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ABSTRACT: Triplet ground-state organic molecules are of interest with respect to several emerging technologies but usually show 

limited stability, especially, as thin films. We report an organic diradical, consisting of two Blatter radicals, that possesses a triplet 

ground state with a singlet-triplet energy gap, EST ≈ 0.4 – 0.5 kcal mol-1 (2J/k ≈ 220 – 275 K). The diradical possesses robust thermal 

stability, with an onset of decomposition above 264 C (TGA). In toluene/chloroform, glassy matrix and fluid solution, an equilibrium 

between two conformations with EST ≈ 0.4 kcal mol-1 and EST ≈ –0.7 kcal mol-1 is observed, favoring the triplet ground state over 

the singlet ground state conformation in the 110 – 330 K temperature range. The diradical with the triplet ground state conformation 

is found exclusively in crystals and in a polystyrene matrix. Crystalline neutral diradical is a good electrical conductor with conduc-

tivity comparable to the thoroughly optimized bis(thiazolyl)-related monoradicals. This is surprising because triplet ground state 

implies that the underlying -system is cross-conjugated and thus is not compatible with either good conductance or electron delo-

calization. The diradical is evaporated under ultra-high vacuum to form thin films, which are stable in air for at least 18 h, as demon-

strated by X-ray photoelectron and electron paramagnetic resonance (EPR) spectroscopies.                                     

INTRODUCTION  

The recently reported high spin organic diradicals 1 and 2 

have attracted interest due to their remarkable thermal stability 

that permits vapor-based growth of thin films under high- or 

ultra-high vacuum (UHV).1,2 The design of the diradicals3,4 is 

based on the 1,2,4-benzotriazinyl (Blatter) radical substituted 

with a nitronyl nitroxide (NN) radical, taking advantage of the 

Blatter monoradical high thermal stability and the NN molecu-

lar weights to facilitate film formation. However, 1 and 2 pos-

sess limited stability with onset of decomposition <180 C 

(thermogravimetric analysis, TGA), and consequently, the 

diradical thin films, in particular of 2, undergo rapid decompo-

sition in air.2,5,6  

We consider a diradical based entirely on the Blatter radical 

building block, to fully take advantage of its excellent thermal 

stability.7-12 The design and synthesis of such diradicals is a 

huge challenge. There are a few molecules that formally incor-

porate two Blatter radicals reported to date, e.g., zwitterionic 

TetraPhenylHexaazaAnthracene (TPHA), ortho-DiBlatterTri-

methylenemethane (o-DBT) or Chichibabin-type diradicaloid 

3.13-18 These molecules exclusively possess low-spin (S = 0) 

ground states. This is not surprising. According to the Ovchin-

nikov parity models, TPHA, diradicaloid 3, and its biphenyl 

isomers are predicted to possess S = 0 ground states, because 

of the absence of significant spin sign alternation at the atoms 

connecting two radicals.19-22 Although the alternating spin con-

nectivity in o-DBT predicts the S = 1 ground state, severe out-

of-plane twisting is well-known to lead to an S = 0 ground 

state.23 We note that the Blatter triradical based on the classic 

1,3,5-phenylene unit was recently reported without experi-

mental evidence for the ground state.24 This triradical is likely 

to possess near degenerate high- and low-spin states, similarly  

 

Figure 1.  Blatter-based diradicals: TGA onset of 

decomposition ≈ 1% mass loss. Blatter radical and its spin density 

map at the UB3LYP/6-31G(d,p) level of theory; positive (blue) 

and negative (green) spin densities are shown at the isodensity 

level of 0.002 electron/Bohr.  



 

to the analogous bis-verdazyl diradical with very small singlet-

triplet energy gap, EST ≈ 0.039 kcal mol-1.25,26 

Examination of the parity models and spin density distribution 

in the parent Blatter radical leads us to a connection at the C3 

and C7 position that would provide a high-spin diradical (Fig-

ure 1). We design the di-Blatter diradical 4 by taking ad-

vantage of the negative spin density at C3 within the Blatter 

radical moiety (green dot, Figure 1). A tert-butyl group at the 

site of the largest spin density in the annelated benzene ring 

would enhance stability and solubility of the diradical.1   

We set out to explore the synthesis of di-Blatter diradical and 

faced a tremendous challenge with various unsuccessful con-

vergent synthetic approaches. The breakthrough was achieved 

using a divergent route, in which two benzotriazinyl rings are 

formed in one synthetic step (Scheme 1). 

