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ABSTRACT: Blatter radical derivatives are very attractive due to their potential

applications, ranging from batteries to quantum technologies. In this work, we
focus on the latest insights regarding the fundamental mechanisms of radical thin
film (long-term) degradation, by comparing two Blatter radical derivatives. We
find that the interaction with different contaminants (such as atomic H, Ar, N,
and O and molecular H,, N,, O,, H,0, and NH,) affects the chemical and
magnetic properties of the thin films upon air exposure. Also, the radical-specific
site, where the contaminant interaction takes place, plays a role. Atomic H and
NH, are detrimental to the magnetic properties of Blatter radicals, while the
presence of molecular water influences more specifically the magnetic properties
of the diradical thin films, and it is believed to be the major cause of the shorter

diradical thin film lifetime in air.
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B INTRODUCTION

New technologies need new visions and materials and,
specifically, sustainable materials. In this respect, organic
small molecular compounds might offer feasible routes, in
consideration of factors such as raw material availability, ease
of synthesis, recyclability, and their potential role in a circular
economy.

Inspired by these ideas, we pioneered the controlled growth
of organic radical thin films and we introduced the use of soft
X-rays to investigate this class of materials.”” Materials with a
radical site, i.e., with one or more unpaired electrons that give
rise to a permanent magnetic moment,3_° are strong
candidates for ground-breaking applications,””"" because of
low-cost, energy saving technologies and eco-friendly produc-
tion, holding the promise of social impact.g’u_20 While the
function and performance of devices are highly important, the
material stability also needs to be addressed if these
technologies are to find their way to industrial applications.
In this respect, we chose chemically stable organic radicals to
grow thin films. We identified the properties, such as high
delocalization of the unpaired electrons and high-temperature
onset of the thermal degradation that give rise to films stable in
ultrah'igh vacuum (UHV), under X-rays, and exposed to
air.”'~** Among the various chemically stable organic radical
derivatives that are used in a variety of applications, the Blatter
radical derivatives were revealed to be very successful.

In fact, the Blatter radical derivatives are very attractive due
to their potential applications, ranging from batteries to
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quantum technologies,””™** making them a class of materials
of paramount importance with the Blatter radical being an
exceptionally chemically stable radical.**

We have shown in previous work that the Blatter radical
fulfills the necessary conditions to be evaporated without
degradation, leading to chemically and thermodynamically
stable thin films in ultrahigh vacuum (UHV).””** The stability
is due to the large delocalization of the unpaired electron that
makes it less prone to reactions.”””*> Also, we found that
Blatter radical derivative thin films have a longer life when
exposed to air at room temperaturem’35 than other organic
radical thin films, such as nitroxides, typically used in
prototypical devices and applications.'>*° Although their
lifetime in air is significantly long considering their radical
nature, also in comparison with the known values for open and
closed shell organic thin films,”>*”*”*% it is not indefinitely
long.

Understanding (long-term) film degradation mechanisms,
including their impact on the radical character and therefore
on the magnetic properties, is necessary to implement the use
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Figure 1. (Left) Molecular structure of the Blatter-pyr. C 1s (a) and N 1s (b) core level spectra of a nominally 6 nm thick film together with their
fit analysis (photon energy: 1486.6 eV, for the fit parameters; see the Supporting Information).
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Figure 2. (Left) Molecular structure of diBlatter. C 1s (a) and N 1s (b) core level spectra of a nominally 1 nm thick film together with their fit
analysis (photon energy: 1486.6 eV, for the fit parameters; see the Supporting Information).

of the Blatter radical derivatives in devices that could
potentially reach the market.”**%**

In this work, we focus on the latest insights regarding the
fundamental mechanisms of radical thin film degradation, by
comparing two Blatter radical®”*” derivatives: Blatter-pyr’
(CyH gNj5:, Figure 1) obtained fusing a Blatter radical to a
pyrene substituent, and diBlatter”" (C;sH;oNg:, Figure 2)
obtained fusing two Blatter radicals. The former has one
unpaired electron (S = 1/2), and the latter has two unpaired
electrons (S = 1). Our work is based on a complete
characterization of the long-term degradation mechanisms
shown by the thin films once exposed to air, by using X-ray-
based investigations, a robust fit procedure, and ab initio
calculations. In particular, X-ray photoelectron spectroscopy
(XPS) is a powerful analytical method that allows the
monitoring of chemical changes in thin films, also when the
system is made of a very small number of molecules. XPS is
element-sensitive; its signal is proportional to the element
concentration in the investigated systems and coupled with ab
initio calculations gives a precise insight into their electronic
structure. Introducing this technique to investigate radical thin
films revealed its ability to identify whether the unpaired
electron of the radical is involved in charge transfer, or a

chemical bond, losing its imparity and, consequently, the
molecule losing its radical character.”**!

