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Abstract  

1,3-Diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl-6,7-dicarbonitrile is an exceptionally stable 

electron deficient organic radical with a promising potential to be used as a building block in a 

range of electronic and spintronic materials. The radical has a fully reversible one electron redox 

and is highly delocalized with some spin density reaching as far as the nitrile groups. Two 

polymorphs, α and β, have been identified and characterized by single crystal X-ray diffractometry. 

Both polymorphs form one dimensional (1D) π-stacks. However, while in polymorph α radicals 

are located at evenly interplanar distances (3.366 Å), in polymorph β radicals are located at alternate 

interplanar distances (3.182 and 3.318 Å). Magnetic susceptibility measurements for polymorph α 

indicate strong antiferromagnetic interactions along the 1D regular chain. Magnetic susceptibility 

data cannot be fully fitted to the Bonner and Fischer model for the 2–300 K temperature range. The 
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steeper rise in paramagnetism above 80 K was rationalized by temperature-dependent 

antiferromagnetic exchange interactions between radicals within the 1D π stacks, which is indeed 

supported by DFT calculations. A microscopic study of the magnetic topology of polymorph α 

together with the interpretation of its magnetic experimental data was pursued using a First-

Principles Bottom-Up approach. Minuscule changes in crystal packing upon changing temperature 

significantly affect the magnetic interaction between spin-containing moieties. Temperature, 

therefore, is the key player in rationalizing the magnetism in polymorph α. 

  

Introduction 

Gombergs’ discovery of the first organic radical in 1900 led to the development of numerous 

persistent and stable organic radicals with applications in the biological and material sciences.1 

While persistent radicals have sufficient lifetimes under inert conditions to be observed by 

spectroscopic methods, e.g., EPR, UVv-Vis etc., stable radicals possess oxygen, moisture and 

thermal stability and therefore can be isolated, stored and studied under ambient conditions.2 

Hydrazyls contain a divalent nitrogen R2N−N⦁−R and are usually persistent radicals.2 

Some analogues, e.g., N,N′-diphenyl-N′-picrylhydrazyl (DPPH), have exceptional stability.3 

Several radical families, e.g., verdazyls and 1,2,4-benzotriazinyls, incorporate the hydrazyl moiety into 

their skeletons.2,4 Constraining the hydrazyl group inside a ring optimizes the delocalization of the 

unpaired spin (resonance stabilization) and provides electronic protection to the radical.2,5 This is 

particularly true for 1,2,4-benzotriazinyls (Blatter radicals) where the unpaired spin is not only 

delocalized over the three nitrogen atoms of the triazinyl moiety but also over the benzo-fused 

portion.4,6-8 These radicals have exceptional stability towards oxygen and moisture.4 They also 

possess thermal stability that allows for sublimation without degradation. This intrinsic property 

has been used in thin film preparation.9,10 
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H. M. Blatter first prepared 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (1) (Figure 

1) in 1968.11 With the exception of a few EPR/X-ray studies,12-16 this radical system did not receive 

much attention until 1996 when Wudl showed it formed a pressure sensitive semiconductor with 

tetracyanoquinodimethane (TCNQ).17 

 

Figure 1. Molecular structures of 1,2,4-benzotriazinyls 1 (Blatter radical) and 2-4 showing atom 
numbering. 

 

Owing to their exceptional stability, we have systematically developed new synthetic 

procedures that broadened access to various derivatives,18-24 and significantly expanded the 

structural diversity of the parent radical 1. Consequently, the interest in this family of radicals has 

been reignited.25-27 Many new physical properties and applications have now been reported.4,10,28-

41 The magnetic properties of these radicals are dominated by their propensity to form one-

dimensional (1D) π stacks maximizing the SOMO-SOMO overlap of the radicals along the 

stacking direction. 1D ferro- and anti-ferromagnetism have been reported28,31,35,37-41 along with two 

examples of magnetic-bistability associated with a first order structural phase transition.32,36 Blatter 

radicals have been used in chemical synthesis as initiators in controlled polymerizations,42-45 as 

ligands in coordination complexes with paramagnetic metals46-48 and metal-organic frameworks 

(MOFs),49 and as building units in diradicals and biradicaloids.9,39,50 Their optical properties stem 

from their low-lying SOMO orbital and include: weak fluorescence,51 photodetection52,53 and 

liquid crystalline photoconduction.54-57 Blatter radicals have also been incorporated in electroactive 
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polymers as components of purely all organic batteries.45,58-60 It has been demonstrated that they 

can form stable thin films without significant degradation, while retaining their paramagnetic 

character.61,62 Several recent studies63,64 examined the Blatter radical/inorganic “spinterface” and 

their possible applications in spintronic devices.65 Thin films based on Blatter-type radicals can act 

as metal-free spin-sources in purely organic spintronic devices.66 Blatter radicals can also be used 

as polarizing agents of Overhauser DNP for high-field MAS-DNP.67,68 

The application of Blatter radicals in cutting edge devices requires the development of 

“structure-activity” relationships. Such studies can help understand how intrinsic microscopic and 

macroscopic properties can be ‘customized’ to prepare materials with desired properties. Our group 

has focused on “structure-to-magnetism” correlations of Blatter radicals.28-34,69-72 Herein, we 

present the synthesis and the magneto-structural correlation of 1,3-diphenyl-1,4-dihydrobenzo[e]-

[1,2,4]triazin-4-yl-6,7-dicarbonitrile (2) a highly delocalized, electron deficient Blatter radical. The 

crystal structures and magnetic properties of the closely related 3-tert-butyl-6-cyano-1-phenyl-1,4-

dihydrobenzo[e][1,2,4]triazin-4-yl (3) and 3-tert-butyl-7-cyano-1-phenyl-1,4-dihydrobenzo[e]-

