𝑛𝑡𝑟𝑎 

     𝐸Q = − 3
4� ∙ 𝐽𝑖𝑛𝑡𝑟𝑎 

Computationally, the energy of each magnetic exchange interaction between each spin center 

is represented as the exchange coupling constant mapped from the energies of the calculated 

doublet and quartet states. Jintra,comp is evaluated from the unprojected formula where 



     𝐽𝑖𝑛𝑡𝑟𝑎,𝑐𝑜𝑚𝑝 = +2
3�𝐸Q − 𝐸D�  

According to 𝐻�𝑖𝑛𝑡𝑟𝑎, a positive value of the exchange coupling constant J indicates a 

ferromagnetic interaction between Si and Sj whereas a negative exchange coupling constant 

corresponds to an antiferromagnetic interaction between spin centers. 

 

 

 

3. Results and Discussion 

Triradical 1 was previously prepared in a two-step reaction sequence [9]. 1-(2-Nitrophenyl)-1-

phenylhydrazine was condensed with 1,3,5-benzenetricarbonyl trichloride to form the 

intermediate tris(2-nitrophenyl)-triphenylbenzene-1,3,5-tricarbohydrazide which upon an in situ 

cyclodehydration followed by alkali treatment afforded triradical 1 as black needles in an overall 

yield of 58%. A variety of techniques were previously used to characterize triradical 1 and the 

results are summarized here. Differential Scanning Calorimetry (DSC) studies showed that 

triradical 1 has a significantly higher stability that Blatter radical 2 with a thermal decomposition 

onset at 312.8 °C and peak max at 314.1 °C and no prior melting point. The UV–vis spectrum of 

triradical 1 had almost identical absorptions to that of Blatter's radical 2 in terms of peak 

wavelengths, however, it exhibited almost 2–2.5× higher absorbance. Cyclic voltammetry 

measurements showed a fully reversible reduction at E1/2
red −0.819 V vs SCE and a fully 

reversible oxidation process at E1/2
ox 0.385 V vs SCE, which remained stable after 10 continuous 

cycles. A broad EPR signal was observed with no detailed structure and hfcc values for the N1 

(~2.58 G), N2 (~2.56 G) and N4 (~2.52 G) were similar due to inhomogeneous line broadening. 



These data pointed inconclusively to the independence of each triazinyl radical moiety, i.e., their 

identical behavior attributed to little to no spin-spin coupling between them. 

From here on, we describe efforts to establish unambiguously the ground state of triradical 1. 

We have obtained the structure of triradical 1 (Fig. 2) from single X–ray quality crystals grown 

by a slow diffusion of n-pentane into a chlorobenzene solution of radical 1. Triradical 1 

crystallizes in the trigonal P3 space group with one third of the triradical in the asymmetric unit 

(i.e. one benzotriazinyl moiety) and two molecules within the cell. Triradical 1 is nonplanar and 

adopts a shallow concave form with the benzotriazinyl C7 atoms 0.719 Å above the central 

benzene plane. The benzotriazinyl moieties twist in a propeller-like geometry by 174.1(2)° 

(torsion angle of N1-C3-C4-C5) and the dihedral angle of the central and triazinyl planes is 

7.0(4)°. The N-phenyls twist out of the benzotriazinyl plane by 42.1(3)° (torsion angle of C15-

C10-N2-N1) and the dihedral angle of the N-phenyl plane and the triazinyl plane is 47.6(1)°. No 

intramolecular interactions are observed. 



 

Fig 2. Thermal ellipsoid view of triradical 1 (CCDC 1982625). Crystallographic numbering 

shown. 50% Probability ellipsoids. Hydrogens omitted for clarity. 

 

Molecules of triradical 1 form one dimensional (1D) chains along the c axis (Fig. 3). There 

are two symmetry operations in the crystal structure of triradical 1: Two three-fold rotation axis 

(-y, x-y, x and -x+y, -x, z) with direction [0,0,1] at 0,0,z and two three-fold rotoinversion axis (y, -

x+y, -z and x-y, x, -z) with direction [0,0,1] at 0,0,z and inversion at [0,0,0]. 



 

Fig 3. One of the three equivalent supramolecular 1D chains of triradical 1 depicted along the 

c axis showing the alternative distances (Å) forming the radical pairs inside the chain and the 

closest intermolecular contacts. 