Ours represents a general approach to investigating the
degradation mechanisms in thin films, including organic and
inorganic closed-shell thin films.

B METHODS

Experimental Section. The Blatter-pyr and the diBlatter were
synthesized as in refs 35 and 21, respectively. Film deposition and
XPS measurements were performed in a UHV system consisting of a
substrate preparation chamber and an organic molecular beam
deposition (OMBD) dedicated chamber, connected to an analysis
chamber (base pressure of (4—9) X 107'° mbar) equipped with a
SPECS Phoibos 150 hemispherical electron analyzer and a
monochromatic Al Ka source (SPECS Focus 500). Native SiO,,
grown on single-side polished n-Si(111) wafers, was used as a
substrate. The substrates were prepared by cleaning in ultrasonic
baths of acetone and ethanol, followed by multiple cycles of annealing
at around 500 K (i.e,, much below the temperature at which the oxide
is removed) for several hours. Their cleanness was verified by XPS.
Thin films were deposited in situ by OMBD using a Knudsen cell on
the substrate kept at room temperature. The evaporation rate
(evaporation rate = 0.2 nm/min) was measured with a quartz crystal
microbalance, and the nominal thickness was cross-checked by using
the attenuation of the XPS substrate signal (Si 2p) after the
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deposition of the radical. Film characterization and stoichiometry
checks were done according to refs 21 and 3S. Survey and detailed
XPS spectra were measured with electron pass energy of 50 and 20
eV, respectively. The binding energy scale was calibrated by using the
Si 2p XPS signal (Si 2p at 99.3 eV *2). NEXAFS measurements were
performed at the third-generation synchrotron radiation source
BESSY II at the LowDosePES end station installed at the PM4
beamline (E/AE = 6000 at 400 eV).*> This end-station was equipped
with a similar setup as the one described above. The same calibrated
Knudsen cells, used to grow the films for the XPS measurements, were
mounted to a preparation chamber attached to the NEXAFS
measuring chamber to reproduce the same preparation conditions.
NEXAFS spectra were measured in total electron yield and
normalized with the clean substrate signal as well as the ring current.
Subsequently, they were scaled to give an equal absorption edge
jump.**** The reference spectra were measured on freshly prepared
films. For measurements probing the film stability and lifetime after
air exposure, the beam exposure was further limited, by using shorter
acquisition times, to ascribe spectral changes exclusively to the
degradation by air exposure. This is the reason for a worse signal-to-
noise ratio in those spectra. The samples were kept under air in
darkness under standard ambient temperature and pressure.
Calculation Details. Spin-unrestricted geometry optimizations for
the Blatter-derived radicals were performed in the density functional
theory framework by using the Quantum ESPRESSO software
package.46 All calculations employed the Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional.”’ Single particle wave
functions (charge) were expanded in plane waves up to a kinetic
energy cutoff of 28 Ry (280 Ry). Ultrasoft pseudopotentials of the
Vanderbilt type were used to simulate the ionic potentials.*®
Grimme’s implementation of van der Waals corrections was included
to improve the nonbonding interactions. A thick layer of vacuum
(~15 A) in the three spatial directions was included in the simulation
cell to avoid spurious interactions between adjacent replicas. Each
structure was fully relaxed until the forces on all atoms became lower
than 0.03 eV/A. The core level spectra were calculated in the
pseudopotential framework using the final state theory."’

