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Abstract: The successful thin-film dep-
osition of a pyrene-substituted nitronyl
nitroxide radical under controlled con-
ditions has been demonstrated. The
electronic properties, chemical environ-
ment at the interface, and morphology
of the thin films have been investigated
by a multitechnique approach. Spectro-
scopic and morphological analyses indi-
cate a Stranski-Krastanov growth

Introduction

mode and weak physisorption of mole-
cules onto the metallic surface. Elec-
tron spin resonance (ESR) spectrosco-
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strongly

influence molecular

py shows that evaporation processes
and deposition do not affect the para-
magnetic character of the molecules.
Useful concepts for the engineering of
new, purely organic-based magnets,
which may open the way to fruitful ex-
ploitation of organic molecular-beam
deposition for assembly on solid surfa-
ces in view of future technological ap-
plications, are presented.

arrangement within the

Nucleation and growth processes in thin films have been the
focus of intense investigation since the early 1950s because
controlling nanoscale growth is essential to the development
of applied materials in fields ranging from medicine to elec-
tronics.'”” Growth in the nanoscale regime has been exten-
sively studied since the 1990s for atomistic growth of inor-
ganic materials.*”! On the other hand, during the last two
decades, molecular systems have proven to be excellent can-
didates for applications in innovative devices,® justifying ex-
tensive research activity in materials science, chemistry, and
physics. To develop a strategic use of a new functional mole-
cule in a nanoscale assembly, it is crucial to rationalize and
tune its properties by influencing its growth modes. Indeed,
it is known that intermolecular interactions, molecule—sur-
face interactions, and substrate temperature play a role in
determining the properties of films,”'") whereas preparation
parameters influence nucleation and island dimensions.['"?!
Finally, substrate atomic topography and morphology
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film."!¥ This structural property can also be tuned by vary-
ing the preparation parameters.*'?

This knowledge can be usefully applied to the nanostruc-
turation of molecular magnets.'>2) With the aim of estab-
lishing suitable strategies for layer growth and characteriza-
tion of molecular magnetic systems, we focused our interest
on the thin-film deposition of nitronyl nitroxide radicals.
This class of paramagnetic compounds,*?! bearing un-
paired electrons localized mainly in the two NO groups, has
been widely studied in molecular magnetism, not only be-
cause of their intrinsic magnetic properties,?!! but also be-
cause of their use as a building block in more complex mag-
netic structures® and their rich redox chemistry, which may
be applicable to memory elements.

In the past, only rare attempts to study the evaporation of
this class of molecules have been reported.”>!! These ef-
forts were focused on the archetypal para-nitrophenyl ni-
tronyl nitroxide because of its purely organic ferromagnet-
ism at ultra-low temperatures,®!! and dealt with thick films
(in the micrometer range) characterized by crystal packings
that emulate those of the different bulk phases. Our idea
takes this approach further by focusing on deposition of
(sub)nanometer-sized assemblies in a controlled environ-
ment to move toward potential use of such spin-carriers in
spintronics, memory devices, and sensing materials."'**"]
These applications cannot be implemented without precise
knowledge of the surface and thin-film processes and of the
interface between the organic radicals and possible materials
of technological interest like gold, oxides, and graphene.!"®!

Herein, we report the successful growth of thin films of a
pyrene derivative of the nitronyl nitroxide radical (4,4,5,5-
tetramethyl-2-(pyrenyl)imidazoline-1-oxy-3-oxide, ~NitPyn,
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Scheme 1. Synthesis and molecular structure of NitPyn.

Scheme 1) by organic molecular-beam deposition (OMBD)
under ultra-high vacuum conditions (UHV) on Au(111)
single crystals. This specific derivative has been chosen be-
cause its pendent polyaromatic moiety may be suitable for
assembly on metallic surfaces (e.g., gold) and carbon-based
surfaces of technological relevance (e.g., carbon nanotubes
and graphene).

NitPyn has been synthesized by following the general pro-
cedure for preparation of nitronyl nitroxide radicals® based
on the condensation of the corresponding polyaromatic al-
dehyde with the appropriate dihydroxydiamine, followed by
oxidation with periodate and a workup by column chroma-
tography (see Scheme 1 and the Experimental Section).

The UHV compatibility of this novel radical derivative
has been validated and detailed investigations into its thin-
film growth on Au(111) down to the monolayer regime and
its interface with gold have been carried out. The thin-film
electronic structure and the interaction with the substrate
have been investigated by X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM). Electron spin
resonance (ESR) measurements have been performed to in-
vestigate the effects of evaporation and deposition on the
magnetic characteristics of the molecule.

