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ABSTRACT: Thin film processes of organic radicals remain
widely unknown, although these materials may have a
significant technological potential. In aiming at their use in
applications, we explore the electronic structure of thin films of
a nitronyl nitroxide radical attached to a fluorophore core.
According to our findings, this molecule maintains its radical
function and, consequently, its sensing capabilities in the thin
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films. The films are characterized by a high structural degree of the molecular arrangement, coupled to strong vacuum and air
stability that make this fluorophore—nitroxide radical an extremely promising candidate for application in electronics. Our work
also identifies a quantitative correlation between the results obtained by the simultaneous use of X-ray photoemission and
electron paramagnetic resonance spectroscopy. This result can be used as a standard diagnostic tool in order to link the (in situ-
measured) electronic structure with classical ex situ paramagnetic investigations.
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Bl INTRODUCTION

The success of organic electronics is an indisputable reality that
brought new devices on the market in a very short period of
time since the successful demonstration of the first device
performed by Tang and VanSlyke.! The huge progress in the
field of organic electronics depends not only on the
development of new devices and design optimization but also
on the strength of synthetic chemistry. The structural variability
of organic compounds allows for materials with specific
characteristics that match the device requirements. However,
single molecule characteristics may substantially differ in a
nontrivial way when molecules are packed in solid thin films, or
if they interact with a substrate.” Consequently, organic thin
films and organic/inorganic interfaces remained in the focus of
extensive investigations for two decades.>~'? Very recently, the
interest in this type of interfaces has enjoyed a renaissance with
the flourishing of a body of work aimin}g at the deep
comprehension of the interface mechanisms.'> ' The variety
of investigated organic systems is astonishingly large and
includes pentacene, perylene and their derivatives,>*'”~" the
family of phthalocyanines,®”*' and a great number of
polymers.”” Surprisingly, in comparison, little attention has
been drawn to the study of thin films and interface properties of
organic radicals.”>™>" The reason is that radicals are usually
considered unstable. Indeed, this is true but not necessarily
general: nitronyl and imino nitroxides are a class of stable
materials discovered in 1968.*> The most fascinating character-
istic of nitronyl nitroxide radicals is that they are paramagnetic
compounds bearing unpaired electrons localized mainly in the
two NO groups.”™**7*> Recently, they have been studied
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because of their use as a building block in more complex
magnetic structures®®” and their redox characteristic that has
been proposed to be exploitable in memory elements.*®
However, their thin film processes remain widely unknown,
although these materials may have an immense technological
potential.>* In our previous work, we demonstrated by using X-
ray photoelectron spectroscopy (XPS) and electron para-
magnetic resonance (EPR) spectroscopy that we are able to
evaporate without degradation®® a pyrene derivative of the
nitronyl nitroxide radical (4,4,5,5-tetramethyl-2-(pyrenyl)-
imidazoline-1-oxy-3-oxide, NitPyn, see Scheme 1) and to
grow its thin films on silicon,*° silicon dioxide,*! sapphire,42 and
titanium dioxide,*** i.e., technologically relevant surfaces.

In the present work, we use soft X-ray techniques such as
XPS and near edge X-ray absorption fine structure (NEXAFS)
spectroscopy in combination with EPR measurements to
explore in situ the electronic structure of thin films of 1-[4-
(3-oxide-1-oxyl-4,4,5,5-tetramethylimidazolin-2-yl)pyrazol-1'-
yl]pyrene® (PPN, Scheme 1) deposited on SiO,/Si(111), and
ex situ the persistence of the paramagnetic character of the
molecules in the thin films. A nitroxide free radical coupled to a
fluorophore suppresses the normal fluorescence emission
process.** In such a molecule, the nitroxides are efficient
quenchers of the fluorescence, due to the relaxation of the
fluorophore excited states caused by electron-exchange
interactions with the radical.*”~* On the one hand, PPN is a
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Scheme 1. PPN Molecular Structure®
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“The NitPyn molecular structure is also shown for comparison.

pyrene derivative of the nitronyl nitroxide radical that shows
interesting properties as a redox probe, due to the attachment
of a pyrazole ring that significantly enhances the n—zu*
transition components of the absorption envelope of the
radical. On the other hand, according to thermodynam-
ics," %! we expect that the presence of the pyrazole ring
contributes to decreasing the molecule vapor pressure, leading
to good film forming properties.”> Since PPN sensing
capabilities have been previously demonstrated,* exploring its
thin film properties is of technological interest.