Here we report the synthesis, characterization and thin-film 

preparation of di-Blatter diradical 4. The diradical possesses a 

triplet ground state and robust thermal stability, with an onset 

of decomposition above 264 C – the highest temperature 

among high-spin diradicals or triradicals studied by TGA.1,2,27-

30  

Remarkably, single crystals of 4 exhibit electrical conductiv-

ity, with an outstanding  ≈ 0.04  0.01 S cm–1 at room tem-

perature, as measured by a two-probe method (n = 15 sam-

ples). SQUID magnetometry and EPR spectra (and XPS) of 

polycrystalline 4 also suggest that it is conductive. Typical 

neutral π-radicals that are insulators have  < 10–10 S cm–1, 

compared to conductive radicals such as the recently reported 

bis(thiazolyl)-related radicals with  ≈ 0.04 S cm–1,31 trioxotri-

angulene radicals with  ≈ 0.002 S cm–1,32  nitroxide-based 

glassy polymers with  ≈ 0.3 S cm–1,33 and bis(phenalenyl) 

radicals with  ≈ 0.3 S cm–1.34 The observation of good electri-

cal conductivity in our high-spin diradical is unusual, because 

the corresponding -system is cross-conjugated and thus not 

conducive to electron delocalization35-37 or conductance.38-40 

The diradical can be evaporated under UHV to obtain thin 

films of 4 on silicon substrates, which remain unchanged after 

exposure to air for at least 18 h. 

RESULTS AND DISCUSSION  

Synthesis.  The synthesis of 4 starts with the copper-catalyzed 

C-N bond coupling reaction of 5 with methyl 4-amino-3-iodo-

benzoate to produce 6. The ester group in 6 is hydrolyzed and 

the resultant carboxylic acid 7 is activated with 1,1'-carbon-

yldiimidazole (CDI), followed by the reaction with phenylhy-

drazine. The resultant synthetic intermediate 8 is subjected to a 

C-N bond coupling reaction with 4-tert-butyl-2-iodo-aniline to 

provide compound 9. Acid-catalyzed double cyclization of 9 is 

followed by air oxidation under basic conditions to produce 

diradical 4 in about 50% isolated yield. Notably, when the cy-

clization step is carried out for 24 h, instead of 2 h, an approxi-

mately equimolar mixture of diradical 4 and by-product mono-

radical 10 is isolated (Scheme 1). Contraction of paramagnetic 

6-membered benzo[e][1,2,4]triazinyl ring to 5-membered ben-

zimidazole ring was observed both in Blatter radicals and in 

TPHA (Figure 1) (discussion in the SI, p. S26).41,42    

 

 

Scheme 1.  Synthesis of diradical 4 and monoradical 10.  

 

X-ray crystallography. Structures of 4 and 10 are confirmed 

by X-ray crystallography (Figure 2 and SI). In diradical 4, two 

fused-ring Blatter radical moieties are nearly coplanar, as indi-

cated by the mean deviation from plane of 0.0719 Å for the 

plane defined by the N1-N6 and C1-C20 atoms. Also, the di-

hedral angle along the C4-C5 bond is 8.20 (0.12).43 Thus, the 

conformation adopted by 4 in the crystal is near optimum for 

attaining both strong ferromagnetic coupling and electrical 

conductivity. 

 

Figure 2. Single crystal X-ray structure of diradical 4 at 100 K, 

with carbon and nitrogen atoms depicted using thermal ellip-

soids set at the 50% probability level (A and B); the Bravais, 

Friedel, Donnay and Harker (BFDH) crystal morphoplogy of 4 

(C), confirmed with experimental face index; needle and 

stacking direction are along the a-axis. Additional data, e.g., 

for radical 10, can be found in the SI: Figs. S1-S6 and Tables 

S1-S6. 

Molecules of 4 form one-dimensional (1-D) -stacks along the 

crystallographic a-axis, which coincides with the longest di-

mension of the single crystal plate/needle (Figure 2C), with 

average plane-to-plane distance of 3.482 Å (planes defined by 

the N1-N6 and C1-C20 atoms). In addition to a short 

C10∙∙∙C12 = 3.381 Å contact within the 1-D -stack, there are 

multiple C∙∙∙C and N∙∙∙C contacts within the sum of van der 

Waals radii plus 0.1 Å distances (Figs. S1 and S3, SI). Be-

cause most of these contacts involve atoms with positive spin 

densities, relatively strong intermolecular antiferromagnetic 

interactions are anticipated in crystalline diradical 4.2,44 

EPR spectroscopy, SQUID magnetometry, and DFT com-

putations: ground state and conformations of diradical. 

EPR spectra of diradical 4 in a frozen glass at 110 K indicate a 

A 

B 

C 



 

significant population of the triplet state. The forbidden |Δms| 

= 2 transition is relatively intense, which is consistent with a 

large spectral width (2D = 782 MHz) of the |Δms| = 1 region 

(Figure 3 and Table 1).  

 

Figure 3. EPR (110 K,  = 9.3269 GHz) spectrum for 0.54 

mM diradical 4 in toluene/chloroform, 3:1 glass; a small cen-

ter peak corresponds to monoradical impurity (ca. 5%).  Inset: 

the |Δms| = 2 transition.  Spectral simulation of the |Δms| = 1 re-

gion (rmsd = 0.0197, see: Table 1 and Figs. S18–S20, SI.  

D- and g-tensor orientations for 1, 2, and 4 are similar and the 

absolute values are well reproduced by DFT-computations45,46 

for two major conformers, 4A and 4B, of 4, except for the in-

herently difficult to compute parameter E. 

Table 1.  EPR parameters for triplet states of diradicals. 