Results and Discussion

In Figure 1, the thickness-dependent C1s, N 1s, and O 1s
core-level photoemission spectra of NitPyn deposited on
Au(111) single crystals at room temperature are shown. Pre-
cise information on film stoichiometry can be obtained from
the analysis of the XPS spectra.’** The ratio of the inte-
grated signal intensities of the different lines of the XPS
curves agree perfectly with the theoretical percentages ex-
pected on the basis of NitPyn stoichiometry, indicating that
the deposition occurs without degradation (see Table S1 in
the Supporting Information).

This result was confirmed by acquiring the same spectra
of a NitPyn powder embedded in indium foil without evapo-
ration (Figure 2). A comparison of the XPS signals of these
two systems does not reveal any relevant energy shift or
changes in lineshape (a slight broadening of the XPS lines
and the small binding-energy differences of approximately
0.1 eV with respect to the thin film for the C1s and N 1s
core-level spectra, and 0.3 eV for the O 1s core-level spectra
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Figure 1. Thickness-dependent C 1s, N 1s (top left and right, respectively)
and O 1s (bottom left) core-level photoemission spectra of NitPyn thin

films deposited on Au(111) at room temperature. Bottom right: Peak-fit-
ting analysis performed on the C 1s signal for a thicker film (24 A).

are observed in the spectra of the powder because of typical
charging phenomena occurring in photoemission in organic
crystals). The additional signals detected in the C1s and
O 1s regions were assigned to indium carbide and indium
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Figure 2. Comparison of the C1s (top left), N 1s (top right), and O 1s
(bottom) core-level XPS of a NitPyn thin film (49 A nominal thickness),
NitPyn powder deposited on indium foil, and indium foil stored under
ambient conditions.
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oxide present as contaminants in the supporting indium foil
due to storage under ambient conditions prior to prepara-
tion.

The XPS fine structures are quantitatively interpreted on
the basis of a peak-fit analysis, which allows the assignment
of the principal photoemission lines, thus providing the
binding energies of the core levels of chemically different
atoms and corresponding information regarding bonding
and screening processes.*>*! Each chemically inequivalent
carbon site should, in principle, yield a different contribu-
tion to the spectrum. However, small differences in binding
energy, the limits imposed by linewidths, and by the resolu-
tion of our experiment would make their identification by
curve fitting largely speculative. Thus, the analysis has been
restricted to the contributions of aromatic carbon atoms
(differentiating between C—C or C—H carbon atoms),
methyl carbon atoms, and carbon atoms bound to nitrogen
atoms. By applying constraints based on stoichiometry, elec-
tronegativity, and bond strength, the C1s XPS spectra are
best fitted by Voigt profiles (see Figure 1 for best-fit curves
and Table S1 in the Supporting Information for best-fit pa-
rameters; a detailed description of the constraints imple-
mented is given in the Supporting Information). Carbon
atoms that belong to the aromatic rings and to the methyl
groups contribute to the main line at lower binding energies,
whereas those bound to nitrogen atoms show the second
feature at higher binding energies, because of the electron-
withdrawing effect of nitrogen atoms. It is also worth noting
that three contributions to the main peak can be identified
because of the signals from the C—C, the C—H, and CH;
species (Figure 1, bottom). This assignment indicates a more
efficient screening of the core hole in the internal ring C—C
bonds, in agreement with previous work,*>¥ and may be at-
tributed to cooperation in the screening of two adjacent
rings, that is, improved charge delocalization along this
channel.P¥

O 1s and N 1s core-level spectra can be used to ascertain
if the paramagnetic function of this pyrene derivative is
intact because the unpaired electron is delocalized over the
two equivalent NO groups. Only one feature is observed in
the N 1s and the O 1s core-level spectra, at 402.2 (Figure 1,
top) and 531.3eV (Figure 1, bottom), respectively. Both
N 1s and O 1s spectra were fitted to a unique Voigt profile
characterized by a constant Lorentzian width of 0.10 eV and
a Gaussian width of 1.00 eV, in agreement with the intrinsic
lifetime and inhomogeneous broadening found in the litera-
ture for core-hole states in organic molecules.®>*! This indi-
cates that the paramagnetic function of this pyrene deriva-
tive is intact and the degradation to iminonitroxide or to the
diimmino derivatives™ upon deposition (see Table S1 in the
Supporting Information) can thus be excluded. The presence
of an imino group as a degradation product would imply the
presence of an XPS line at lower binding energy because
breaking the nitrogen—oxygen bond hinders the electron-
withdrawing action of the oxygen atoms, decreasing the
binding energy® of the photoelectrons emitted from the
N 1s core levels. This effect is observed in the XPS spectra
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of radiation-degraded molecules (see the Supporting Infor-
mation).