B EXPERIMENTAL SECTION

PPN was synthesized according to the procedure reported in ref 4S.
Thin films of PPN were deposited in situ under UHV conditions by
OMBD using a Knudsen cell (evaporation rate = 0.6 A/min, substrate
at room temperature (RT)). The evaporation rate was determined by
a quartz microbalance and the nominal thickness was cross-checked by
using the attenuation of the XPS substrate signal (Si 2p) after PPN
deposition. Native SiO,, grown on single-side polished p-Si(111)
wafers with a doped resistivity of S—10 Q-cm (boron-doped) was
employed as a substrate. Without any previous ex situ treatment, the
clean substrates were prepared by outgassing in UHV by multiple
cycles of annealing at around 500 K (i.e., much below the temperature
at which the oxide is removed) for several hours with cleanness
monitored by XPS and NEXAFS. The XPS experiment was performed
in a UHV system equipped with a Specs Phoibos 150 analyzer and a
monochromatic Al Ka source and at the UES2-PGM undulator
beamline at the third generation synchrotron radiation facility BESSY
II (Berlin). The UES2-PGM end-station had separated preparation
and analysis chambers (base pressure = 2 X 107 mbar), equipped
with a SCIENTA R4000 electron energy analyzer for high quality
photoemission experiments. The synchrotron measurements were
carried out in low-alpha (ring current at injection = 13/60 mA (mode
B/mode A), cff = 2.5, analyzer resolution = 0.1 eV). The peak fit
analysis was carried out with the Unifit package.’” The NEXAFS
spectra were measured in total and partial electron yield, normalized
by the clean substrate signals. All spectra were scaled in order to give
an equal edge jump.'®
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Figure 1. Thickness dependent C 1s (a) and N 1s (b) core level spectra of PPN thin films deposited on SiO,/Si(111) surfaces. The peak-fit analysis

for the 3.3 nm nominally thin film is also shown (c and d).
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Figure 2. (a) EPR spectrum obtained from the solution of the PPN residual powders present in the cell after several cycles of evaporation. (b) EPR
spectrum of a solution obtained from washing one of the thin films with toluene.

The EPR spectra were recorded in powders and diluted and oxygen-
free solution of toluene (because of the different setup between the
XPS and the EPR measurements) by using a Bruker X-band
spectrometer ESP300 E, equipped with an NMR gauss meter (Bruker
ER03S), a frequency counter (Bruker ER041XK) and a variable
temperature control continuous flow N, cryostat (Bruker B-VT 2000).
The g-factor corrections were obtained by using DPPH (g = 2.0037) as
the standard. The spectral simulations were carried out using WINEPR
SimFonia software.

B RESULTS AND DISCUSSION

The first aspect that we intend to address by XPS is whether it
is possible to use organic molecular beam deposition (OMBD)
to evaporate PPN under controlled conditions without
molecular degradation. For this purpose, we measure the core
level spectra of PPN thin films deposited on SiO,/Si(111)
surfaces shown in Figure 1, and analyze the elemental
composition. This is possible due to the fact that the XPS
signal intensity, given the photon energy, is proportional to the
photon flux, the photoionization cross section, the number of
photoemitting atoms, the transmission of the spectrometer, and
the detection efficiency.>® Consequently, the integrated signal
intensities obtained analyzing the XPS curves are proportional
to the molecular elemental composition. In the present case, we
concentrate on the C/N ratio because of the presence of
oxygen atoms in the substrate. From the XPS curves, we
calculate a C/N ratio (6.2) that correlates very closely with the
expected stoichiometric ratio (6.5). This means that the
stoichiometry of the deposited films corresponds to the
quantitative composition of the molecule, indicating a
successful deposition. This result is confirmed by acquiring
the same spectra on PPN powder embedded in indium foil (see
the Supporting Information).