[1,2,4]triazin-4-yl (4) were previously reported by the Yoshioka group.36 Radical 3 forms alternate 

1D columns wherein the molecules are π-stacked in an antiparallel fashion with intra- and inter-

dimer distances of 3.327 and 3.373 Å, respectively. This Peierl’s distorted stack exhibits a 

reversible spin transition at ca. 284 K with a bistability window of 6 K. Radical 4 forms a uniform 

1D column wherein the radicals overlap antiparallel mainly via the N1-phenyl substituent and the 

benzo[1,2,4]triazinyl moiety with intrachain distances of 3.694−3.892 Å. Radical 4 displays 1D 

antiferromagnetic interactions along the stacking direction with J = -15.8 cm-1. These 

antiferromagnetic interactions are temperature independent as the distances between the radicals 

inside the uniform 1D chain remain approximately constant throughout the 5–300 K temperature 

region. 
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Herein, we show that radical 2 gives rise to two polymorphs (2α and 2β). Radicals in 2α 

form a uniform 1D column with no evidence of Peierls’ distortion despite the short interplanar 

distances. Pairs of radical 2 in polymorph 2α demonstrate strong 1D antiferromagnetic interactions 

that are dependent on temperature. The magnetic susceptibility data for polymorph 2α was 

rationalized using the First-Principles Bottom-Up approach.73  

 

Experimental Section 

See the Supporting Information for all experimental procedures (Section 1), compound 

characterization (Section 2), and details of the CV and EPR (Section 3), crystal packing (Section 

4), powder X-ray diffraction and magnetic susceptibility measurements (Section 5), and 

computational methodology (Sections 6 and 7). 

 
Results and Discussion 

Synthesis 

The synthesis of 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl-6,7-dicarbonitrile (2) 

follows the classic synthetic route to Blatter-type radicals (see Scheme 1 and SI Section 1).4,6,7 The 

structures of all intermediates (7 to 9) and final product (2) have been verified by single-crystal X-

ray diffractometry (see SI Section 2). 
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Scheme 1. Synthetic route to radical 2. 
 

N-(3,4-Dicyanophenyl)benzamide (5) and phosphorus pentachloride were heated under 

anhydrous conditions to ca. 105 °C for 4 h to afford the N-(3,4-dicyanophenyl)benzimidoyl 

chloride (6) in 74% yield. Reaction of the highly electrophilic benzimidoyl chloride 6 with 

phenylhydrazine required carefully controlled conditions to ensure reaction via the α nitrogen, and 

deliver N-(3,4-dicyanophenyl)-N'-phenylbenzohydrazonamide (7) in 52% yield. Amidrazones are 

electron rich and usually susceptible to oxidation. Their stability in air and on silica gel varies 

depending on the presence of EDG or EWG on the N-aryl rings. The presence of two nitrile groups 

stabilized amidrazone 7 towards oxidation. Amidrazone 7 crystallizes in the monoclinic space 

group P21/c with one molecule in the asymmetric unit cell (see Figure S2.1 and Tables S2.1, S2.2 

in SI Section 2), and participates in two weak hydrogen bonds N3-H3A···N5nitrile (d = 2.043 Å, 

∡164.9°) and C2-H2···N5nitrile (d = 2.633 Å, ∡159.9°) (see Figure S2.1 for atom numbering). 

Oxidation of amidrazone 7 to 4-({(Z)-phenyl[(E)-phenyldiazenyl]methylene}amino)-

phthalonitrile (8) required an excess of a strong oxidant (MnO2) due to its electron deficient nature 

owing to the presence of two nitrile groups. The resulting azoimine 8 is stable and crystallizes in 

the monoclinic space group P21/c with one molecule in the asymmetric unit cell (see Figure S2.2 

and Tables S2.1, S2.3 in SI Section 2), and participates in a weak hydrogen bond C6-H6···N10 (d 



 7 

= 2.731 Å, ∡ 155.9°) (see Figure S2.2 for atom numbering). As anticipated, this oxidation leads to 

the reduction of the 7 amidrazone HN-C [d = 1.427(4) Å] and N-NH [d = 1.365(4) Å] bond lengths 

to the corresponding N=C [d = 1.273(5) Å] and N=N [d = 1.256(4) Å] of the azoimine 8 (Tables 

S2.2 and S2.3 in SI Section 2). 

Normally the azoimine would undergo electrocyclic ring closure to the leuco triazine in the 

presence of DBU and Pd(C) under an atmosphere of air with high efficiency.18 These reaction 

conditions failed to ring close azominine 8 due to its highly electron deficiency. Instead, a fast 

thermal electrocyclization for azoimine 8 was achieved at 210 °C to give the leuco form, 1,3-

diphenyl-1,4-dihydrobenzo[e][1,2,4]triazine-6,7-dicarbonitrile (9), in a moderate 63% yield. Triazine 

9 crystallizes in the monoclinic space group P21/c with one molecule in the asymmetric unit cell 

(see Figure S2.3, S2.4 and Tables S2.1, S2.4 in SI Section 2). The triazine ring forms a characteristic 

half-chair structure along the N-Ph, N-H axis, typical of similar leuco triazines previously reported 

in the literature.47,74-76 The folding angle between the plane of the benzo-fused moiety and the 

amidrazone unit is 19.22° (Figure S2.4 in SI). The nitrogen atom of the N-Ph adopts a shallow 

pyramidal geometry with the distance of N1 from the plane of N2, C9 and C16 at 0.182 Å (see 

Figure S2.3 for atom numbering). There is a significant bond localization inside the amidrazonyl 

moiety with N1-N2 [d = 1.417(2) Å] and N3-C1 [d = 1.390(3) Å] showing considerable single 

bond character and N2-C1 [d = 1.282(3) Å] being a typical C=N double bond. The nitriles bond 

lengths C14-N4 [d = 1.151(3) Å, ∡ 177.0(2)°] and C15-N5 [d = 1.142(3) Å, ∡ 178.7(3)°] are 

typical of C≡N triple bonds. 

