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Abstract. 

We demonstrate the possibility to sublimate Blatter radical derivatives in a controlled 

environment obtaining thin films that preserve the (poly)radical magnetic character. However, 

their thermal evaporation is challenging. We analyze the evaporation process and the thin film 

formation using thermodynamic concepts and describe the materials properties also using first 

principles calculations. The presence of more than one radical site makes the radical more 

reactive, narrowing the windows left for evaporation, thus, favoring the assembly of molecules 

and, therefore, island formation rather than two-dimensional growth. 
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Introduction 

Understanding thin film processes in materials is a central issue to develop new devices and 

technologies. Not only have thin films different properties than bulk, but their use also led to 

device miniaturization. Thin films of inorganic and organic materials have been investigated 

since decades, with a great attention for surfaces and interfaces, the latter being of uppermost 

importance in designing a device.1 In this landscape, thin films of organic magnetic materials 

have recently been in focus for their promising applications in magnetism and quantum 

technologies.2-4 Their properties are usually due to the presence of a magnetic element and 

organic ligands. Open-shell purely organic materials, i.e., molecular radicals, can carry a 

magnetic moment and, thus, magnetic properties, too. Their thin film processes have been 

unknown for a long time, also because it was commonly thought that they would be too reactive 

to survive evaporation.5 Thermal evaporation is a preparation method that is required in specific 

technological fields because of the possibility to exactly control the preparation conditions and 

the cleanness of the environment that is an important prerequisite, for example, in developing 

quantum devices. 

We have successfully addressed the deposition of purely organic radicals, by using organic 

molecular beam deposition (OMDB)6 and we have introduced the use of soft X-ray based 

techniques to investigate their surfaces and interfaces, in combination with atomic force 

microscopy and ab initio simulations.7 Our approach supports the use of a range of 

spectroscopies and microscopies, much larger than the ones traditionally used to characterize 

organic radicals. 

The Blatter radical8 is a stable radical that revealed to be a very promising materials for 

applications in various fields.9-11 In this work, we review our results focusing on three 

derivatives of the Blatter radical, from a mono- to a bi- and a tri-radical, analysing the effect 

that the number of radicals implies for evaporation of the molecules, thin film preparation and 

thin film formation. We support our results also with ab-initio calculations. The Blatter 
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monoradical is fused to a pyrene in the Blatter-pyr12 (Figure 1) while the diradical and the 

triradical are obtained fusing the latter radical to a nitronyl nitroxide (NN) radical moiety (NN-

Blatter,13 Figure 1) and to two nitronyl nitroxide radicals (diNN-Blatter, Figure 1), respectively.  

 

Methods 

Experimental Section 

Thin films were prepared in situ under ultra-high vacuum (UHV) conditions by 

OMBD using a Knudsen cell. Native SiO2 grown on single-side polished n-Si(111) wafer was 

used as the substrate for all thin films. The wafers were cleaned in an ultrasonic bath by 

immersion in ethanol and acetone for one hour each and annealed at around 500 K for several 

hours. Cleanness was verified by X-ray photoelectron spectroscopy (XPS). Nominal film 

thicknesses were calculated from the attenuation of the substrate signal. The substrate was kept 

at room temperature during deposition. The UHV system was composed of a dedicated 

OMDB chamber connected to an analysis chamber (2x10-10 mbar base pressure) equipped 

with a monochromatic Al K source (SPECS Focus 500) and a SPECS Phoibos 150 

hemispherical electron analyzer. Survey spectra were measured at 50 eV pass energy and 

individual core level spectra at 20 eV pass energy, both calibrated to the Si 2p signal at 99.8 

eV. To hinder/minimize potential radiation damage, only freshly prepared films were measured, 

and radiation exposure was limited. Atomic force microscopy was measured ex situ and under 

ambient conditions with a Digital Instruments Nanoscope III Multimode microscope using 

tapping mode. Note that while the XPS information on the decay of the substrate signal is 

obtained in situ without breaking the vacuum, the AFM images are obtained after air exposure.  