To further support this finding, we perform EPR measure-
ments on the residual powder left in the Knudsen cell after
undergoing several cycles of heating/evaporation. The EPR
spectrum exhibits an isotropic five line pattern due to the
presence of the two equivalent nitrogen nuclei of the imidazolyl
moiety (Figure 2a).>**° The relative intensity of the lines
follows the typical 1:2:3:2:1 pattern. This result indicates that
the evaporation does not affect the nitronyl nitroxide radical.

Looking in detail at the core level spectra of a PPN film by
using a best fit procedure, we can gain further information
(Figure 1). The C 1s spectroscopic line is due to chemically
inequivalent carbon sites that should yield, in principle, a
different contribution to the spectrum. However, the small
differences in binding energy, the limits imposed by the line
width, and by the resolution of our experiment would make
their identification by fitting quite speculative. Thus, the
analysis is restricted to the contributions of aromatic carbon
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atoms (differentiating among C—C or C—H carbon atoms),
methyl carbon atoms, and carbon atoms bound to nitrogen
atoms, following the procedure discussed in ref 39, applying
constraints based on stoichiometry and electronegativity. The
fit results obtained from the analysis of the C 1s spectra show
that the single contributions respect the stoichiometry of the
molecule (see Figure 1 and tables in the Supporting
Information). However, the most important information from
the point of view of the radical intactness is related to the N 1s
core level spectra. At least two main features should appear in
the spectra as a consequence of the different chemical
environment experienced from the nitrogen atoms belonging
to the nitronyl nitroxide radical and the nitrogen atoms
belonging to the pyrazole ring. In fact, the N 1s spectra are
characterized by two main lines at 399.9 and 401.9 eV. The
fitting procedure identifies not only the NO-related contribu-
tion, but we are also able to identify the two lines that differ in
binding energy due to the electrons emitted from N1 and N2
nitrogen atoms of the pyrazole ring, in agreement with
previously published works.**™>® We observe additional
contributions that we assign to the expected shakeup satellites,
as response of the system to the core—hole creation, and a
further contribution at around 398.7 eV corresponding to
around 5/6% of the total intensity in the binding energy range.
Its lower binding energy indicates that the chemical environ-
ment of the contributing nitrogen atoms is less electronegative
than it is expected for nitrogen atoms of the intact nitronyl
nitroxide radical and of the pyrazole nitrogen atoms. This
observation indicates that a part of the molecules, namely
around 6%, may undergo radical degradation either because of
deposition or radiation exposure. Note that we take all possible
precautions while measuring the films, and we are able to
clearly identify slow degradation processes (on the time scale of
around 4 min) related to beam exposure, if they occur.**!
However, we cannot completely exclude fast radiation damage.
To shed light on the nature of this contribution, we perform
EPR measurements on the solution obtained by washing the
organic layers from the substrate with toluene. These provide
spectra characterized by the same pattern as discussed above,
and some additional features (Figure 2), related to the presence
of the imino nitroxide radical. A spectral simulation® of the
mixture of nitronyl nitroxide (S lines with two equivalent
nitrogens) and imino nitroxide (7 line feature from two
different nitrogen hyperfine couplings) and their added sum
leads to an estimate of approximately 5% impurity of imino
nitroxide (Figure 2b). The agreement with the XPS results is
astonishing, and this allows us assigning the contribution at
398.7 eV to the presence of a small amount of PPN molecules
that underwent the release of an oxygen atom, converting to
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Figure 3. (a) Attenuation of the Si 2p XPS signal, normalized to the corresponding saturation signal, as a function of time during PPN deposition at
RT. (b) Typical 3 X 3 ym AFM image of a 12 nm nominally thin film.
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Figure 4. (a) C—K and (b) N—K edge NEXAFS spectra obtained from a 12 nm nominally thin film. The spectra were taken in grazing incident for
two different polarization directions of the incident light, s-pol and p-pol, as indicated. The unit cell of PPN is also shown: the b-axis is the long axis.

the imino nitroxide radical. Therefore, we can conclude that
evaporation and deposition of PPN under controlled
conditions is possible without degradation (within the presence
of around 5% impurities in the solid state).