While conversion of electron-rich leuco triazines, to the corresponding radicals, can be 

achieved with base deprotonation and oxidation in air, conversion of electron-deficient leuco 

triazines requires the action of strong oxidants.47 Triazine 9 treated with an excess of MnO2 in 

anhydrous CH2Cl2 at ca. 20 °C for 20 min gave the desired 1,3-diphenyl-1,4-
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dihydrobenzo[e][1,2,4]triazin-4-yl-6,7-dicarbonitrile (2) in 86% yield. While radical 2 showed 

good stability over several months at ambient conditions, it did slowly (over 12 months) revert 

back to the leuco form. Radical 2 was fully characterized by both solution and solid-state studies 

(see following sections). 

 
Cyclic Voltammetry (CV) and Electron Paramagnetic Resonance (EPR) 

The CV spectrum of radical 2 is typical of benzo[e][1,2,4]triazinyls with two fully reversible redox 

waves (Figure 2a and Figure S3.1b in SI Section 3): an oxidation (0/+1) at E1/2 = 0.705 V and a 

reduction (-1/0) at E1/2 = -0.503 V vs SCE with Ecell = 1.21 V. The introduction of two nitrile groups at 

the C6 and C7 positions of the benzo-fused ring dramatically reduced the reduction potential from -0.96 

V of the Blatter radical 1 to -0.50 V for radical 2 and increased the oxidation potential from 0.10 V for 

1 to 0.705 V for 2.10 This alteration reflects the electron-deficient nature of radical 2, facilitating its 

easier reduction to the anion and rendering its oxidation to the cation more difficult. Solution EPR 

spectra for Blatter radical 1 and other benzo[e][1,2,4]triazinyls indicate that the spin density is primarily 

delocalized on the amidrazonyl fragment of the 1,2,4-triazinyl ring, as the seven-line spectrum is 

consistent with coupling to three nearly equivalent 14N nuclei.19-34 Further splitting is observed in 

radical 2, indicating considerable delocalization of the spin density towards the nitrile groups, primarily 

to 7-CN and, to a lesser degree, to 6-CN. The solution EPR spectra (CH2Cl2, ca. 20 °C) of radical 2 

shows coupling to five nonequivalent 14N nuclei (Figure 2b and Figure S3.2 in SI Section 3). Simulation 

of the first-derivative mode gave g = 2.0039. The hyperfine coupling constants (hfcc) were calculated 

to be aN/G = 6.66, 4.40, 2.53, 2.29, and 0.32. Previous EPR and ENDOR studies by Neugebauer on 

15N-labeled benzo[e][1,2,4]triazinyls showed that the largest 14N hyperfine coupling constant (hfcc) is 

located at N1 followed by N4 and N2 (aN1 >> aN4 > aN2, see Figure 1 for N numbering).12-14 Based on 

these studies we can safely assign aN/G = 6.655 to N1, and 0.319 to the N of the 6-CN group. The 

remaining hfcc, aN/G = 4.40, 2.53, and 2.29, belong to N2, N4 and the N of the 7-CN group. 
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 (a)  (b)  

  

Figure 2. (a) CV of radical 2 in CH2Cl2 (1.0 mM); Electrolyte: n-Bu4NPF6 (0.1 M); Electrodes: 
Glassy C (working), Pt wire (counter) and Ag/AgCl (1.0 M KCl) (reference); Scan rate 50 mV s-1 
Temp. 20 °C; Internal reference: Fc/Fc+ (0.475 V vs SCE). (b) Experimental and simulated EPR 
spectra of radical 2 in CH2Cl2 (1 µM) at 20 °C. Fitting parameters: g = 2.0039, aN/G = 6.66, 4.40, 
2.53, 2.29, and 0.32, linewidth ΔHpp/G = 2.09. 

 

Single Crystal X-Ray Diffraction Studies 

Radical 2 crystallizes in two polymorphs: 2α (CCDC 2285853) and 2β (CCDC 2285861). Suitable 

single crystals for X-ray diffraction crystallography were obtained by slow cooling of a 

concentrated PhMe solution for 2α and CH2Cl2 solution for 2β (Table S2.5 in SI Section 2). The 

crystal structures were collected at 100.00(10) K and 100(2) K for 2α and 2β, respectively. 

Polymorph 2α crystallizes in the orthorhombic Pnma space group with one molecule in the 

asymmetric unit cell. Polymorph 2β crystallizes in the monoclinic C2/c space group with one 

molecule in the asymmetric unit cell. The volume cell size of 2β [3238.5(16) Å3] is twice the size 

that of 2α [1623.53(11) Å3] with eight (Z = 8) and four (Z = 4) molecules in the complete unit cell, 

for 2β and 2α, respectively. 

The intramolecular bond lengths and angles of polymorphs 2α and 2β (Figure 3 for 

crystallographic atom numbering and Tables S2.6 and S2.7 in SI Section 2) are similar to those of 

other previously reported benzotriazinyls.27-41 Bonds N1-N2 and N3-C1 show significant double 
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character: d = 1.360(2) Å, 1.340(2) Å in 2α and d = 1.363(2) Å, 1.344(2) Å in 2β, respectively. 