XPS can also be used to obtain information on the nature
of the interaction of the first layer of molecules with the
substrate. The comparison of films of different thicknesses
allows differentiation between chemi- and physisorption,
and identifies the channel by which the core hole can be
screened (pure molecular screening or substrate-improved
efficiency of the screening effect).’***! In the present case,
the C1s, N 1s, and O 1s core-level spectra do not show sig-
nificant differences as film thickness is increased. This obser-
vation excludes the occurrence of either chemical bonding
to or strong interaction between NitPyn and the gold sub-
strate (because both processes would deform the involved
molecular orbitals leading to differences in the XPS fea-
tures), and indicates that NitPyn molecules are weakly phys-
isorbed on Au(111).

A pyrene molecule is 11.66 A long, 9.279 A wide, and
3.888 A thick.” Thus, a 7 A nominal thickness assembly of
NitPyn, like that reported in Figure 1, is in the submonolay-
er regime, unless we assume that the molecules lie com-
pletely flat. XPS does not provide information on molecular
orientation. However, recent preliminary X-ray absorption
spectroscopy measurements indicate that the pyrene does
not assemble lying flat on the substrate (see the Supporting
Information).

The absence of relevant variations in the binding energies
measured for the thinnest and the thickest layer (60 meV
shift for C 1s) indicates that the screening of the core hole
in the layer on the gold substrate is not efficiently assisted
by the substrate. Efficient screening would be expected be-
cause at the metal-organic interface an additional screening
of the core hole is present because of the occurrence of an
image potential.®**"! The observed behavior of the binding
energy as a function of thickness suggests that the weakly
physisorbed molecules are relatively distant from the sub-
strate causing only a very small image potential.

We also observed that upon annealing at 550 K the mole-
cules, including the monolayer, are completely desorbed
from the Au(111) surfaces, confirming their very weak inter-
action with the gold substrate (see the Supporting Informa-
tion). These observations are in agreement with the fact that
pyrene has a very high vapor pressure at room temperature
(=5.4x107*Pa)."¥ We assume that NitPyn also shows a
similar value, slightly reduced by the presence of the radical
moiety.! This implies that the molecules are extremely vol-
atile at RT and have a relatively low tendency to adhere to
and remain on a surface, as observed for molecules like per-
ylene!™?l and tetracene.*”! Under these conditions, a ther-
modynamic equilibrium between adsorption and desorption
is established with no net growth on the surface. To obtain
deposition from the vapor phase, it is necessary to work
under nonequilibrium conditions. This is achieved by
OMBD working under supersaturated conditions with the
selected growth parameters.

The investigation of the growth modes of NitPyn on Au-
(111) under the present preparation conditions (0.7 Amin ™!
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Figure 3. Attenuation of the Au4f XPS signal, normalized to the corre-
sponding saturation signal, as a function of time during NitPyn deposi-
tion on Au (111) at RT. The two gray dotted curves represent the best fit
(top left). A typical 20 pmx20 um 3-dimensional AFM image of a
NitPyn film after 120 min deposition (top right). Temporal evolution at
room temperature of the Au4f and C1s XPS signals for a thicker film
after deposition (bottom).

evaporation rate and substrate at RT) provides additional
useful information. We monitored growth as a function of
time by following the attenuation of the XPS substrate
signal of the Au 4f peak (Figure 3, top left). The attenuation
curve shows two different slopes with a crossover between
the two regimes at 60 min (corresponding to a nominal
thickness of 42 A). This intensity trend hints at a Stranski—
Krastanov growth mode (layer plus islands),”! consistent
with the AFM image (Figure 3, top right), clearly showing
films with an island morphology.

Because of the high volatility of the molecules, we also
monitored the system (49 A nominal thickness) after deposi-
tion on gold by using XPS. Figure 3 (bottom) shows the
time dependence of the Au 4f and C 1s signals. The relevant
increase in the gold signal would suggest the desorption of
the molecules from the substrate. However, this is not mir-
rored by the expected relative decrease of the C 1s signal,
which shows only a 10% variation over 1000 min of moni-
toring (we also took care to minimizing beam exposure by
switching the source off between measurements). Note that
in UHV, the assembly seems to stabilize after 400 min.

This behavior can be explained by the occurrence of a
slight desorption coupled with a substantial dewetting of the
film at the interface. The dewetting possibly causes island
ripening, that is, the adsorbed islands relax toward an equili-
brium configuration to minimize their free energy. AFM in-
vestigations, although performed ex situ, indirectly support
this statement, as we obtained different average roughness
values (between 20 and 60 nm) measuring the same samples
over several days (see the Supporting Information).
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One of the major goals of the present work is to demon-
strate that OMBD can be applied to organic radicals and in
view of potential applications, we performed ESR measure-
ments to investigate the persistence and the nature of the
paramagnetic function of the molecule after deposition. The
spectra of the residual powder left in the Knudsen cell after
several cycles of heating/evaporation invariably showed a
single exchange-narrowed line centered at g=2.00. This pro-
vides evidence for the persistence of the paramagnetic char-
acter of the radical®™ (see the Supporting Information).
However, these results do not exclude the presence of the
imino nitroxide radical in the powder, a common degrada-
tion product of nitronyl nitroxide.” To clarify this point, we
dissolved the residual powder in dichloromethane and re-
corded ESR spectra in liquid solution (Figure 4). These