The second aspect that we intend to address with XPS is the
interaction between the PPN molecules and the substrate.
Comparing the thin film spectra with the thick film spectra
(Figure 1), we note that, apart from a shift of the spectroscopic
lines toward higher binding energies, the shape of the spectra
does not change with thickness. This observation hints at the
physisorption of the molecules on SiO,, because chemisorp-
tions would significantly modify the photoemission features of
the molecular assemblies close to the interface.">'* The shift is
due to the fact that the screening of the core hole in the layer
on top of the substrate is assisted by the substrate. Efficient
screening is expected at the metal/organic interface owing to
the occurrence of an image potential and, recently, it has been
revealed also at the metal oxide/organic interface,""** in
agreement with our observation. Note that a slight different
inhomogeneous broadening is visible with increasing thickness,
especially in the N 1s core level spectra. This may be due to a
different morphological and structural environment in the films
at different thicknesses.”

The final aspect that we intend to address by using
photoemission is the growth mode of PPN thin films under
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the present preparation conditions. This can be done analyzing
the XPS signal substrate decay upon PPN deposition (Figure
3a). The attenuation curve shows two different slopes with a
crossover between two regimes that corresponds to a nominal
thickness of 0.7 nm. The intensity decay indicates Stranski-
Krastanov growth mode and it is consistent with the atomic
force microscopy (AFM) results (Figure 3b) clearly showing
films with island morphology.

To investigate the PPN film structure and gain information
on the unoccupied states, we use NEXAFS spectroscopy. The
polarization dependent C—K edge spectra give information
mostly on the pyrene orientation with respect to the substrate.
We note that the C—K edge NEXAFS spectra of PPN thick
films for two different polarization directions of the incident
light, as indicated, (Figure 4) are characterized by the presence
of a rich resonance structure. By analogy to the NEXAFS
spectra of pyrene and pyrene-based molecules,*>** we identify
two main regions: the 7% region up to 290 eV and the o*
region in the photon energy range above 290 eV. In particular,
four resonances are visible at 284.8, 285.4, 285.7, and 286.2 €V
they are due to transitions from C 1s levels mainly into the
lowest unoccupied molecular orbitals (LUMOs). They have a
C=C character. The peaks at 287.8 and 288.9 eV have
presumably a mixed character (6*(C—H) and #*(C=C)).
Finally, the features above 290 eV have also a mixed nature due
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Figure 5. (a) Temporal evolution at room temperature of the Si 2p and C 1s XPS signals for a 1.3 nm nominally thin film after deposition.
Comparison of (b) C 1s and (c) N Is core level spectra of a freshly evaporated film and after 25 h of air exposure.

to transitions to ¢* orbitals (C—C, C=C, and C—N) and
shake up contributions (7—7*).°>%* The shoulder at 286.6 eV
may be due to the carbon atoms of the pyrazole ring.*®

The C—K edge NEXAFS dichroism is useful to calculate the
average orientation of the molecular plane of the pyrene
substituent with respect to the substrate. The calculation,
performed on the resonances at 286.2 eV, yields a value of
~83°. This orientation of the pyrene substituent is in
agreement with the PPN crystal structure,* if we assume that
the PPN unit cell in the thicker films is arranged with the b-axis
(i.e., the long axis) almost perpendicular to the substrate surface
(Figure 4b). This orientation is very often adopted by
molecules in organic thin films deposited on metal
oxides, 10616667