 

Around the central 1,3,5-substituted arene the three benzotriazinyl moieties form identical 1D 

chains along the c axis. The radicals inside these chains are alternatively spaced by 3.392 and 

3.349 Å (Fig. 3). This gives rise to two distinct dimers: The opposing molecules separated by 

3.392 Å adopt a convex to convex relative orientation and are connected via a 3.419(3) Å 

[N3···H11-C11 ∠ 144.2°] close contact between the N3 atom of one molecule and the C11 atom 

of the N-phenyl moiety of the opposing molecule. In contrast, the opposing molecules in the 

chain separated by 3.349 Å adopt a concave to concave relative orientation and show a 3.284(3) 

Å close contact between the C3 atom of one molecule and the C7 atom of the benzotriazinyl 

moiety of the opposing molecule (Fig. 3). Each arm of the triradical 1 interacts with a different 

molecule, which helps establish an extended network of weak interactions. 

 



The polycrystalline sample used in our studies was examined for phase purity. A comparison 

(Fig. 4) of the powder XRD diffraction pattern of our sample measured at 300K match well the 

pattern calculated by the single-crystal structure at 100K. 

 

Fig 4. A comparison of the experimental powder X-ray diffraction pattern at 300 K (red) and 

the calculated one from the single crystal X-ray structure at 100 K. 

 

To assess the magnetic ground state of the individual molecules, solution studies were 

preferred to avoid intermolecular interactions that would mask the intramolecular ones, as is 

often the case in organic radicals [1,2,5,6]. 

CW EPR spectra in frozen 2-Methyltetrahydrofuran at 110 K revealed a pattern typical of a 

zero-field split system (Fig. 4). Preliminary fits were carried out on a spectrum collected at a 



0.65 mW microwave power to better highlight all the resonances and allow a determination of 

the spin Hamiltonian parameters. 

Fitting this to a S = 3/2 spin with axial magnetic anisotropy yielded excellent results 

demonstrating the presence of a thermally populated S = 3/2 state. The line shapes required the 

introduction of a small strain in g⊥. Best-fit parameters were g3/2|| = 2.0033, g3/2⊥ = 2.0046, σg3/2⊥ 

= 0.0098, D = 0.00286 cm-1, σG = 0.020 mT, σL = 0.48 mT. 

To demonstrate the origin of this zfs, we carried out fits to these data using a model 

considering the dipolar interactions between three S = 1/2 spins. Indeed, dipolar interactions can 

induce magnetic anisotropy even in systems comprising just Si = 1/2 spins, thus characterized by 

absence of single-ion zfs [77]. Based on such a full multispin Hamiltonian, Easyspin builds the 

associated matrix and computes the energies of the magnetic levels by diagonalization. 

Boltzmann population analysis at the experimental temperature and magnetic fields is taken into 

account when calculating the intensities of various EPR spectral resonances, allowing a 

qualitative estimate of the J coupling. 

In the absence of hyperfine splittings, and in a spin system with identical g-values [78], the 

presence of exchange interactions is not expected to influence the resonance positions spectra, 

we therefore carried out such preliminary fits considering Jij = 0. Best-fit parameters were gi|| = 

2.0034, gi⊥ = 2.0046, σgi⊥ = 0.0131, rij = 7.72 Å (i, j = 1-3), σG = 0.026 mT, σL = 0.43 mT. 

 



 

Fig 5. Solution CW EPR spectrum of triradical 1 and fits to two models: a S = 3/2 giant spin 

with zfs (blue line) and three Si = 1/2 spins interacting through dipolar interactions. Experimental 

parameters: fMW = 9.803255 GHz, PMW = 0.65 mW, Bmod = 0.1 mTpp. 

 

The two fits yield very close results, including the g-values. The practically identical values of 

the main elements of the global and local g-tensors indicates that the two reference frames are 

collinear, i.e., the local gz axes are parallel to the molecular z-axis; normal to the plane of the 

central ring. We also note that fits yield gi|| < gi⊥, in apparent contrast to the previously derived 

values for the parent monoradical [38]. We are currently unsure of the reasons of this inversion. 

That these are frozen solution data may introduce important uncertainties in the derived g-values. 

 

 



The fitted distances are in close, albeit not perfect, agreement with the interatomic distances 

between spin-bearing atoms N3 (6.360 Å). The slightly larger fitted distance may indicate a 

small delocalization of the spin density toward carbon atom C2, and/or the interplay of 

conformational changes through rotation of the side-groups around bond C3-C4. Another 

possibility, the presence of anisotropic (or “pseudo-dipolar”) exchange interactions, whose 

effects are added to those of the dipolar interactions, is not considered plausible as its physical 

origins are the spin-orbit coupling effects, which are typically most pronounced in the case of 

metal ions. 