Bond N2-C1 is not a typical C=N double bond since lengthens to d = 1.333(2) Å and 1.335(2) Å 

in 2α and 2β, respectively. 

 
 (a)  (b)  

  
 (c)  (d)  

  
Figure 3. ORTEP view of the 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl-6,7-dicarbonitrile 
(2) radical (50% probability of the thermal ellipsoids) in the crystal structure of the (a) polymorph 
2α and (b) polymorph 2β along with the crystallographic atom numbering used in the discussion 
of X-ray structures. ORTEP structures viewed along the N1–N3 axis for (c) polymorph 2α and (d) 
polymorph 2β displaying the planarity of the benzotriazinyl moiety and the dihedral angle around 
the N-Ph substituent. Hydrogens are omitted for clarity. 

 

The triazinyl moiety in both polymorphs is essentially planar with the distance of N1 from 

the plane defined by N2, C9, C16 at 0.000 and 0.059 Å for polymorphs 2α and 2β, respectively. For 

polymorph 2α both the benzo-fused moiety and the nitriles are in planarity with the triazinyl moiety 

(Figure 3c). For polymorph 2β the nitriles deviate from the planarity of the benzotriazinyl moiety 

with the distance of N4 and N5 from the plane defined by the benzo-fused moiety (C8 to C13) at 

  

  



 11 

0.190 and 0.162 Å, respectively. The torsion angle (N2, N1, C16, C17) of the N1-Ph substituent for 

polymorph 2α is 87.78(14)°, essentially near perpendicular to the plane of the benzotriazinyl moiety. 

The corresponding angle for polymorph 2β is 57.7(2)° which is closer to the average of 59° ± 13° 

previously reported for other benzotriazinyl radicals.26-41 This torsion angle is attributed to both 

packing effects and the steric repulsion between the H bonded to C10 and the ortho hydrogens of the 

N1-Ph ring. The steric repulsion causes the subtle narrowing of angle N2-N1-C16 to 113.64(14)° in 

polymorph 2α and 114.5(1)° in polymorph 2β. The C1-Ph substituent is coplanar with respect to the 

triazinyl moiety with torsion angle (N3, C1, C2, C7) at 0.0 and 2.0(2)° for polymorphs 2α and 2β, 

respectively. 

The solid-state packing in the majority of Blatter-type radicals is mainly determined by 

their propensity to form 1D supramolecular arrangements wherein the radicals π stack to maximize 

their SOMO-SOMO overlap.26-41 This is true for both polymorphs 2α and 2β. In polymorph 2α, 

radicals π stack antiparallel along the b-axis and form supramolecular one-dimensional (1D) evenly 

spaced chains (Figure 4). Radicals within these 1D columns are related through a center of 

inversion that places N1-Ph substituents on opposite sides to avoid build-up of steric hindrance and 

allow formation of a pair of two weak centrosymmetric hydrogen contacts C17-H17···N3 [d = 

2.698 Å, ∡ 150.04°] that link the radicals along the 1D column (see dotted blue lines in Figure 4a-

b). The interplane distance between successive radicals is 3.366 Å, which is similar to that of 

previously reported benzotriazinyls with near perpendicular N-Ph substituents (torsion angle 

~90°).77 Down the b-axis, radicals of polymorph 2α overlap mainly via the triazinyl moieties 

(Figure 4c). Slippage across the a-axis (longitudinal slippage angle of 12.73°) places the N1 atom 

directly on top of the N3 atom and vice versa (Figure 4c). These two atoms hold significant spin 

density, which is expected to lead to a strong magnetic exchange coupling. Radicals in neighboring 
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1D columns are connected via a network of in-plane weak hydrogen contacts (see Figure 4d for 

expanded contacts of radical 2 in the asymmetric unit cell of polymorph 2α). 

 

 (a) ab-plane view (b) bc-plane view 

  
 (c) ac-plane view (d) ac in-plane view 

                
 

Figure 4. Supramolecular 1D chains of π-stacked radicals in polymorph 2α viewed along (a) the 
ab-plane, (b) the bc-plane, and (c) ac-plane. (d) View of in-plane interactions of polymorph 2α 
parallel to the crystallographic ac-plane. Shortest intermolecular contacts inside the π stacks shown 
in blue dotted lines. 

 
On one side of the radical, along the a-axis, the nitrile groups form two centrosymmetric 

H-bonds C14-N4···H13 [d = 2.306 Å, ∡ 160.2°] and C15-N5···H10 [d = 2.710 Å, ∡ 152.4°]. On 

the other side, along the c-axis, there is an edge-to-face (Y-shaped geometry) π···π stacking 

interaction between the C1-Ph and N1-Ph substituents with one close contact, namely, C4-
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H4···C19 d = 2.586 Å (Figure 4d). In-plane interactions lead to the formation of 2D sheets that 

pack parallel to the b-axis and form a tight three-dimensional packing without any voids (Figure 

S4.1 in SI) 

The subtle changes in the intramolecular geometry of polymorph 2β have significant 

consequences in its crystal-packing (see SI Section 4). Contrary to the 1D regular chains of 2α, in 

polymorph 2β, radicals form 1D alternate chains due to two distinct dimers (I and II in Figure 5a) 

whose interplane distances are 3.182 and 3.318 Å, respectively. Remarkably, radicals inside the 

alternate 1D chains of polymorph 2β are also arranged in a centrosymmetric pattern, placing the 

N1-Ph substituents on opposite sides (Figure 5a) and overlapping mainly via their triazinyl 

moieties (Figure 5b), as in polymorph 2α. 