 

Calculation Details 

Calculations were performed using the density functional theory (DFT) based code 

implemented in the Quantum Espresso package.14 Ultra-soft pseudopotentials with a cut-off 
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energy of 30 Ry were employed for the description of the ionic potentials. The Perdew, Burke 

and Ernzerhof (PBE)15 parameterisation of the generalised gradient approximation (GGA) was 

used to describe the exchange correlation functional for geometry optimization; van der Waals 

corrections were included within the semiempirical method proposed by S. Grimme (DFT-

D2).16 The electronic structure was described by using B3LYP hybrid-functional without 

further atomic relaxation on the optimized PBE structures. Spin degree of freedom was treated 

within the local spin-density approximation. A (2x2x2) Monkhorst-Pack sampling scheme was 

used for Brillouin zone integration of bulk systems; center-zone -point was used in the case 

of single molecules. All structures were fully relaxed until forces on all atoms become lower 

than 0.03 eV/Å. The N 1s core level spectra were calculated in the pseudopotential framework 

using the final state theory.17  

 

Results and Discussion 

Soft X-ray techniques are powerful fingerprint techniques that can describe in detail the 

electronic structure of materials. XPS makes it possible to gain information on the occupied 

states, it is element-sensitive, and extremely sensitive to the chemical environment of each 

specific element of the system under investigation.18, 19 Looking at the chemical composition 

of the three molecules (Figure 1), we observe that the important core levels are those linked to 

excitation from the carbon and the nitrogen atoms. Specifically, the N 1s core level curves own 

the information on the unpaired electron(s) that give rise to the magnetic moment. We compare 

them for the three systems in Figure 2. The three molecules have carbon atoms with similar 

chemical environment, although different stoichiometric ratio. This is reflected from the C 1s 

spectroscopic line that has a similar shape in all three cases, characterised by two features, with 

a different intensity ratio between them. The main feature at lower binding energy is due to 

photoelectrons emitted from carbon atoms bound to other carbon atoms and hydrogen atoms, 

and the feature at higher binding energy is due to photoelectrons emitted from carbon atoms 
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bound to nitrogen atoms. The addition of the NN groups push the main line to the higher binding 

energy range, because of the stronger electronegativity of the nitrogen and oxygen atoms and a 

less efficient screening of the core-hole due to a limited delocalization in the NN group with 

respect to the Blatter radical (see also the ab initio calculations below). 

The N 1s core level curves are complicated by the numerous different chemical 

environments, in the Blatter radical the three nitrogen atoms have three different environment 

that can be identified by the presence of the three features in the N 1s spectroscopic line (Figure 

2, upper panel). Their presence is clearly evidenced also in the NN-Blatter N 1s core level 

spectrum. The nitronyl nitroxide contributes a further feature at higher binding energy (Figure 

2, middle panel, at around 402 eV) that becomes more evident in intensity in the diNN-Blatter 

N 1s spectrum (Figure 2, lower panel) because of stoichiometric reasons, since this molecule 

carries two nitronyl nitroxide moieties.  

We have previously shown that these spectral features correspond in all three cases to 

the evaporation and deposition of intact molecules.12, 13, 20 We use a specific protocol to assess 

the intactness. We consider 1) the stochiometric information from the XPS spectra, 2) the 

comparison between films and powder XPS spectra (the powder does not undergo evaporation) 

looking at the shape and the components of the single spectroscopic lines using a best-fit 

procedure21 that we have also previously correlated with electron spin spectroscopic (ESR) 

investigations;10, 12, 22, 23 3) the comparison between the experimental and the theoretical curves 

obtained by DFT calculations.24 When the films are stable enough under air, they are also 

investigated by using ESR spectroscopy.  