Diradicals 
D  

(MHz) 

E 

(MHz) 
gx gy gz giso

a 

1 69.6 4.2 2.0069 2.0010 2.0052 2.0044 

2 242 35.1 2.0072 2.0026 2.0052 2.0050 

3  ca. 75 na na na na na 

o-DBT 126 39 na na na na 

4 391 35.9 2.0042 2.0027 2.0041 2.0037 

4Ab 406 71 2.0043 2.0023 2.0041 2.0036 

4Bb 410 60 2.0042 2.0022 2.0042 2.0036 

a giso ≈ (gx + gy + gz)/3.  b Computed with ORCA (Table S13, SI). 

DFT computations at the UB3LYP/6-31G(d,p)+ZPVE level, 

reveal that conformer 4A, corresponding to that found in crys-

talline 4 (Figure 2), is a global minimum with energy prefer-

ence for triplet states from 0.05 (gas phase) to 0.14 (tetrahy-

drofuran, THF) kcal mol-1, compared to 4B (Table 2). We 

compute EST ≈ 1.37 kcal mol-1 for 4A that is considerably 

greater than EST ≈ 0.34 kcal mol-1 for 4B. Analogously in 

THF, we obtain, EST ≈ 1.22 and 0.22 kcal mol-1 for 4A and 

4B, respectively. Because the EST > 0 is oversestimated at 

this level of theory,47-49 conformer 4B may actually be a sin-

glet ground state, i.e., with EST < 0. 

In addition, intermolecular J’/k ≈ –100 K is computed for the 

-dimer using the X-ray geometry (Table S14, SI). This sup-

ports anticipated strong antiferromagnetic interactions in crys-

talline 4, as inferred from X-ray crystal packing, likely leading 

to electrical conductivity.  

We employ EPR spectroscopy to determine the triplet ground 

state of 4 in toluene/chloroform (4:1) and in a polystyrene ma-

trix by measurement of χT, the product of paramagnetic sus-

ceptibility (χ) and temperature (T), in the T = 110 – 331 K and 

T = 110 – 341 K range, respectively (Figure 4).1,25,50 The spec-

tra are acquired at each T at least in triplicate. Tempone in tol-

uene/chloroform (4:1) and DPPH in polystyrene are used as 

spin counting references.   

Table 2.  DFT computations: conformers 4A and 4B of 

diradical 4.  

 
4Aa 4Ba 

Medium Conformer State ET
b <S2> EST

c 

Gas ph. 

4A 
Triplet 0.00 2.0363 0.00 

BSsinglet - 1.0283 1.37 

4B 
Triplet 0.05 2.0359 0.00 

BSsinglet - 1.0014 0.34 
      

THF 

4A 
Triplet 0.00 2.0339 0.00 

BSsinglet - 1.0271 1.22 

4B 
Triplet 0.14 2.0338 0.00 

BSsinglet - 0.9993 0.22 
      

a Spin density plots for triplet states of 4A and 4B.   b ET (kcal 

mol-1) relative energies for triplet states.  c EST (kcal mol-1) is 

computed using eq. S4, SI.  

 

 

Figure 4.  EPR spectroscopy of diradical 4: plots and 

numerical fits of χT vs T in toluene/chloroform (4:1) (A) and 

polystyrene (B). Further details are reported in the SI: Table S7, 

Figs. S16, S21–S23, Eqs. S1 and S2.  

The sample of 4 in the polystyrene matrix is prepared by dis-

solving 4 and polystyrene in THF, to favor conformer 4A (Ta-



 

ble 2), and then the solvent is evaporated under vacuum, to es-

sentially “lock” conformer 4A in polystyrene, which possesses 

a relatively high glass transition temperature, Tg ≈ 373 K, and 

forms a relatively rigid glass.51,52 In contrast, we anticipate that 

the toluene/chloroform (4:1) solution/matrix will allow for 

equilibration of the two conformers 4A and 4B; e.g., pure tolu-

ene glass has a relatively low Tg = 117 K and even below Tg 

exhibits pronounced secondary relaxation.51,52 

For 4 in toluene/chloroform (4:1), the numerical fit of χT vs. T 

to the modified Bleaney-Bowers-like equation (eq. S2, 

SI)2,36,50 suggests the presence of two equilibrating confor-

mations 4A and 4B with singlet-triplet energy gaps 2JA/k = 

220  70 K and 2JB/k = –340  37 K, i.e., EST ≈ 0.4 kcal 

mol-1 for the major conformation 4A (Figure 4A). Also, this fit 

suggests that the ratio of 4A/4B is about 2:1 and 1:1 at 331 

and 110 K, respectively. For 4 in the polystyrene matrix, χT 

vs. T dependence is qualitatively different and corresponds to 

one major conformer with a triplet ground state and singlet-tri-

plet energy gap 2J/k = 275  36 K, i.e., EST ≈ 0.5 kcal mol-1 

(Figure 4B). 

Finally, another more concentrated 41 mM sample of 4 in pol-

ystyrene was used to obtain SQUID magnetization data (Fig. 