B RESULTS AND DISCUSSION

XPS C 1s core level spectra (Figure 1) of the thick films of
Blatter-pyr are characterized by the main line at around 284.6
eV, which is attributed to photoelectrons emitted from the
carbon atoms of the aromatic sites (C—C and C—H bound
carbons), and a second feature at higher binding energies
(285.8 eV) related to contributions from the carbon atoms
bound to nitrogen atoms (C—=N).* These results are mirrored
by the N 1s core level spectra (Figure 1) that are characterized
by three contributions that correspond to the three different
nitrogen atom chemical environments, as expected for an intact
Blatter-pyr.*®

The spectra of the diBlatter films show analogous features
(Figure 2). The C 1s main line shows two distinguishable
contributions. The N 1s core level spectral main features are
three, as expected. They stem from the signal due to
photoelectrons emitted from carbon and nitrogen atoms
having a similar chemical environment as in the Blatter-pyr
(compare Figures 1 and 2). The stoichiometry of the films is
further proved by using a well-established fit routine,”"***°
systematically correlated with electron paramagnetic resonance
(EPR) results on a variety of different radicals,"*"*">'~>*
which indicates that all components are stoichiometrically
meaningful (Tables S1—S4 in the Supporting Information).
They are typical of the Blatter-pyr and diBlatter films with the
expected EPR pattern corresponding to an intact (di-)
radical >

Before investigating the stability of the films under air
exposure, we need to define their time stability under the X-ray
beam. Usually, XPS measurements are performed by scanning
the sample surface to avoid radiation damage and always
measuring a single spectrum on a fresh point of a freshly
evaporated film. On the contrary, during this part of the
experiment, we kept the beam focused on a single spot for
several hours (see Supporting Information). The core level
spectra do not show any evidence of chemical changes because
we do not see any changes in the shape and intensity of the
spectroscopy lines. After around 2 h, small changes are present
(Figure S1). They can be ascribed to small morphological
modifications, such as island reorgamization.53 This observation
is also supported by the NEXAFS spectra that confirm the high
stability of the films under the beam exposure with only minor
changes in the intensity indicating small structural adjustments
under the beam (Figures S2 and S3). The beam stability of the
films is a prerequisite to investigating the film lifetime under air
exposure without artifacts due to potential radiation damage.

We exposed the films to air keeping them at room
temperature (Figures 3 and S4). The C 1s core level spectra

fresh @ 45 h air fresh @ 24 h air
3| et | 2 1
5l & || JU @
- ° o @ 4 g :08 E e’ 2
4 .9 F’ ] €.
2 %

S

405 402 399 396 405 402 399 396

Binding Energy (eV)  Binding Energy (eV)
Figure 3. N Is core level spectra before (light gray) and after (bluish)
air exposure for thin films of Blatter-pyr (left panel, after 45 h in air)
and diBlatter (right panel, after 24 h in air) (photon energy: 1486.6
eV). The arrow indicates the increased intensity in the 400—401 eV
range upon air exposure.

are less prone to major changes (Figure S4). It is also
interesting to note that there are no new features due to the
possible oxidation of the Blatter radicals,”* as observed in
solution using either MnO, or KMnO, as oxidant.”* The
occurrence of a double bond between a carbon atom and an
oxygen atom would give rise to an additional feature in the
higher binding energy range, i.e, immediately following the
C—N component. This feature is not present in our spectra
(Figures 4 and S4). For this oxidation pattern to occur, the C7
carbon atom must be such that its position makes a bond with
oxygen favorable, as in the Blatter radical.’* It is sufficient to
block it, and the Blatter radical stability toward oxidation is
strongly enhanced.** In this work, the Blatter-pyr is protected,
the Blatter radical being fused to the pyrene, and the diBlatter
is protected by a tert-butyl group and the second Blatter
radical.

Looking at the C 1s core level spectra, we note that diBlatter
thin films show changes on a shorter time scale than the
Blatter-pyr thin films (Figure S4). Those changes pertain to the
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Figure 4. C 1s and N 1Is core level spectra together with their fits after
air exposure for thin films of Blatter-pyr (upper panel, after 45 h) and
diBlatter (lower panel, after 72 h in air) (photon energy: 1486.6 eV,
for the fit parameters; see the Supporting Information).

second feature at higher binding energies related to the carbon
atoms bound to nitrogen atoms. Indeed, the N 1s core level
spectra reveal clear changes (Figures 3 and 4). N 1s core level
spectra are particularly important for the systems under
investigation because they carry the information on the
unpaired electrons and therefore on the radical character of
the films, which is of interest for the goal of the present work.
We observe changes in the shape of the N 1s core level curves
for both Blatter-pyr and diBlatter thin films, although on a
different time scale, as found for the C 1s core level spectra.