Evaporation becomes more and more difficult with increasing the number of radical 

sites in the molecules. In all experiments the substrates are SiO2/Si(111) wafers, kept at room 

temperature during deposition, thus, differences in substrate and its treatment do not play a role 

in the comparison. The onset of the thermogravimetric analysis (TGA) decreases from the 

radical to the di/triradicals from 523 K to 433/439 K, shrinking the size of the temperature 
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window available for the evaporation that must be higher than the energy of formation of the 

bulk.24 This allows sublimating the molecules from the powder and targeting the substrate with 

a molecular beam using a Knudsen cell. Film formation onto a substrate is a phenomenon that 

is against the thermodynamic equilibrium between adsorption and desorption.25 Working in 

non-equilibrium conditions establishes a no-net growth on the surface. This is achieved in 

OMBD working in supersaturation, 25, 26 As a first approximation, supersaturation depends 

on the substrate temperature, on the deposition rate, the heat of sublimation, the molecular 

weight, and the entropy of sublimation.26, 27 It describes the thermodynamics of the film 

formation. To sustain layer growth rather than three dimensional (3D) aggregations that is 

always possible, it is necessary to reach higher values of supersaturation. Conversely, to growth 

a layer, it is necessary to overcome a critical value of supersaturation that equals the difference 

between the strength of the molecule-adjacent molecular layer interaction, ψmol, and the strength 

of the molecule-substrate interaction, ψmol-sub: cri= ψmol- ψmol-sub.
26 

We performed annealing experiments on the various thin films that identified that the 

temperature of complete film desorption is higher for the Blatter-pyr thin films.13, 28 This 

indicates that the molecule-substrate interaction strength in the case of Blatter-pyr, ψmol-sub(Blatter-

pyr), is higher than ψmol-sub(NN-Blatter) and ψmol-sub(diNN-Blatter), i.e., the analogous strengths for the 

diradical and the triradical, respectively. Additionally, NN-Blatter and diNN-Blatter show 

strong antiferromagnetic interactions between the molecules in the bulk. Specifically, the 

intrachain antiferromagnetic coupling in NN-Blatter is by far the strongest among all studied 

1D S = 1 chains of organic radicals.13 Therefore, we can infer that Blatter-pyr has the smallest 

value of cri among the three molecules. This, accompanied by the fact that its TGA onset is 

the highest (see Table 1), allows for a larger 2D growth window and higher nucleation density 

for Blatter-pyr thin films, keeping the same substrate temperature. In fact, Blatter-pyr thin films 

growth following the Stranski-Krastanov growth mode (lawyer + island) while NN-Blatter and 
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diNN-Blatter thin films follow the Vomer-Weber growth mode, as it is clearly indicated by the 

decay in-situ of the signal substrate during evaporation (Figure 3). We note here that the sticking 

coefficient under the same preparation conditions is very low for NN-Blatter and diNN-Blatter, 

indicating that the probability of desorption from the surface is very high. In fact, we also 

observed a deadtime before reaching the necessary supersaturation for film formation, i.e., 

considering the substrate time exposure, at stable evaporation rate, the thickness of the obtained 

films and their corresponding AFM images (Figure 4) we have noticed that there is a certain 

delay before nucleation occurs. This indicates that at the initial stage of the growth process, the 

number of molecules impinging and sticking on the substrate is at the thermal equilibrium with 

the number of molecules leaving the substrate because of desorption. To overcome the thermal 

equilibrium, reaching supersaturation conditions, a certain “time delay” is necessary before to 

observe a net growth. We also observe that island nucleation on defective sites is favoured, as 

the defects act as a potential sink. This leaves most of the surface exposed (Figures 4b and 4c), 

in agreement with the decrease of the XPS substrate signal during evaporation that shows a 

very slow decay (Figure 3).13, 24 We also note that the temperature range necessary to evaporate 

the intact diradical and triradical leads to enhanced island formation and it hinders the growth 

of films thicker than 2 nm. In fact, growing thicker films needs higher evaporation temperatures 

that damage the radical (Figure 3, and Figure S1 in the electronic supplementary material, ESI). 