S14, SI). Because the M/Msat vs H/T data at T = 1.8, 3, and 5 K 

approximately coincide with the S = 1 Brillouin curve, this 

provides unequivocal evidence for the triplet ground state of 

diradical 4.   

Electrical Conductivity and Magnetic Characterization of 

4 in the Solid State. Single crystal conductivity, , measure-

ments are carried out along needle axis in the 320 – 9 K range.  

As noted in the X-ray crystallography sub-section (Figure 2C), 

the needle axis coincides with direction of 1-D -stacks along 

the crystallographic a-axis. For the 15 randomly selected sin-

gle crystals, values of  at room temperature ranged from 

0.003 to 0.13 S cm-1, giving  = 0.044  0.012 S cm-1 (mean  

SE). Measurements on spin-coated films give much lower  = 

~1  10-4 S cm-1, SI. Notably, for all studied single crystal 

samples, the   vs T dependence follows an approximately lin-

ear relationship with statistically adjusted correlation coeffi-

cient, adj R2 = 0.930 – 0.996 (Figure 5A, inset plot, Tables S8 

and S9, SI). This unusual linear relationship corresponds to 

temperature-dependent activation energy, Ea/k.53 As illustrated 

in Figure 5A (main plot), activation energies are: Ea/k ≈ 140 K 

(~12 meV) in the high temperature range (T = 200 – 320 K) 

and Ea/k ≈ 0.4 K (~0.03 meV) in the low temperature range (T 

= 9 – 20 K). This nearly temperature-independent behavior 

(i.e., Ea/k << T) is indicative of band-like transport. For com-

parison, single crystals of bis(thiazolyl) and bis(phenalenyl) 

monoradicals, with optimized structures for electrical conduc-

tivity, exhibited much larger Ea = 50 and 54 meV, respec-

tively.31,34 While not common in organic electronics, this be-

havior has been observed in other radical systems,33 and it has 

been seen with respect to charge transport in well-studied sin-

gle crystal rubrene systems,54,55 single crystal pentacene sys-

tems,56 and thin film pentacene systems57 when trap sites were 

minimized. Due to the high quality of the single crystals and 

our ability to measure conductivity along the preferred 

transport direction, similar conclusions can be reached here. 

That is, the weak temperature dependence is likely due to 

transport that is approaching that of band-like behavior, and 

this is accentuated at lower temperatures as carrier-phonon in-

teractions are lowered. 

This “near-metal-like” behavior is confirmed by magnetic 

studies of polycrystalline diradical 4. The static paramagnetic 

susceptibility () is nearly temperature independent in the 

range from 20 to 320 K, and the value of  ≈ 2 – 3  10-3 emu 

mol-1 is consistent with Pauli paramagnetism (Figure 5B). This 

value of  is significantly greater than  ≈ 5 – 6  10-4 emu 

mol-1 observed in bis(phenalenyl) and bis(thiazolyl) monoradi-

cals.31,34 However, it is smaller than  ≈ 4 – 12  10-3 emu mol-

1 determined by Dunbar and coworkers for “planarized” oligo-

mers of heavily p-doped polyaniline.58 In addition, we note the 

residual paramagnetism from some crystals in the polycrystal-

line sample, appears as a shallow broad maximum at about 

200 K, due to one-dimensional S = 1 antiferromagnetic chains 

with a large J’/k ~ –150 K.2,44,59 The Curie behavior,  vs 1/T, 

observed below 20 K corresponds to the presence of residual 

paramagnetic centers (defects) at a concentration of 2.5 – 3% 

in the crystal lattice. 

 

Figure 5.  Solid state characterization of diradical 4.  A, main 

plot: single crystal conductivity, , of diradical 4 (plotted on a 

logarithmic scale) as a function of the reciprocal temperature 

(1000/T), with the fits in the high- and low-temperature ranges, 

showing effective activation energies (Ea/k).  Inset plot: single 

crystal  vs T, showing near-linear relationship. B, SQUID 

magnetometry of polycrystalline 4: magnetic susceptibility,  vs T 

for T = 1.8 – 320 K. C and D, EPR spectroscopy of 

polycrystalline 4 with particle size of <75 m: DI/Q ~  vs T and 

representative EPR spectra, showing Dysonian line-shape, where 

DI is a double integrated intensity and Q is a microwave cavity 

quality factor. Further details are reported in the SI: Tables S8 and 

S9, Figs. S12, S13, S15, S17, S24–S40. 