Polymorph 2β could then potentially be the outcome of an applied Peierls distortion to the 

1D regular chains of polymorph 2α, as observed in many related 1D spin systems,78-83 leading to 

alternation of dimerized I pair and non-dimerized II pair of radicals in 2β. Considerable spin pairing 

is to be expected due to both (i) the close proximity of the radicals within both I and II pairs, which 

gives rise to a rich network of contacts (see blue dotted lines in Figures 5a), and (ii) triazinyl 

moieties superimposing (see N1 of one radical on top of atom N3 of the other radical in Figure 5b). 

Therefore, multiple pathways for antiferromagnetic coupling can be potentially anticipated. 

Finally, neighboring 1D columns are connected by in-plane weak hydrogen contacts via nitrile 

groups C13-H13···N5 [d = 2.424 Å, ∡ 162.3°, Figure 5c] and by H···H interactions between 

nearby N1-Ph substituents H18···H18 [d = 2.229 Å, Figure 5c]. 
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 (a) ac-plane view   (b) ab-plane view   (c) ab in-plane view 

 
  

Figure 5. Supramolecular 1D chains of π-stacked radicals in polymorph 2β viewed along (a) the 
ac-plane, and (b) ab-plane. (c) View of in-plane interactions of polymorph 2β perpendicular to the 
crystallographic ab-plane. Shortest intermolecular contacts inside and between π stacks shown in 
blue dotted lines. 

 

Magnetic Susceptibility Measurements 

Before measuring the magnetic properties of polymorphs 2α and 2β, we collected analytical data 

to confirm their chemical purity as well as their powder X-ray diffraction patterns to confirm phase 

purity. Despite our best efforts we were unable to secure a phase pure sample of polymorph 2β for 

magnetic susceptibility studies. From hereon we focus on the magnetic properties of polymorph 

2α. The experimental diffraction signature of a polycrystalline sample of 2α closely matched the 

pattern calculated from single crystal X-ray structure at 100(2) K supporting phase purity (Figure 

S5 in SI Section 5). However, the presence of small amounts of amorphous paramagnetic impurities 

cannot be fully excluded. 

We have measured the temperature dependence of the magnetic susceptibility (χ) on a 

polycrystalline sample of 2α in an applied field of 0.5 T, in the 2-300 K temperature region (see 

χ(T) and χT(T) in Figures 6a and 6b, respectively). Paramagnetic susceptibility data (χ) were 
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collected in both warming and cooling modes with no apparent differences. Data were corrected 

for the sample holder, intrinsic diamagnetic contributions, and temperature independent 

paramagnetism (see SI Section 5 for details). 

(a)  (b)  

 

Figure. 6 (a) Temperature dependence of the magnetic susceptibility χ, and (b) the χT product for 
polymorph 2α at 0.5 T in 2–300 K range (χ is defined as M/H per mole of radical 2). The red dotted 
lines are the fit of the experimental data to the simple regular chain model of antiferromagnetically 
coupled quantum spins developed by Bonner and Fisher (BF).84-86 The red solid lines are the best 
fit of the experimental data in the amended temperature-dependent BF model; see text for details. 
 

The χT product for polymorph 2α at 300 K is 0.3 emu K mol-1 (Figure 6b), which is 

significantly smaller than the expected Curie constant of 0.375 emu K mol-1 for an S = 1/2 spin 

with a g factor of ~2. This divergence indicates strong antiferromagnetic interactions between the 

radicals. This is further supported by the broad peak of the molar susceptibility (seen as a plateau 

in the χ vs T plot, Figure 6a), which gradually decreases upon cooling from 300 K down to 70 K. 

The rise in susceptibility below 50 K is attributed to a Curie-tail stemming from paramagnetic 

lattice defects, i.e., uncoupled radicals. 

Following our previous crystal packing analysis of polymorph 2α, we tentatively assigned 

the strongest antiferromagnetic interactions along the 1D regular chain of radicals down the b-axis 
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(Figure 4). Accordingly, the appropriate model to fit the magnetic data of polymorph 2α was 

expected to be Bonner and Fischer’s (BF) analytical expression established in 1964,84-86 that 

accounts for a regular chain of S = 1/2 quantum spins with a single magnetic fitting parameter, J, 

between radical centers (BF uses as Hamiltonian: 𝐻# = −∑ ∑ 	𝐽!"#
"$!

#%&
! 𝑆*! · 𝑆*" , where A, B are 

different radicals). 

Attempts to model the experimental magnetic data using the BF regular chain model over 

the whole temperature range (2–300 K) were, nevertheless, unsuccessful. A satisfactory fit could 

be achieved in the 2–80 K range (red dotted line in Figure 6) with fitting parameters J/k = -310 K 

(-215.5 cm-1), ρ = 0.981, i.e., 1.9% lattice defects – curie tail, and g = 2.0039 as determined by 

EPR. However, the steeper rise in the magnetic susceptibility (χ) above 80 K could not be 

rationalized using the BF model. Normally the J magnetic exchange fitting parameter in BF model 

is considered to be independent of temperature, which is true when the thermal expansion of the 

crystal lattice does not cause significant changes in the intermolecular distances and/or interactions 

responsible for the observed macroscopic magnetic properties. Yet, the actual JAB exchange 

coupling depends on the overlap between radicals, and therefore any changes in the crystal lattice 

that cause alterations in the intermolecular separation along the stacking direction will directly 

affect the observed magnetic susceptibility (χ). 