Lower temperature of the substrate during evaporation would increase the sticking probability, 

however, we expect that this might affect the structure of the films and consequently their 

electronic and magnetic character.29-32 

Electronic and magnetic properties of the three Blatter derivatives can be nicely describe 

by using ab initio calculations. The electronic structure for the single radicals is summarized in 

Figure 5. The three molecules have an increasing number of spin-unpaired electrons, which 

runs from 1 to 3 moving from mono- to tri-radical. For each molecule, the ground state 

configuration corresponds to maximum of the total spin, which is S=1/2, S=1, and S=3/2 for 
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Blatter-pyr, NN-Blatter and diNN-Blatter, respectively. This gives rise to the appearance of an 

increasing number of single occupied (unoccupied) molecular orbital SOMO (SUMO), labelled 

SO and SU in Figure 5. In all cases, the highest SOMO and lowest SUMO correspond to the 

Blatter core, common to the three radicals and mostly localized on the nitrogen atoms, with a 

minor contribution from the entire aromatic ring. In the NN systems another SO-SU pair of states 

appears for each nitronyl nitroxide unit fused to the Blatter core. The latter molecular orbitals 

are strongly localized on the NO bonds of the NN units (Figure 5). The evolution of the 

magnetic properties of the radicals is visually summarized by the charge spin-density plots (rup-

rdown) included in the bottom panel of Figure 5. The simulated N 1s core level shift (CLS) spectra 

are shown in Figure 6.  

The molecular arrangement in the crystalline bulk and/or thin films strictly depends on 

the steric arrangement of the lateral functional groups (e.g., phenyls, methyl) which decorate 

the radicals. The resulting crystals (monoclinic symmetry) are densely packed and energetically 

very stable. The calculated formation energies of the bulk with respect to the isolated 

constituents vary from -0.9 to -2.4 eV/mol in the case of NN-Blatter and diNN-Blatter, 

respectively (see Table 1). Despite the specific differences, due to the details of the molecular 

structure, the high stability of the solid-state systems stems from the p-p coupling of stacked 

Blatter cores along with a direct Coulomb interaction between the NN units. The intermolecular 

coupling results in the appearance of an energy dispersion (of the order of 100 meV) in the band 

structure of the molecular crystals.32 The effect of the local bonding as well as of the 

intramolecular interaction is evident from the calculated N 1s CLS shown in Figure 6. The 

simulation approach provides only the relative shift between the core level binding energies of 

inequivalent atoms, while their absolute value is not defined. Here, we fix as zero reference 

energy the contribution of the N2 atom (Figure 5) of the Blatter core. The comparison between 

the molecular radicals (black lines) indicates the persistence of the spectral features associated 

to the Blatter nitrogen atoms (N1, N2, and N3), and the higher energy contribution of the N atoms 
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of the NN groups (NNN), in excellent agreement with the experimental results discussed above.  

The NNN peaks are mostly affected by the intermolecular interaction that splits the degeneracy 

of the single molecule in multicomponents which correspond to the increase of the broadening 

of the experimental N-band, as the number of NN group is increased. 

The intermolecular coupling affects also the long-range magnetic order in the solid state: 

even though each radical locally maintain its intrinsic spin order n (intramolecular parallel 

ordering with n=1,2,3 for mono-, bi- and tri-radicals), globally in the solid state the molecules 

exhibit and alternating antiferromagnetic (AF) molecular spin alignment (n- n- n- n). The 

ferromagnetic (FM) alignment (n- n- n- n) is energetically slightly unfavoured with 

respect to the AF case by E< 10 meV/mol; while the non-magnetic phase is not a metastable 

solution for any of the Blatter-derivative crystals. 