 

The EPR spectroscopy on polycrystalline 4, with particle sizes 

<75 m, confirms the temperature independent   in the T = 

110 – 331 K range (Figure 5C); EPR spectra possess Dysonian 

lineshape (A/B > 1), characteristic of a conducting solid (Fig-

ure 5D).60-62 

Electrochemistry and UV-vis-NIR spectroscopy. Voltam-

metry (cyclic, differential pulse, and square wave) for diradi-

cal 4 shows reversible oxidation of Blatter radical moieties at 

E+/0 ≈ +0.18 V and E2+/+ ≈ +0.42 V, vs SCE (Figure 6). At the 

same conditions, reduction of 4 at E-/0 ≈ –0.87 V and E2-/- ≈ –

1.14 V (DPV) is progressively more irreversible as indicated 

by shapes of cyclic voltammogram and peak broadening in the 

differential pulse voltammetry. These values may be compared 

to E+/0 ≈ +0.4 V, associated with the oxidation of Blatter radi-

cal moieties in the high-spin diradical 2 as well as related tri-

radical, determined under identical conditions.25 Also, for a 

typical planarized Blatter radical in dichloromethane, E+/0 = 

+0.31 V and E-/0 = –0.86 V (vs. SCE) redox potentials were re-

ported.63 

 

Figure 6.  Cyclic voltammetry (CV, A) and differential pulse 

voltammetry (DPV, B) of diradical 4 in 0.1 M 

tetrabutylammonium hexafluorophosphate in dichloromethane. 

Scan rates (SR) are 100 and 10 mV s-1.  Redox potentials are 

given as mean  stddev with n = 7–8 (CV) and n = 4 (DPV). For 

further details, including square wave voltammetry, see: SI. 

UV-vis-NIR absorption spectra of diradical 4 in dichloro-

methane consist of four major bands at 303, 384, 520, and 720 

nm (Figure 7). Diradical 4 has an absorption onset in the 

1181–1216 nm range, corresponding to an optical gap, Eg = 

1.04  0.01 eV. This value is much smaller than Eg = 1.42  

0.01 eV for diradical 2 and the corresponding triradical,25 as 

well as Eg = 1.6 – 1.7 eV for “planarized” Blatter monoradi-

cals.63,64 The UV-vis-NIR spectrum for diradical 4 is repro-

duced by the TD-DFT computations at the UCAM-B3LYP/6-

31+G(d,p)/IEF-PCM-UFF level of theory employing a di-

chloromethane solvent model (Fig. S58, SI). 

We confirm that the long wavelength band at  = 720 nm 

(with shoulder at 950 nm) originates from diradical 4 and not 

from its partially oxidized form. We carry out oxidation of 4 to 

its radical cation with one-electron oxidant [Cp2Fe][BF4] (1.2 

equiv). UV-vis-NIR absorption spectra for the radical cation in 

DCM indicate that the band at  = 720 nm (and its long-wave-

length shoulder) is diminished while a new, much more in-

tense, band at  ≈ 1540 nm (ε ≈ 2 × 103 L mol–1 cm–1) appears. 

EPR spectra for the radical cation in n-butyronitrile glass at 

117 K are characteristic of an S = ½ radical (Figs. S10 and 

S11, SI). In contrast to diradical 4, for the radical cation, con-

formation 4B.+ is by far dominant in DCM solution based on 

DFT computations (Table S15, SI), as confirmed by a good fit 

of the TD-DFT computed spectra to the experimental UV-vis-

NIR absorption spectra (Fig. S59, SI). 

 

Figure 7.  UV–vis–NIR (294 K) absorption spectrum for 0.2 

mM diradical 4. Bands at λmax = 303, 384, 520, and 720 nm have 

the following extinction coefficients: ε303 = 6.0 × 104 L mol–1   

cm–1, ε384 = 1.6 × 104 L mol–1 cm–1, ε520 = 5.3 × 103 L mol–1 cm–1, 

and ε720 = 5.8 × 102 L mol–1 cm–1. Feature at λ ≈ 900 nm, marked 

with a red asterisk is an instrumental artefact (change of grating).  

In summary, diradical 4 in dichloromethane at room tempera-

ture has an optical and electrochemical gap, Eg ≈ 1 eV and it is 

anticipated, based on EPR spectroscopic studies in tolu-

ene/chloroform that the diradical will exist as a ~2:1 mixture 

of conformations 4A and 4B with triplet and singlet ground 

states, respectively. Conformations 4A and 4B are expected to 

possess nearly identical redox potentials, and TD-DFT studies 

suggests the same for their absorption spectra.  

 

DFT studies of band structure for crystalline 4. The inter-

molecular coupling is investigated through the electronic 

structure investigation of crystalline 4 in the solid state. The 

simulation cell includes molecules stacked along the a-axis 

(see: SI), whose initial coordinates stem from the X-ray crys-

tallography studies described above. The ground state corre-

sponds to an antiferromagnetic phase, with an average mag-

netic moment  = 2.7 Bohr magnetons per molecule, in agree-

ment with the experimentally determined triplet ground state 

for molecule of 4.  

Band structure and density-of-states (DOS) for crystalline 4 at 

the B3LYP level of theory65,66 are characteristic of a pure large 

bandgap semiconductor (Figure 8), with no defect states in the 

gap.  

The computations reveal some features that lead to increased 

conductivity, such as near degenerate pairs of singly occupied 

(SO) and singly unoccupied (SU) bands which derive from the 

-coupling of the corresponding molecular orbitals (see Fig. 

S60, SI). The SO and SU bands have an energy dispersion of 



 

ca. 150 meV within each pair, especially along the  → Y di-

rection, corresponding to -stacked molecules along the crys-

tallographic a-axis. Since SO1,2 and SU1,2 states are close in en-

ergy and overlap in space, thermal broadening may easily cou-

ple the single SO and SU bands to form manifolds of - ex-

tended states, whose effective dispersion is ~240 meV and 250 

meV, for SO and SU, respectively (see: DOS in Figure 8), 

which act as conductive -channel for electron transport (Fig. 