Electron paramagnetic resonance (EPR) spectroscopy
investigations have shown that Blatter-pyr films are stable for
up to three months under air’ and diBlatter for at least 18 h.”’
Therefore, we have especially focused on the diBlatter thin
films N 1s core level spectra, monitoring them and comparing
the results to those obtained for the Blatter-pyr thin films. This
enables understanding the chemical mechanisms playing a role
and their impact on the thin film properties and assessing the
role of the two radical sites versus one.

The major change that is observed is that the characteristic
dip (at around 400 V) between the first two components and
the third one is progressively canceled within 24 h (see the
arrow in Figure 3, right panel) and disappears after 72 h in
diBlatter thin films, replaced by the increased signal intensity in
this binding energy range (the N* feature in Figure 4). This is
concomitant with the decrease of the signal of the first feature
(Nrad) at lower binding energy (see also the fit parameters in
the Supporting Information) that is correlated with the radical
character of the films.”"*”** Blatter-pyr films show only a very
small increase in intensity in the same binding energy range

after 1 week in air.”®> This feature also emerges when
evaporation is not fully successful."’

These results indicate the coexistence of two ongoing
phenomena: (1) the new N* signal indicates a change in the
chemical environment of the nitrogen atoms, and (2) a certain
percentage of molecules have lost their radical character. This
can be estimated by using the fit analysis comparing the
relative fit contributions before and after air exposure. In the
diBlatter films, the loss is around 38% after 72 h (see Tables S4
and S8). Note that we do not have any information on how the
first satellite feature (S;) might change under air exposure;
thus, in the fit, we consider its intensity in N*.

The intensity in the binding energy range of N* is typically
correlated with chemical interactions due to the hydrogenation
or oxidation of the nitrogen atoms.*” For example, a bond
between oxygen and the nitrogen atom that emits photo-
electrons contributing to the Nrad feature would move the
binding energy of the photoemitted electrons to the higher
binding energy range leading to an increased intensity where
N* is identified. Also, the presence of molecular water might
give rise to similar effects on the N 1s core level signals.
Considering the oxidation pattern of the Blatter radical in
solution,”™* we would exclude the occurrence of a bond
between nitrogen atoms and oxygen in the Blatter radical
derivatives investigated in this work.

To shed further light on the impact of air exposure on the
electronic structure and the radical character of the two
systems, we have performed ab initio calculations.

Air in the atmosphere is mostly composed of nitrogen,
oxygen, argon, noble gases, and molecular water. By using
simulations from first-principles, we considered the effect of
the most relevant elements (H, Ar, N, O) and molecules (H,,
N,, O,, OH, H,0, NH,) that can react/adsorb on the radical
films during air exposure. Several other gases and molecules,
which stem from human activities, may be present, too, in
urban environments (e.g, pollution).”> The study of these
contaminants goes beyond the aim of this work.

Because of the critical role of nitrogen in the Blatter radical
derivatives, we considered different adsorption sites on the
radical (S, with i = 1, 2, 1’, 2/, Figure S). All adsorbed atoms
and molecules are in their neutral charge state. For each
radical, atom/molecule, and adsorption site, we fully relaxed

b)

o
v N)\©

H

Fo I =H, A5 N, O, Hy, N, O, OH, H,0, NH,

@0

Figure 5. Sketch of selected impurities included in the calculations for
(a) Blatter-pyr and (b) diBlatter. Numerical labels identify the
chemically different nitrogen atoms within the molecules (N, N,,
N,, N,’). Colored symbols mark the adsorption sites and the
adsorbed molecular species: stars indicate atoms/molecules attached
to radical nitrogens (N;), and diamonds indicate oxygen attached to
carbon site C; or C,’.
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the atomic structure, and we studied the resulting electronic
and magnetic properties. The results are summarized in Tables
1 and 2, where we reported the magnetic moment (y) for the