While information on the exchange couplings could not be obtained by the resonance 

positions, such information might eventually be obtained by their relative intensities. Indeed, the 

relative energies of the singlet and quartet states is expected to influence the relative intensities 

of the central and lateral resonances. Indeed, the central resonance is a sum of the MS = –1/2 → 

+1/2 transitions, both within the quartet and within the two doublets, whereas the lateral 

resonances are only due to the MS = –3/2 →  –1/2 and +1/2 → +3/2 transitions within the quartet. 

Thus, these latter will be relatively enhanced in intensity in the case of a FM coupling, which 

would make the quartet the ground state. 

To assess this, fits were carried out on a spectrum collected at 0.21 μW at 110 K, to minimize 

any risk of saturation that might distort the spectral intensities. Initial tests demonstrated that fits 

to such a model were sensitive enough for a qualitative assessment of the sign of J, but not for its 

quantitative determination. While all fits converged to a FM coupling, the precise Jij value 

depended on the fitting intervals. In Fig. 6, we present fits with Jij (i, j = 1-3) values fixed to 

+100 and –100 cm-1 (–JijSiSj formalism). These show that the strong FM coupling better 

reproduced the relative intensities of the two resonances. Moreover, the effects of a moderate FM 



coupling were assessed, by carrying out fits with J values fixed to ±3 cm-1. These values were 

selected based on DFT calculations and analysis of the spin-lattice relaxation times (see below), 

but also to avoid numerical artifacts produced close to perfect frustration (J = 0). These are 

practically indistinguishable, and both demonstrate a distinctly lower agreement with the 

experimental spectrum compared to the J = +100 cm-1 fit. While these fits cannot quantitatively 

determine the J value, on a qualitative level they indicate the presence of FM interactions 

sufficiently strong to be clearly discerned in the spectra. 

 

Fig. 6. Zoom of the lateral resonances of 1 at 110 K, showing fits with Jij (i, j = 1-3) values 

fixed to +100, +3, –3 and –100 cm-1. The spectra are normalized to the central resonance. 

Experimental parameters: fMW = 9.80009 GHz, PMW = 0.207 μW, Bmod = 0.1 mTpp. 

 

To further confirm that the quartet is the ground state, we considered variable-temperature 

EPR spectroscopy studies in solution as the ideal choice. Indeed, SQUID susceptometry in the 



solid state might be dominated by intermolecular interactions which would mask the 

intramolecular ones [30-39]. 

Preliminary attempts to address the question through variable-temperature CW EPR 

spectroscopy were complicated by the appearance of asymmetric derivative spectra which was 

attributed to passage effects [79,80]. In fact, these are quite common in molecules with relatively 

slow spin-lattice relaxation and require particular care to remove (such as low MW powers, 

small modulation frequencies, slow scans), thus complicating the quantitative comparison of 

variable-temperature data. In the presence of such effects, double integration is particularly 

imprecise, since small asymmetries in the derivative spectrum are translated in “absorption” 

spectra with severely distorted baselines. These require corrections that affect the quantification 

during the second integration in an unpredictable manner. 

To circumvent these complications, we undertook pulsed EPR spectroscopy, which directly 

yields “absorption” field-swept spectra, while also allowing us to monitor the spin-lattice 

relaxation time at different temperatures to select shot repetition times (SRTs) of appropriate 

length to assure full relaxation of the magnetization. Preliminary field-sweep echo-detected 

(FSED) spectra corresponded perfectly to those derived from CW EPR spectroscopy (Fig. 5). 



 

Fig 7. CW EPR and FSED spectra of 1 at 100 K. Experimental conditions. FSED: fpEPR = 

9.79866 GHz; CW: fCW = 9.80326 GHz, PMW = 0.65 mW, Bmod = 0.1 mTpp. 

 

The spin-lattice relaxation time (T1) was characterized by inversion recovery (IR) experiments 

(Fig. 6 and Table 1) at each temperature to select an appropriate SRT for the subsequent pulse 

EPR studies (SRT > 5T1). Echo decay experiments (Fig. 7) were also carried out to assess the 

phase-memory time of the spin system and select an appropriate interpulse delay for FSED 

experiments. 



 

Fig. 8. IR traces at the spectral maximum of 1 (350 mT) recorded at various temperatures, 

fitted to stretched exponential relaxation law (black lines). 

 

 

Fig. 9. Left: Hahn echo decay traces at the spectral maximum of triradical 1 (350 mT) 

recorded at variable temperatures and fitted to a stretched exponential decay modulated by three 

oscillations of different frequencies. Middle: ESEEM FT spectra. Right: Best-fit values of TM 

times with error bars corresponding to 95% confidence intervals. 

 

Table 1. Best-fit parameters for T1 and TM times and their corresponding stretch parameters. 

Numbers in parentheses indicate the 95% confidence intervals. 