S61, SI).  This justifies the high conductivity and the tempera-

ture dependence observed in the experiments. This is con-

firmed by the simulation of the Boltzman conductivity, which 

reveals preferential conductivity by ca. two orders of magni-

tude along crystallographic a-axis vs. b- or c-axes (Fig. S62, 

SI). 

 

Figure 8. Crystalline diradical 4 at the B3LYP level of theory. 

Fermi energy (EF) level is indicated with dashed lines. Top: Band 

structure. Single occupied (SO1, SO2) and single unoccupied (SU1,  

SU2)  bands are marked in green.  Bottom: Spin-resolved density-

of-states (DOS), for neutral (Q = 0, black line) and charged (Q = 

+1, red line) crystals. Peak A identifies the defect level in the 

charged system.  

However, our computational results on pure crystalline 4 are 

not compatible with near-metal-like conductivity with very 

low activation barrier. Thus, it is reasonable to suspect that 

free carriers are introduced to the experimental system (e.g., 

surface site defects and/or band bending at the metal-organic 

interface) that are not captured well in simulations associated 

with the single crystal structure. In fact, a similar phenomenon 

has been observed experimentally in a related radical sys-

tem. That is, Venkataraman and co-workers previously 

demonstrated that, while the substituted Blatter monoradical is 

stable on a gold substrate under ultrahigh vacuum, the solu-

tion-based single-molecule conductance measurements at 0.2 

V, indicate that the radical is oxidized to the closed-shell cat-

ion as a result of charge transfer occurring from the molecule 

to the gold electrodes.67 Therefore, we computed DOS for 

crystalline 4 with its unit cell (N = 4 molecules) possessing +1 

charge (Q = +1), i.e., including a hole in the system. The com-

putations reveal that the removal of the electron did not 

change dramatically the band structure of the neutral system 

(Q = 0), except for the SO manifold, with the hole (positive 

charge) delocalized within the entire unit cell (i.e., no polaron 

formation). Nonetheless, this breaks the degeneracy between 

the SO1 and SO2 peaks, with the latter peak (labeled A in Figure 

8) remaining partially occupied.  This causes the pinning of 

the Fermi level on the top of the valence band. The combina-

tion of both neutral and partially charged contributions result 

in a typical picture of a p-type doped semiconductor, where 

the A state, which is shifted in energy by ~0.12 eV with re-

spect to the valence band top of the neutral system, acts as 

electron-acceptor state. The appearance of the defect state A is 

in agreement with the low E+/0 redox potential observed in the 

voltammetric experiments and the conducting character (i.e., 

low activation energy) resulting from the transport measure-

ments. 

Thermal stability and thin films. TGA, with parallel IR 

spectroscopy, of diradical 4 indicates that the onset of decom-

position is at T > 264 C, which is more than ~100 C higher 

than recently studied S = 1 diradical 2 (Figure 9).2 Relying on 

this result, we deposit thin films of diradical 4 on SiO2/Si(111) 

wafers by controlled evaporation under ultra-high vacuum 

(UHV). Following a well-established method,5,11,68 we use X-

ray photoelectron spectroscopy (XPS) together with a best fit 

procedure to assess the intactness of the diradical in the thin 

films and the film lifetime under air exposure.69 The XPS in-

vestigations indicate that the films have the expected stoichi-

ometry (Figure 9), i.e., the evaporation of intact radicals was 

successfully achieved. 

This is further supported by the direct comparison with the 

XPS spectra of the powder that did not undergo evaporation 

and EPR spectroscopy (SI). The XPS signal attenuation upon 

film deposition (Figure 10, top panel) is characterised by a 

very slow decay. This intensity trend hints at a Volmer-Weber 

(VW) growth mode, i.e., island growth. This result is con-

sistent with the ex-situ AFM images obtained on diradical 4 

films (Figure 10, bottom panel) clearly showing a film mor-

phology dominated by islands, indicating that the interaction 

between molecules is much stronger than the interaction with 

the substrate (Figure 10). 

Comparing the XPS spectra of the films and those of the pow-

der, we note that their similarity is remarkable (Figure 9). Usu-

ally, the XPS lines of the powder are characterised by a larger 

bandwidth when compared to the spectra of the films because 

of charging effects.70 Analysing the broadening of the powder 

C 1s line, we see that it is 0.08 eV larger than that of the film. 