Table 1. Magnetic Moment () and Formation Energy
(AEy) of Blatter-pyr upon Adsorption of Characteristic
Elements (H, H', Ar, N, O) and Molecules (H,, N,, O,, OH,
H,0, NH,) Present in Air in Standard Conditions as a
Function of the Adsorption Sites (S;)“

Blatter-pyr
*/ 4 site # (Bohr mag) AE; (eV)
H S1 0.00 -0.80
S2 0.00 -0.29
H* S1 1.00
S2 1.00
Ar S1 1.00 0.00
S2 1.00 0.00
N S1 0.00 +2.59
S2 0.00 +1.62
O S1 1.00 —0.20
S2 1.00 -0.19
Cc7 1.00 +0.15
H, S1 1.00 0.00
S2 1.00 0.00
N, S1 1.00 0.00
S2 1.00 0.00
0O, S1 1.00 0.00
S2 1.00 0.00
OH S1 0.00 +1.75
S2 0.00 +1.87
H,O S1 1.00 -0.37
S2 1.00 -0.33
NH, S1 0.00 —1.40
S2 0.00 —1.38

“Labels and symbols refer to Figure S. Boldfaced areas indicate
energetically unfavored adsorption configurations.

final systems, along with the formation energy (AE;) calculated
as AE; = E,,, — E 4 — E,, where E, is the ground state total
energy after the impurity adsorption, E_q is the total energy of
the pristine radical, and E_; is the total energy of the attached
molecule.

In the case of Blatter-pyr, the adsorption of H, O, H,O, and
NH, is energetically favored, while the reaction is unfavored in
the case of the atomic N and the OH fragment. We can thus
exclude these two contaminant agents from those that have the
highest probability to cause film degradation. The S1
adsorption site is generally energetically more favorable than
the S2 one (see Figure S and Table 1). Noble gas (Ar) and
divalent molecules (H,, N,, O,) do not react with the radical
(i.e, AE; = 0) moving away from the starting S; sites and
leaving the electronic and magnetic properties of the radical
unperturbed (see Figure SS, Supporting Information). This
excludes also these elements/molecules from the possible
degradation causes. Among the interacting and energetically
favored impurities, the inclusion of H, and NH, quenches the
magnetic moment of the radical, restoring the double electron
pairing. This is due to the formation of N—H bonds between
atom N; or N, of the radical (depending on the adsorption
site) and the contaminant H or NH,. This saturates the initial
charge unbalance, as demonstrated by the density of state
(DOS) plot shown in Figure SS of the Supporting Information.

'mol

Table 2. Magnetic Moment () and Formation Energy
(AEy) of diBlatter upon Adsorption of Characteristic
Elements and Molecules Present in Air in Standard
Conditions as a Function of the Adsorption Sites (S,)“

diBlatter
* /¢ site 4 (Bohr mag) AE; (eV)
H S1 1.00 —0.80
S2 1.00 -0.32
St 1.00 -0.80
S2’ 1.00 —0.33
Ar S1 2.00 0.00
S2 2.00 0.00
S1’ 2.00 0.00
S2’ 2.00 0.00
N S1 1.00 +2.46
S2 1.00 +1.73
S1’ 1.00 +2.51
S2' 1.00 +1.79
(©) S1 2.00 -0.37
S2 1.00 +0.03
S1’ 2.00 —0.36
S2’ 1.00 —-0.01
C7 2.00 +0.72
Cc7’ 0.00 —-0.01
H2 S1 2.00 0.00
S2 2.00 0.00
S1’ 2.00 0.00
S2’ 2.00 0.00
N2 S1 2.00 0.00
S2 2.00 0.00
St 2.00 0.00
S2’ 2.00 0.00
02 S1 2.00 0.00
S2 2.00 0.00
S1’ 2.00 0.00
S2’ 2.00 0.00
OH S1 1.00 +1.79
S2 1.00 +1.62
S1’ 1.00 +1.81
S2’ 1.00 +1.60
H,O S1 0.00 —0.40
S2 2.00 -0.25
S1’ 0.00 -0.25
S2’ 0.00 -0.22
NH, S1 1.00 —1.46
S2 1.00 —1.36
St 1.00 —-143
S2’ 1.00 —0.40

“Labels and symbols refer to Figure S. Boldfaced areas indicate
energetically unfavored adsorption configurations.