 

Variable-temperature FSED spectra (Fig. 8) were collected, and integrated to derive their 

intensity I. The I × T products were plotted as a function of temperature. Unfortunately, after 

correction for the experimental parameters (number of scans, video gain, shots per point), no 

clear trend was observed for the data. 

We have used DFT calculations to further support the experimental results from the CW EPR 

and FSED spectroscopy. The ground state of triradical 1 was determined computationally using 

the energies of the doublet and quartet states (Table 2) calculated from full optimizations at the 

UB3LYP level and using four basis sets 6-31g(d), 6-311+g(2p,d), def2-SVP and def2-TZVP. All 

basis sets provide similar doublet-quartet splittings ranging 0.117 – 0.124 kcal mol-1 in favor of a 

quartet ground state (Table 2). 

 

The calculations indicate that there is a ferromagnetic alignment of the three unpaired 

electrons within the triradical molecule. The intramolecular exchange coupling constant, Jintra, 

was calculated to be 2.73 cm-1 with the smallest basis set of 6-31g(d) and 2.89 cm-1with the 

T (K) 350 mT 353 mT 350 mT 353 mT 

 T1 (ms) βT1 T1 (ms) βT1 TM (μs) βTM TM (μs) βTM 

5 1.098(4) 0.796(4) 1.306(2) 0.798(2) 6.8(1) 1.49(5) 5.91(6) 1.53(3) 

15 0.549(3) 0.785(4) 0.671(2) 0.781(2) 7.5(1) 1.64(5) 5.96(6) 1.57(3) 

30 0.108(3) 0.77(1) 0.130(2) 0.726(9) 7.0(1) 1.64(6) 5.57(8) 1.56(4) 

50 0.085(3) 0.78(2) 0.099(2) 0.73(1) 7.2(1) 1.70(5) 5.89(8) 1.66(5) 

70 0.062(2) 0.81(2) 0.073(1) 0.76(1) 7.3(1) 1.76(6) 6.2(1) 1.48(7) 

90 0.038(2) 0.83(5) 0.044(2) 0.77(2) 1.7(1) 1.3(1) 2.1(1) 1 (limit) 

110 0.023(2) 0.83(4) 0.027(1) 0.75(2) 2.8(1) 1.07(6) 3.8(8) 1.0(2) 



largest basis or the def2-TZVP. The remaining basis sets including the 6-311+g(2d,p) and the 

def2-SVP give a J of 2.68 cm-1 and 2.85 cm-1, respectively. The range in the computed J values 

is 0.16 cm-1 showing very little change with respect to basis. 

 

Table 2. UB3LYP doublet energies, ED (au), quartet energies, EQ (au), the doublet-quartet 

splitting energy (∆EDQ) of triradical 1 (kcal mol-1), and the computed exchange-coupling 

constant Jintra,comp (cm-1). 

 

Conclusions 

SOMO orbital calculations for Blatter-type radicals indicate that there is a node on C3 

carbons [30-39]. At a first glance the SOMO orbital calculations for triradical 1 (Fig. 9) indicate 

localization of spin in each 1,2,4-benzo[e]triazin-4-yl moiety and a nodal carbon connecting the 

arms directly to the 1,3,5-trimethylenebenzene core. However, the spin density distribution (Fig. 

10) shows extensive spin delocalization over the central core and effective communication 

between each radical unit. 

 

Basis Set ED (au) EQ (au) ∆EDQ (kcal mol-1) Jintra,comp (cm-1) 

6-31g(d) -2224.875469 -2224.875656 0.117 2.73 

6-311+g(2p,d) -2225.513669 -2225.513864 0.122 2.86 

def2-SVP -2223.222689 -2223.222883 0.122 2.85 

def2-TZVP -2225.711158 -2225.711355 0.124 2.89 



 

Fig 10. The three degenerate SOMO molecular orbitals (ESOMO(1-3) = −4.920 eV) of the 

quartet ground state of triradical 2 as calculated with DFT UB3LYP/6-31G(2d,p). 

 

The spin polarization mechanism is in effect and sufficient communication exists between the 

three radicals. This is supported by variable-temperature FSED spectroscopy which suggests 

ferromagnetic exchange within the spin system, leading to a quartet ground state. DFT 

calculations agree with the experimental EPR data and show that the quartet state is more stable 

than the doublet state by ca. 0.122 kcal mol-1. Our data show that despite the anticipation that 

triradical 1 is “composed of three S = 1/2 spins that are magnetically independent” [12] the 

radical units do communicate with each other and align in a ferromagnetic manner. 

 



Fig 11. Spin delocalization of triradical 1 calculated at the UB3LYP/6-31G(2d,p) level of 

theory. 
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