This is a very small value in comparison with other radicals. In 

fact, we have previously investigated a derivative of the Blat-

ter radical that shows a similar, although slightly larger, differ-

ence (0.09 eV).10 In contrast, in the spectra of nitronyl nitrox-

ide radical derivatives, including diradical 2 and related trirad-

ical this difference is large (0.50 eV).2,5,25,68 This observation 

supports the result that polycrystalline diradical 4 is a good 

electrical conductor, being able to screen the core-hole created 

upon photoemission more efficiently than nitronyl nitroxide 

radical derivatives2,5,25,68 and various closed-shell systems.70 
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Figure 9. Top: Thermogravimetric analysis with IR spectra of 

diradicals 2 and 4 under N2; heating rate = 5 °C min−1. For further 

details, including IR spectra, see: SI, Figs. S41 and S42. Bottom: 

C 1s and N 1s core level spectra of a multilayer of 4 deposited on 

SiO2/Si(111) substrate, compared to the powder spectra. 

We have also monitored the lifetime of the films exposed to 

air at room temperature (see the supporting information, 

Figure S48). We have found that the films exposed to air do 

not show any changes in the N 1s core level spectra for at least 

18 hours. This can be considered a long film lifetime in 

comparison with other diradical and triradical thin films. In 

our previous work,5 we have found that stability of the film 

under ambient air depends on the delocalization of the 

unpaired electrons and the onset of decomposition in TGA. 

The larger the delocalization and the higher the onset, the 

more stable are the films exposed to air. The results obtained 

for diradical 4 thin films fully confirm this correlation. In fact, 

they show the longest lifetime for polyradical thin films that 

was measured so far, presumably because of the significant 

delocalization of the unpaired electrons (Table 2).  
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Figure 10. Top: Attenuation of the Si 2p XPS signal, 

normalized to the corresponding saturation signal at zero film 

thickness as a function of the film nominal thickness, deposition 

at room temperature. The line is a guide to the eye. Bottom: A 

typical 3 m x 3 m AFM image. 

CONCLUSION  

We have prepared the first high-spin (S = 1) diradical, based 

entirely on two Blatter radical moieties, to attain robust ther-

mal stability. The single crystals of diradical 4 display good 

electrical conductivity, observed for the first time in a high-

spin diradical. Remarkably at low temperatures, activation en-

ergies for conductivity become negligible (<1 K or <0.1 meV), 

thus the material approaches metal-like behavior. Electrical 

conductivity of polycrystalline 4 is also supported by SQUID 

magnetometry, EPR spectroscopy, and XPS spectra. DFT 

band structure studies of crystalline 4 show the formation of 

effective manifolds of near-degenerate pairs of singly occu-

pied (SO) and singly unoccupied (SU) bands, each with dis-

persion of ca. 250 meV, which act as -like “conducting chan-

nel” in crystalline 4. The presence of hole states in the system 

imparts a p-doped character to the sample, which behave an 

intrinsic degenerate semiconductor. The diradical is evapo-

rated under UHV to form thin films on silicon, which are rela-

tively stable under vacuum (many days) or under air (at least 

18 h).  

We are working on the synthesis of S = 3/2 Blatter-based tri-

radical, homologue of 4. Will it provide even better electrical 

conductor, due to triply near-degenerate SO and SU bands? 

 



 

EXPERIMENTAL SECTION  

X-ray Crystallography.  A small, black crystal of 4 was 

placed on a Bruker Venture D8 diffractometer equipped with a 

Cu-IS Diamond source (Incoatec) and a PhotonIII detector. 

Data were collected at 100 K. Crystal data for 4: black needle, 

0.058 × 0.012 × 0.008 mm3, C36H30N6, M = 546.66, mono-

clinic, P21/c, a = 5.6659(4) Å, b = 20.7381(12) Å, c = 

22.9577(15) Å,  = 102.668(2)°, V = 2685.6(3) Å3, Z = 4, calcd 

= 1.469 Mg/m3,  = 0.627 mm-1, CuKα radiation (λ = 1.54178 

Å).  A total of 34729 reflections were measured of which 4797 

(Rint = 0.2092) were independent and 2135 observed [I > 

2(I)]. Data were corrected for absorption.71 The structure 

was solved with direct-methods72 and refined with full-matrix 

least squares / difference Fourier cycles.73 All non-hydrogen 

atoms were refined with anisotropic displacement parameters. 

The hydrogen atoms were placed in ideal positions and refined 

as riding atoms with relative isotropic displacement parame-

ters. The final anisotropic full-matrix least-squares refinement 

on F2 with 382 variables converged at R1 = 7.91%, for the ob-

served data and wR2 = 27.63% for all data. The goodness-of-

fit was 0.960 and the largest peak and hole in the final differ-

ence electron density synthesis were 0.285 e-/Å3 and -0.265 e-

/Å3, respectively, with an RMS deviation of 0.062 e-/Å3. A 

Bravais Friedel Donnay Harker (BFDH) calculation,74-76 pre-

dicting the growth morphology of crystals based on crystallo-

graphic geometrical consideration and as implemented in 

MERCURY,77 was performed and corresponds to the ob-

served, indexed crystal morphology, confirming that the nee-

dle direction and the stacking direction of the molecule is 

along the crystallographic a-axis. 

Further details, including the data acquisition and refinement, 

are described in the Supporting Information and the CIF files, 

deposited with the CCDC. 