Different is the case of the O-based impurities (O and H,0).
Atomic oxygen forms covalent N—O bonds as well as H-bonds
with the surrounding H atoms. This explains the energy gain
upon adsorption. Yet, oxygen does not change the dipole
moment of the radical because of the unpaired N—O electrons.
In the case of H,O, we do not find the formation of covalent
bonds as for the other systems but of O—H:-N hydrogen
bonds between water and the radical. As a result, the radical
maintains its initial spin configuration.

The different initial charge state of the impurities (i.e.,
ionized/radical impurities) could change the degradation effect
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Figure 6. Simulated N 1s core level spectra of (a, b) Blatter-pyr and (c, d) diBlatter upon adsorption of characteristic (a, c) atoms (H, O) and (b,
d) molecules (H,0, NH,) and as a function of the adsorption sites S1, S2, and C7 for Blatter-pyr and S1, S1’, S2, S2’, C7, and C7’ for diBlatter.
Vertical dashed lines refer to the core-level features of the pristine molecules. The N; peak is assumed as the energy reference for all spectra and
aligned to the experimental value for a direct comparison. Labels and colors refer to Figure S.

on the radicals, as it modifies the total electron distribution of
the system. For example, the adsorption of H* proton leaves
the radical unperturbed (Table 1), since the lack of the valence
electron impedes the electron pairing that quenches the
magnetic moment, as in the case of the neutral H discussed
above (Figure SS, Supporting Information).

Qualitatively similar results also hold for diBlatter: molecular
contaminant adsorption is energetically favored in the case of
H, O, H,0, and NH,, while it is unfavored in the case of
atomic N and OH. SI and S1’ sites are slightly more stable
than the corresponding S2, and S2’ ones. The formation
energies of equivalent sites on the two radical units (s1/s1’
and S2/S2’) are very similar but not identical as the diBlatter is
not structurally symmetric. The adsorption of H, N, OH, or
NH, saturates one of the two unpaired electrons, reducing the
magnetic moment from two to one (i, total spin reduction
from S = 1 to S = 1/2). Again, oxygen and water behave
differently. When adsorbed in S1 and S1’, oxygen forms
energetically stable bonds, but it does not change the magnetic
moment of the radical, as for the Blatter-pyr case. When
attached to S2 and S2’, the energy gain is negligible; thus the
relative deterioration of the moment of the molecule (x = 1.0
Bohr mag) is thermodynamically unfavored.

In the case of water, although no covalent bonds are formed,
the polarization effect due to the formation of H-bonds with
the radical imparts an internal charge redistribution that
couples and pairs the originally unpaired electron, zeroing the
magnetic moment of the molecule (4 = 0). This is confirmed
by the DOS plot shown in Figure S6 (see the Supporting
Information). In only one case (H,O at S2) this polarization
seems to be less effective, and the molecule maintains its initial
spin. DiBlatter radical is not sensitive to the presence of Ar and
diatomic molecules (H,, N,, O,).

Atomic H and NH, molecules seem to have the same
degradation effect on both radicals. Conversely, from the
different interactions of Blatter-pyr and diBlatter with
molecular water, we can infer that molecular water may have
a stronger degradation effect on diBlatter thin films, causing

30940

the difference in film lifetime between Blatter-pyr and diBlatter
films when exposed to air.

To investigate the possible formation of quinone termi-
nations and their effect on the magnetic properties of the
molecule, we further considered the adsorption of atomic O at
C7 and C7'. In the former case, the adsorption is energetically
unfavored for both radicals; adsorption in C7’ (for diBlatter
only) is only slightly favored. The difference is due to the
inequivalent atomic environment between C7 and C7’ which
are connected to a phenyl or a butyl group, respectively. This
agrees with the experimental observation that the formation of
C—O bonds is not favored and, in general, atomic oxygen is
not a source of magnetic degradation for these systems.

To have a direct comparison with the experimental data, we
simulated the N 1s core level spectra after molecule
adsorption, as shown in Figure 6. Panels a and c report the
results for atomic H and O species, and panels b and d report
those for H,O, and NH, molecules.