Figure 4b shows the N—K edge NEXAFS spectrum. It carries
information about the radical nature of the molecule because
the unpaired electron is delocalized over the two equivalent
NO groups. We observe several sharp resonances in the photon
energy range between 399 and 404 eV that may be assigned to
N 1s—7a* transition contributions according to previous works
on NO,*® amino acids,”® and phthalocyanines.”"~”* The
energy range above 405 eV is dominated by a relatively broad
peak having ¢* nature due to various contributions including
6*(N—C).”° All features in the 398—410 eV energy range have
analogy with peak energy and behavior of the features in the
N-K edge NEXAFS spectra of small organic molecules.
However, we observe an additional signal in the pre-edge
region at around 397 eV that, although very weak, may be
related to transitions of N—K electrons to the singly occupied
molecular orbital (SOMO). The presence of this characteristic
feature is not surprising in open shell systems and its intensity
might change with the structural properties of the films.**

At this point, we intend to discuss two important aspects
related to the possible use of PPN in applications, namely,
vacuum and air stability of PPN thin films. Two different
experiments were set up to explore both aspects using XPS:
The first experiment consisted in monitoring PPN films versus
time after deposition, taking care of minimizing the beam
exposure and switching off the source between the measure-
ments. The second experiment was done by investigating the
PPN films before and after air exposure in darkness. Figure Sa
shows the time dependence of the Si 2p and C 1s signals. The
two signals are substantially stable with a slightly increase of the
C 1s signal over 1000 min monitoring, possibly due to the
adsorption of carbon from the environment (base pressure of 1
X 107 mbar). In Figure Sb, we report the results of the second
experiment. Here, after 25 h of air exposure, the films do not
show any difference in the C 1s core level spectra. What is most
important is that there is no evidence for degradation in the N
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1s core level spectra of the nitronyl nitroxide radical exposed to
air, because the spectral curves before and after air exposure
show no additional signals in the binding energy range around
above 402 eV and below 400 eV that would indicate,
respectively, either a stronger oxidation of the NO groups or
a further release of oxygen atoms. This finding is also
quantitatively supported by a best fit procedure (see the
Supporting Information).

In our previous studies on NitPyn (in this radical the
pyrazole bridging unit between the radical moiety and the
fluorophore core is absent, see Scheme 1), we suggested that
the use of larger polyaromatic substituents on radicals could be
a route to improve the poor vacuum stability of NitPyn films,
intrinsically related to the thermodynamics and kinetics of its
thin film processes, because it is essential to decrease NitPyn
vapor pressure, favoring the growth of organized assemblies.
The experimental results that we obtain in the present work
clearly support our previous assumptions, and they pave the
way to use PPN in future applications such as sensors.**

B CONCLUSIONS

In conclusion, our work describing the complete electronic
structure of thin films of the fluorophore—nitroxide radical
PPN demonstrates that this molecule maintains its radical
properties in the thin films. Consequently, its sensing
capabilities related to the intact nitronyl nitroxide radical are
also preserved in the thin film solid state that, in addition,
shows a high structural degree of the molecular arrangement.
These characteristics are coupled to strong vacuum and air
stability, which make PPN an extremely promising candidate
for application in electronics. Another remarkable aspect is the
possibility to use OMBD to grow PPN thin films: this method
allows controlling the growth processes’* and, consequently,
the film characteristics, such as molecular orientation. It is well-
known that in organic thin films, the molecular arrangement
defines the electronic properties of the systems,>”” thus, the use
of OMBD that provides fine control and tunability of the
molecular arrangement under different preparation condi-
tions,>*'®77® can be explored also as a possible tool to
influence the magnetic character of the obtained films, by
modulating the intermolecular interactions.

Last but not least, our work identifies a strong correlation
between the results obtained by the complementary use of XPS
and EPR investigations. We prove that this correlation is not
only qualitative but, what is more important, also quantitative.
This aspect is very useful in order to link the (in situ-measured)
electronic structure with classical ex situ paramagnetic
investigations.
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indium foil together with the best fit procedure and the tables
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