Synthesis of 4.  Standard techniques for synthesis under inert 

atmosphere (argon or nitrogen), using custom-made Schlenk 

glassware, custom-made double manifold high vacuum lines, 

argon-filled MBraun glovebox, and nitrogen- or argon-filled 

glovebags were employed. Chromatographic separations were 

carried out using normal phase silica gel. Syntheses of the in-

termediates 5 – 9 and monoradical 10 are described in the SI.  

Optimized procedure for diradical 4. To the starting material 9 

(40 mg, 68.5 μmol), and p-TsOH•H2O (26 mg, 137 μmol), tol-

uene (14 mL) was added.  The stirred reaction mixture was re-

fluxed with the custom-made micro-scale Dean-Stark appa-

ratus44 in the dark for 2 h. The resultant reaction mixture be-

came a black solution. Then, after evaporation of the solvent, 

the dark green-black residue was dissolved in EtOH/ 2M 

NaOH, 1:1 (60 mL) to provide a dark brown-red solution. The 

reaction mixture was stirred under air for 4 h, and then ex-

tracted with DCM (20 mL  3). After the removal of the sol-

vent, the TLC analysis showed diradical 4 as the major spot 

with Rf = 0.2 (neutral alumina, DCM/pentane, 10:4). After col-

umn chromatography, the isolated yield was 19.6 mg (52%) 

with spin concentration of about 200% at room temperature. 

The diradical 4 could be recrystallized by the vapor diffusion 

method with ethyl acetate and pentane to increase purity (SI). 

Magnetic characterization of 4: EPR spectroscopy and 

SQUID magnetometry. EPR spectra were obtained on a CW 

X-band spectrometer (Bruker, EMX-plus) and were simulated 

using EasySpin.78 SQUID magnetometry data were acquired 

using 5-Tesla Quantum Design SQUID magnetometer with 

the samples contained in colorless gelatin capsules (polycrys-

talline solid) or in custom-made EPR quartz tubes (polystyrene 

matrix).2,25,79 Samples of 4 contained less than 3.6% of dia-

magnetic impurities (Fig. S15, SI).   

UV-vis-NIR absorption spectroscopy and electrochemistry. 

UV-vis-NIR absorption spectra were acquired on a JASCO-V-

670 spectrophotometer in DCM; the spectral range was  = 

250 – 1800 nm for 4 and  = 250 – 2500 nm for the oxidation 

of 4 to its radical cation. Voltammetry (cyclic, square wave, 

and differential pulse) data were obtained using a VersaSTAT 

4 potentiostat/galvanostat and 0.1 M tetrabutylammonium 

hexafluorophosphate supporting electrolyte in DCM. Decame-

thyl ferrocene was employed as a potential reference (–0.130 

V vs. SCE for Cp*2Fe/Cp*2Fe+ in DCM),80 in conjunction 

with Ag-wire pseudo-reference electrode.  

Solid State Electrical Conductivity Measurements. For both 

single crystals and thin films of the radical species 4, electrical 

conductivity measurements were made using a two-point con-

tact geometry (see: SI for the fabrication procedures) with all 

conductivity measurements performed while the samples were 

housed in a vacuum probe station. The temperature-dependent 

measurements were made as a function of cooling (and warm-

ing) from approximately room temperature to near liquid-he-

lium temperatures. For each measurement, the sample was al-

lowed to reach a thermal steady-state with the temperature 

stage prior to acquisition of the current response as a function 

of voltage. These I-V traces were used to extract the resistance, 

and ultimately the conductivity (see: SI), of the single crystal 

and thin film samples. At temperatures < 50 K, slightly non-

ohmic behavior was observed in the I-V traces, and this is 

likely due to interfacial effects that arise at these temperatures. 

Electronic Band Structure Calculations. Solid state calcula-

tion on crystalline 4 were carried out with the QUANTUM 

ESPRESSO.81 Perdew−Burke−Ernzerhof (PBE) functional65 

was used to the optimize the atomic structure of the system. 

The electronic structure was evaluated at the B3LYP level,66,82 

without further atomic relaxation. Atomic potentials were de-

scribed by ultra-soft pseudopotentials, while single particle 

wavefunctions (charge) were expressed in planewave with a 

cut-off energy of 30 Ry (300 Ry), respectively. Starting coor-

dinates for geometry optimizations were taken from the single 

crystal structure of 4. A (2 × 2 × 2) Monkhorst–Pack sampling 

scheme was used for Brillouin zone integration during the re-

laxation step, -only was used for the electronic structure cal-

culation.  Electron transport properties have been evaluated by 

solving the Boltzmann semiclassical equation, within the scat-

tering time approximation,83 by using PAOFLOW code.84 

More details in the SI. 

Thin Films of 4. Thin films were prepared in situ under UHV 

conditions by organic molecular beam deposition (OMBD) us-

ing a calibrated Knudsen cell. Native SiO2 grown on single-

side polished n-Si(111) wafers were used as a substrate. The 

XPS spectra were measured using a monochromatic Al K 

source and a SPECS Phoibos 150 hemispherical electron ana-

lyser. Atomic force microscopy was measured under ambient 

conditions with a Digital Instrument Nanoscope III Multimode 

microscope using tapping mode. Further details are given in 

SI. 
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