 

Conclusions  

The Blatter radical and its derivatives are very promising molecules for applications, from 

electronics to quantum technologies.9, 10 Some of the applications require that the molecules be 

attached to a surface in a controlled environment by using evaporation. We have demonstrated 

that it is possible to successfully evaporate Blatter radical derivatives with up to three radical 

sites. The conditions are stringent and the space of the required parameters for a successful 

evaporation is very limited. This implies that, if working with the substrate at room temperature, 

the molecules aggregate in islands rather than form closed films. Decreasing the substrate 

temperature might help to enhance 2D growth, however, the structural properties of the films 

might change causing effects that are mostly unknown. Conversely, this method might revel 

useful in case of applications foreseeing the attachment of a single monolayer to a surface.  
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Figure captions 

Figure 1. Figure 1. (left) Blatter-pyr, (middle) NN-Blatter and (right) diNN-Blatter structures 

are shown. 

 

Figure 2. (Upper panels) Blatter-pyr thin films C 1s and b) N 1s core-level spectra, as indicated. 

(Middle panels) NN-Blatter thin films C 1s and b) N 1s core-level spectra, as indicated. (Lower 

panels) diNN-Blatter thin films C 1s and b) N 1s core-level spectra, as indicated. 

 

Figure 3. Attenuation of the Si 2p XPS signal for the three molcles, normalized to the 

corresponding saturation signal, as a function of film nominal thickness, deposition at room 

temperature. The red rhombus indicates a non-stoichiometric diNN-Blatter film. 

 

Figure 4. Typical 10 m x 10 m AFM a) image of a Blatter-pyr thin film, b) of a NN-Blatter 

thin film, and c) of a diNN-Blatter thin film. 

 

Figure 5. Spin-resolved total and projected density of states (top panel) and isosurface charge 

spindensity (bottom panel) of (a) Blatter-pyr, (b) NN-Blatter, and (c) diNN-Blatter. Zero energy 

reference for each DOS plot is set to the highest Single Occupied Molecular orbitals (SO).  

 

Figure 6. Simulated N1s core level shift (CLS) for (a) Blatter-pyr, (b) NN-Blatter, and (c) diNN-

Blatter in both single molecule (thick black) and bulk (thin green) configuration. Labels refers 

to Figure 5. 
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Table 1. Main properties of the investigated diradicals.  

 Blatter-pyr NN-Blatter diNN-Blatter 

Formula C29H18N3 C26H25N5O2 C33H36N7O4 

Formula weight 

(g/mol) 

408.46 481.97 594.69 

Density (Mg/m3) 1.397 1.363 1.303 

Spin 1/2 1 3/2 

TGA Onset (K) 523 433 439 

Evaporation 

Temperature (K) 

418 363-373 373-383 

T(TAGonset-Tevaporation)(K) 105 60-70 56-66 

Efor (calc) (eV/mol) -1.8  -0.9  
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Figure 1. (left) Blatter-pyr, (middle) NN-Blatter and (right) diNN-Blatter structures are 

shown. 
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Figure 2. (Upper panels) Blatter-pyr thin films C 1s and b) N 1s core-level spectra, as indicated. 

(Middle panels) NN-Blatter thin films C 1s and b) N 1s core-level spectra, as indicated. (Lower 

panels) diNN-Blatter thin films C 1s and b) N 1s core-level spectra, as indicated. 
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Figure 3. Attenuation of the Si 2p XPS signal for the three molcles, normalized to the 

corresponding saturation signal, as a function of film nominal thickness, deposition at room 

temperature. The red rhombus indicates a non-stoichiometric diNN-Blatter film. 
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a)                                                b)                                                c)  

Figure 4. Typical 10 m x 10 m AFM a) image of a Blatter-pyr thin film, b) of a NN-Blatter 

thin film, and c) of a diNN-Blatter thin film. 
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Figure 5. Spin-resolved total and projected density of states (top panel) and isosurface charge 

spindensity (bottom panel) of (a) Blatter-pyr, (b) NN-Blatter, and (c) diNN-Blatter. Zero energy 

reference for each DOS plot is set to the highest Single Occupied Molecular orbitals (SO).  
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Figure 6. Simulated N1s core level shift (CLS) for (a) Blatter-pyr, (b) NN-Blatter, and (c) diNN-

Blatter in both single molecule (thick black) and bulk (thin green) configuration. Labels refers 

to Figure 5. 
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