 
Effect of temperature on the crystal packing and magnetism of 2α 

Building on previous both experimental33 and computational experience,87-89 we anticipated that 

increasing interplanar distances along the b-axis in the 1D chains of 2α led to a weaker JAB magnetic 

exchange coupling and an increase in the observed paramagnetism. As such, we performed a 

variable-temperature (VT) X-ray diffraction study to examine the effect of temperature on the 

intermolecular geometrical parameters in the crystal lattice of polymorph 2α. X-ray diffraction data 

were collected on the same crystal at 80 (CCDC 2285930), 100 (CCDC 2285853), 150 (CCDC 
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2285854), 200 (CCDC 2285855), 250 (CCDC 2285857) and 300 K (CCDC 2285858) and 

structures were fully solved (see SI Section 4 for data, and Table 1 for main geometrical parameters 

of polymorph 2α in the temperature range of 80–300 K). 

There is an increasing trend in the cell dimensions of polymorph 2α ongoing from 80 to 

300 K apart from an anomalous decrease in a and c at 100 K. The intramolecular geometrical 

parameters of radical 2 in polymorph 2α remain essentially the same throughout the 80–300 K 

range (see Table S4.1 in SI Section 4). The intermolecular contacts and the interplane separation 

of the radicals in 2α undergo a subtle but significant increase (Table 1). 

Two of these intermolecular contacts experience a greater increase in their length: (i) the 

hydrogen bond linking radicals inside the 1D column C17-H17···N3 increases from d = 2.700 Å 

at 80 K to 2.812 Å at 300 K representing ~4% increase; and, (ii) one of the two centrosymmetric 

nitrile hydrogen bonds connecting neighboring stacks C15-N5···H10 increases from d = 2.705 Å 

at 80 K to 2.837 Å at 300 K representing a ~5% increase. In terms of the observed increase in the 

paramagnetism of polymorph 2α above 80 K, the interplane distances along the stacking direction 

increase from 3.3641(2) Å at 80 K to 3.4500(3) at 300 K, i.e., a 2.6% increase that coincides with 

the 2.6% increase of the unit cell b-axis.  

Opening of the gap between the radicals inside the 1D column by an overall 0.086 Å 

indicated that JAB cannot be held constant, as the overlap between radicals diminishes, and was 

therefore temperature dependent. The change in the magnitude of the JAB exchange interaction with 

temperature owing to thermal expansion (contraction) of the crystal as temperature increased 

(decreased), was named as exchange elasticity by O. Kahn,90 and has been previously reported for 

other paramagnetic materials.33,91-95 
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Table 1. Geometrical parameters of polymorph 2α determined at 80, 100, 150, 200, 250 and 300 
K. The VT-X-ray diffraction study was performed on the same crystal. 
 

Temperature (K) 80 100 150 200 250 300 
Space Group    Pnma Orthorhombic    
a, Å  13.0948(7)  13.0900(5)  13.1222(6)  13.1460(7)  13.1789(8)  13.2231(10)  
b, Å  6.7282(5)  6.7329(3)  6.7687(3)  6.8054(4)  6.8475(5)  6.9000(6)  
c, Å  18.4238(9)  18.4213(7)  18.4344(8)  18.436(1)  18.4400(12)  18.4336(16)  
V, Å3  1623.22(16)  1623.53(11)  1637.34(13)  1649.36(16)  1664.07(19)  1684.6(2)  

  Intrachain intermolecular contacts (Å)   
Interplane 
distance=b/2 3.3641(2)  3.3665(2)  3.3844(2)  3.4027(2)  3.4238(2)  3.4500(3)  
N1…N3 3.440  3.442  3.462  3.483  3.507  3.536  
H17…N3 2.700  2.698  2.719  2.742  2.775  2.812  
C9…C1 3.464  3.467  3.487  3.509  3.531  3.561  
N2…C8 3.445  3.448  3.468  3.488  3.512  3.541  
C8…C1 3.417  3.418  3.434  3.449  3.468  3.491  

  Interchain intermolecular contacts (Å)   
N4…H13 2.305  2.306  2.322  2.331  2.349  2.372  
N5…H10 2.705  2.710  2.737  2.765  2.801  2.837  
C19…H4 2.583  2.586  2.594  2.600  2.623  2.645  

 

A temperature dependent magnetic exchange J parameter was, therefore, included in the 

BF model to account for the coupling between changes in the crystal volume and the actual JAB 

exchange interaction in 2α. After exploring different possibilities (see SI Section 4), incorporating 

the phenomenological quadratic expression ,𝐽'()/𝑘, = |𝐽/𝑘| − 0.0018𝑇* into the BF fitting model 

accounted for the steeper rise in paramagnetism at the 80–300 K temperature region (where |𝐽/𝑘| 

= 310 K from the temperature-independent BF model). The coefficient accompanying the T2 term 

was obtained after fitting the magnetic susceptibility data (χ) using the temperature-dependent BF 

model (red solid line in Figure 6, which yields a very good fit across the 2–300 K temperature 

region). Using the empirical expression, ,𝐽'()/𝑘, = 310 − 0.0018𝑇* K, the value of the magnetic 

exchange coupling was estimated at different temperatures for 2α (see 𝐽'() in cm-1 in Table 2). 

To reproduce the magnetic susceptibility experimental data of 2α from ab initio 

calculations, we screened a variety of functionals and basis sets to assess which agreed best with 
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the values estimated for the magnetic exchange interaction obtained by fitting the BF model with 

,𝐽'()/𝑘, = 310 − 0.0018𝑇*  to experimental χ(T) data (see SI Section 6 for full details). 𝐽+,-. 

magnetic couplings were calculated using a pair of radicals extracted from the π stack of the crystal 

geometries acquired at temperatures ranging from 80 to 300 K to be able to compare them to 𝐽'() 

from the BF modified model. 