Since the approach we used provides only the relative shift
between the core level binding energies of inequivalent atoms,
here we shifted the simulated spectra to the experimental value
of the N; peaks of each radical (i.e, 401.1 eV for Blatter-pyr
and 401.7 eV for diBlatter) for a direct comparison. The
calculated spectra of both radicals have a three-peaked shape,
where each peak is associated with the three inequivalent
nitrogen atoms of the molecules (see Figures 1, 2, and 5). The
numerical values (Blatter-pyr, N; = 398.3 eV, N, = 399.2 eV,
N; =401.1 eV; diBlatter, N, ;" = 401.1 eV, N, = 399.6 eV, N; 5’
= 398.6 eV) are in excellent agreement with the experimental
values and are marked as vertical dashed lines in Figure 6. The
adsorption of contaminants modifies this plot, shifting the
energy position of the peak as a function of the attached
species and the adsorption site. Specifically, the adsorption of
contaminants in position S1 gives rise, for both Blatter-pyr and
diBlatter, to intensity in the binding energy range around 400—
401 eV, as experimentally observed with XPS (Figures 3 and
4). Water, which weakly interacts with radicals, hardly modifies
the original spectra. The adsorption of the other investigated
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element/molecules is energetically unfavored or has a neutral
effect on the radicals; thus, they do not contribute
significatively to the modification of the XPS spectra (Figure
S7 in the Supporting Information). In particular, diatomic
molecules and noble gas do not modify the three characteristic
peaks of the Blatter radicals. Even though the adsorption of H*
does not modify the magnetic properties of the radicals, it
changes the local environment of the bonded nitrogen. This
effect is detectable in the simulated XPS spectra. Yet, the low
percentage of H' ions in air is expected to give a minor
contribution to the experimental spectra. OH adsorption
would generate a major degradation effect on the radicals,
imparting relevant changes to the XPS spectra. However, the
thermodynamical analysis does not predict this type of
reaction, confirming the experimental findings.

This variety of contributions is the origin of the additional
intensity and line broadening observed in the experimental
spectra upon air exposure. Therefore, these features are the
spectroscopic indication of the degradation of the magnetic
properties of the radicals when they are exposed to air, that is,
when exposed to molecular contaminant attaching/adsorption.

B CONCLUSIONS

Stability and degradation mechanisms in materials that are
candidates for new applications are of foremost importance.
Our work focuses on the degradation mechanisms upon air
exposure in two Blatter radical derivatives.

Our multitechnique investigations indicate that the Blatter
radical derivative films are chemically very stable; however,
they are affected by long-term degradation. In our previous
work on understanding why diradical evaporation is challeng-
ing, we observed that the number of radical sites makes a
difference. Also when comparing the same radical in a single or
diradical configuration, the diradical evaporation is always
more complicated.”> We obtain analogous results comparing
the film lifetime of Blatter-pyr and diBlatter in the present
work.

We analyzed the degradation effect due to the adsorption of
most chemical elements and molecules present in air. On a
general ground, the long-term stability of Blatter radicals is
justified by the low/selective reactivity to most air
components. We found that the adsorption of contaminants
such as H, H,0, and NH, is energetically favorable, while
noble gases and diatomic molecules do not react with radicals.
For H, and NH,, adsorption on both radical and diradical
derivatives leads to the quenching of the pristine magnetic
moment.

Our work indicates that the interaction with different
contaminants affects the chemical and magnetic properties of
the thin films upon air exposure but also the chemical structure
of the radicals is important: the adsorption of contaminants on
different sites affects the core levels in different ways.

Our calculations indicate that molecular water also plays a
role; because we found that Blatter-pyr is molecular water
resistant while diBlatter is not, diBlatter films degrade in a
shorter time. From the experimental point of view, techniques
such as near ambient pressure XPS, currently in development
also in the soft X-ray range, allowing exposure in UHV of the
investigated surface to selected gases or contaminants,
including vapor and liquid water, are new opportunities to
be pursued to further deepen the comprehension of these
degradation patterns. Molecular water is ubiquitously present
also in clean environments for device production. The

presence of “intrinsic” molecular water is known to play a
role in the degradation mechanisms in organic devices, such as
organic light-emitting devices,”® and hybrid perovskite-based
devices.”” Showing that Blatter-pyr is resistant in the presence
of molecular water is a key result for the use of the Blatter
radical in real devices.
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