 

Table 2. Experimental and calculated magnetic exchange coupling interactions (in cm-1) of 2α.* 
 

   𝐽!"#$ at UB3LYP (cm-1) 

   Jπ Jπ Jπ Jπ Jπ,nn 
T (K) dip (Å) 𝐽%&'	(cm-1) def2-TZVP 6-311G(d,p) 6-31G(d) 6-31+G(d) 

80 3.3641(2) −207.4 −174.2 −198.9 –184.9 –199.0 –4.4 

100 3.3665(2) −202.9 −172.1 −196.9 –182.8 –197.4 –4.4 

150 3.3844(2) −187.3 −160.9 −184.0 –170.7 –184.0 –3.8 

200 3.4027(2) −165.4 −147.5 −169.1 –156.7 –169.2 –3.4 

250 3.4238(2) −137.3 −134.1 −154.1 –142.4 –154.4 –3.0 

300 3.4500(3) −102.9 −117.7 −136.0 –125.2 –136.0 –2.4 

* Experimental J estimated using the temperature amended exchange interaction ,𝐽'()/𝑘, = 310 −
0.0018𝑇* in K, and computationally calculated 𝐽+,-. at UB3LYP level using different basis sets 
[namely, def2-TZVP, 6-311G(d,p), 6-31G(d) and 6-31+G(d)] at various temperatures (T in K). 
Interplane distance, which corresponds to b/2, is also given (dip in Å) for each temperature. 
 

Among all functionals, magnetic couplings calculated at unrestricted UB3LYP level (𝐽+,-.) 

compare well with 𝐽'(). In regard to basis sets (see Table 2), the 6-31+G(d) provided the optimal 

calculated exchange interaction by balancing good performance at both low and high temperatures. 

Note that def2-TZVP data actually overlap with the experimental curve at 250 K but performed 

poorly at low temperatures. Therefore, all remaining simulations to reproduce the magnetic 

susceptibility experimental data of 2α from ab initio calculations were carried out at UB3LYP/6-

31+G(d) level of computation. 
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(a)  (b) 

 

 

 

Figure 7. (a) Lateral radical···radical contacts in ac-plane with corresponding JAB interactions, and 
(b) π-stacking Jπ = -197.4 cm-1 (b-axis) with calculated nearest neighbor Jπ,nn = -4.2 cm-1, and next-
nearest neighbor Jπ,nnn = -0.15 cm-1 using a dimer and 4-radical models, respectively. All JAB 
magnetic couplings in cm-1. 

 

As for explaining why 𝐽+,-. decreased upon temperature increase, one must pay attention to 

the fact that, as the crystal lattice expands at higher temperatures, the radicals within the 1D regular 

chain begin to move apart. Their SOMO-SOMO overlap reduces and the magnitude of the exchange 

coupling interaction is cut by almost half, ca. 100 cm-1 (Table 2), for an increase of 0.086 Å in the 

interplane distance. As a result of a weaker magnetic exchange coupling along the 1D chain, we have 

a steeper increase in the samples’ paramagnetism > 80 K. 

 

Reproducing the magnetic susceptibility experimental data of 2α computationally 

Prior to calculation of the magnetic response of polymorph 2α by means of our first-principles 

bottom-up working strategy,96,97 analysis of the crystal packing of 2α measured at different 

temperatures provided pairs of radicals most likely to feature a non-negligible JAB magnetic coupling 
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(unbiased selection criteria are distance between spin-carrying atoms within the radicals). Along the 

π stack one can envisage Jπ, Jπ,nn, and Jπ,nnn between neighboring radicals, and between nearest, and 

next-nearest neighbors, respectively, whose magnetic interactions should be evaluated (see Figure 

4a). In addition, pairs of radicals in the ac-plane (see Figure 4d) might also be relevant candidates 

to interpret the magnetic response of 2α and, thus, their associated JAB should be assessed. At 100 

K, all the ac-plane lateral couplings (see 0.0 and -0.4 cm-1 in Figure 7a) as well as nearest and next-

nearest neighbor interactions (see -4.2 and -0.3 cm-1 in Figure 7b) were negligible compared to Jπ 

between neighboring radicals along the π-stacking (-197.4 cm-1). 

This very same image is encountered at all temperatures. Accordingly, the magnetic topology 

consists of isolated AFM chains. A cyclic 16-radical AFM chain model has been used to calculate the 

magnetic susceptibility data (see SI Section 7 for further details), whose χT product required a 

temperature of about 2000 K to reach the limiting value of 0.375 emu K mol-1 (note it has been 

previously reported to be 0.3 emu K mol-1 for polymorph 2α at 300 K, see Figure 6b). 

The experimental magnetic susceptibility χ(T) data was finally reproduced for temperatures 

above 50 K using cyclic AFM chain models with the Jπ and Jπ,nn magnetic couplings computed using 

geometries extracted from the crystal data characterized at different temperatures (see Table 2) 

(namely, 80 K in red, 100 K in green, 150 K in cream, 200 K in brown, 250 K in blue and 300 K in 

grey in Figure 8a). At low temperatures, fitting of the experimental data to a modified BF model hints 

at the presence of 1.9% of uncoupled radicals in the crystalline sample. We proceeded to simulate the 

existence of radicals within the cyclic AFM chain model by not letting one radical to 

antiferromagnetically couple to adjacent neighbor radicals (see SI Section 7 for further discussion). 

The contribution of those uncoupled radicals (see empty purple symbols in Figure 8a) rationalized 

quantitatively the experimental χ(T) data below 50 K. Yet the percentage of free radicals decreased 

as temperature increased (see empty purple symbols in Figure 8b). Our calculations show that there 
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are a 1.9% of uncoupled radicals at T < 20.5 K, which reduced to 1.5% at 28 K and further to 1.0% 

at 35.5 K. At 45.5 K, the number of free radicals was < 0.5% and becomes negligible at 63 K, 

temperature at which the X-ray data at 80 K clearly reproduced the experimental data. 

In addition to magnetic susceptibility as a function of temperature, magnetization was 

calculated as a function of magnetic field at 2, 60, 100 and 300 K (see Figure 9a and 9b for 

comparison between experimental and calculated data, respectively). Interestingly, the calculated 

data at 2 K using the cyclic AFM chain model showed basically zero magnetization (solid brown), 

which was to be expected since at 2 K only the singlet ground state must be populated. As 

temperature increases from 60 to 100 to 300 K, higher spin multiplicity states, i.e., S ≠ 0, get 

populated and thus magnetization showed signal. 

Our calculated M/Msat(H) at 2 K data (solid brown symbols in Figure 9b) differed from the 

experimental data because our cyclic magnetic model had no defects and, therefore, there were no 

free radicals. Using the previous magnetic model to simulate the presence of uncoupled radicals, the 

experimental M/Msat(H) response at 2 K was again reproduced. Indeed, even the ratio between 

M/Msat(H) at 2 and 300 K was replicated (see solid and empty brown symbols to be compared to 

solid orange circles in Figure 9a and 9b, respectively). Note also that the calculated response at 60 

and 100 K was larger than experimentally observed. 
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(a) 

 
(b) 

 
Figure 8. (a) Comparison between experimental (in black) and calculated χ(T) magnetic 
susceptibility using a 16-radical cyclic chain AFM model with JAB values listed in Table 2. Data 
using geometries extracted from X-ray crystallographic data characterized at 80 K (red), 100 K 
(green), 150 K (cream), 200 K (brown), 250 K (blue) and 300 K (grey). See also calculated χ(T) 
using a modified cyclic chain AFM model to account for uncoupled radicals (purple) with JAB 
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values using geometries extracted from X-ray crystallographic data characterized at 80 K. (b) See 
main text for percentages of free radicals required to reproduce the experimental χ(T) data. 

 
(a) (b) 

  

Figure 9. Comparison between (a) experimental and (b) calculated M/Msat(H) magnetization. A 16-
radical cyclic AFM chain model with computed JAB couplings from geometries extracted from X-ray 
80 K was used to calculate magnetization at 2 K (solid brown), 60 K (green), 100 K (purple) and 300 
K (orange). A modified cyclic chain AFM model to account for uncoupled radicals was also used to 
calculate magnetization at 2 K (empty brown). 

 

The computational analysis of 2α provided a sound interpretation of the magnetic response 

of the material in terms of magnetic susceptibility and magnetization. The 1D magnetic topology 

expected from direct observation of the crystal packing was corroborated. Interestingly, the 

magnetic exchange interaction between π-stacked dicyanobenzotriazinyl radicals was tuned by the 

temperature itself, which should be profited from if these radicals were offered as building blocks 

for electronic and spintronic applications. 

 
Conclusions 

1,3-Diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl-6,7-dicarbonitrile (2) is a stable electron 

deficient organic radical with a promising potential to be used as a building block in a range of 

electronic and spintronic materials. Two polymorphs, 2α and 2β, have been identified and 
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characterized by single crystal X-ray diffractometry. Crystal analysis shows that, evenly packed 

radicals (at 3.366 Å interplanar distances) that form 1D π stacks in polymorph 2α, locate at alternate 

interplanar distances (3.182 Å and 3.318 Å) in the 1D π stack for polymorph 2β. Magnetic 

susceptibility measurements for polymorph 2α indicate strong antiferromagnetic interactions along 

the 1D regular chain. Magnetic susceptibility data can only be fully fitted to a modified Bonner 

and Fischer model, which must include a temperature-dependent AFM exchange parameter within 

the 1D π stacks. 

The computational analysis of the alpha polymorph of the title compound (2α) sustains that 

the significant magnetic couplings run along the π-stacked dicyanobenzotriazinyl radicals (Jπ). 

Accordingly, the magnetic topology of this compound consists of isolated AFM chains. The Jπ 

magnetic interaction is highly dependent on the temperature at which the crystal data is 

characterized, ranging from -136.0 cm-1 at 300 K to -199.0 cm-1 at 80 K. Numerical values of Jπ 

couplings have been validated against both DFT and wavefunction calculations. It thus follows 

that, to reproduce the experimental χ(T) magnetic susceptibility data, one must account for all the 

changes that the JAB magnetic interactions undergo upon cooling from 300 to 80 K (or upon heating 

from 80 to 300 K). This means that the same model with as many sets of JAB couplings as 

experimental sets of X-ray data should be used to calculate χ(T). At low temperatures (T < 50 K), 

it is necessary to introduce the presence of 1.9% of uncoupled radicals to reproduce the 

experimental χ(T) data (note the number of uncoupled radicals becomes negligible at T > 50 K). 

Also, the presence of free radicals is required to rationalize the experimental M/Msat(H) response 

at 2 K since, if no defects are present in the cyclic chain AFM model, the response would show no 

signal (the only state populated would be the singlet ground state). The observed magnetization at 

higher temperatures (namely, 60, 100 and 300 K) can be fully understood in terms of higher spin 
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multiplicity states, i.e., S ≠ 0, that get populated upon heating. Our experimental as well as 

computational results reveal that temperature is the key to rationalizing the magnetism in 2α. 
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