330 332 334 336 338 340
Field (mT)

Figure 4. ESR spectra obtained from solutions in CH,Cl, of the residual
NitPyn powders present in the cell after a) two cycles, b) one cycle (resid-
ual power removed when the cell was at 325 K), c) one cycle (residual
power removed when the cell was at RT), and d) the ESR spectrum of a
solution obtained by washing one of the thin films.

showed the typical five-line pattern centered at g=2.009
and a line-line separation of approximately 0.74 mT, indicat-
ing that the unpaired electron is delocalized over two equiv-
alent nitrogen nuclei having /=1. Together with the absence
of the nine-line pattern expected for the imino nitroxide
radical (see the Supporting Information), this result strongly
indicates that the species after heating is an intact nitronyl
nitroxide radical.

To study the magnetic features of the material after depo-
sition we also investigated the solution obtained by washing
the films from the substrate. These provided spectra with
the same features discussed above (Figure 4), indicating that
deposition occurs without degradation of the paramagnetic
function of the molecules.

Consequently, a direct correlation between XPS and ESR
results has been established. XPS spectra of stoichiometric
films with intact molecules have always shown the expected
ESR results, whereas the presence of additional features or
different broadening in the core-level spectra, for example,
as a consequence of radiation damage, were always mirrored
in an ESR spectrum of the solution of the film washed from
the substrate. These solution spectra show patterns different
from the five-line pattern expected for an intact nitronyl ni-
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troxide (see the Supporting Information). This correlation
allows a very useful and powerful first screening by XPS in
order to understand whether the magnetic properties of or-
ganic-based magnets are preserved in thin films.

Conclusion

We have successfully performed the deposition of NitPyn
under strictly controlled conditions without degradation of
the molecule. We have investigated the electronic proper-
ties, the chemical environment at the interface, and the
growth mode of the obtained thin films. We have also dem-
onstrated that evaporation and deposition on Au(111) single
crystals under these preparation conditions do not affect the
paramagnetic character of the molecules, suggesting the pos-
sible use of OMBD to grow films of organic-based magnets
under controlled conditions and thus to use them as building
blocks for new molecular devices.

The interface between Nitpyn and gold investigated in a
clean environment is described and also discussed in terms
of core-hole screening at the interface, distance of the mole-
cules from the surface, mobility, desorption, and dewetting
phenomena in purely organic-based magnets. These con-
cepts are indispensable to the design and production of
nanostructures for electronics.” %44

On the basis of the present results, and considering our
previous knowledge of thin-film processes of organic mole-
cules and factors that influence their growth, we are now
able to predict the growth of Nitpyn on gold when varying
the preparation conditions. Homogenous smooth films of
parallel molecules are expected when the substrate tempera-
ture is kept lower than RT and increased grain size is ex-
pected when growing the assembly on substrates at tempera-
tures higher than RT.4!112%] We note that lowering the sub-
strate temperature may drastically reduce the azimuthal mo-
lecular order™ 2441 and this may not represent an advant-
age when designing an active layer for electronics. On the
other hand, higher substrate temperatures increase the de-
sorption probability, rendering the necessary nonequilibrium
conditions for deposition challenging. The use of larger pol-
yaromatic substituents on radicals may solve these problems,
intrinsically related to the thermodynamics and kinetics of
Nitpyn film growth and evolution processes on gold sub-
strates. Indeed, this would decrease their vapor pressure, fa-
voring the growing of organized assemblies.

Experimental Section

Sample preparation and XPS measurements were performed in an UHV
system consisting of a substrate preparation chamber and an OMBD-
dedicated chamber, connected to an analysis chamber (base pressure 2 x
107 mbar) equipped with a SPECS Phoibos 150 hemispherical electron
analyzer and a monochromatized X-ray source (SPECS Focus 500). A
clean Au(111) single crystal (Mateck GmbH) was used as a substrate.
The single crystal was prepared by Ar* ion bombardment (600 eV), fol-
lowed by annealing in UHV at approximately 830 K. After several cycles
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of sputtering and annealing the substrate was checked for cleanness and
structural properties with XPS and low-energy electron diffraction
(LEED). Thin films of NitPyn were prepared in situ by OMBD
(0.7 Amin ™! evaporation rate, substrate at RT). The evaporation rate was
measured with a quartz crystal microbalance and the nominal thickness
was cross-checked by using the attenuation of the XPS substrate signal
(Au 4f) after NitPyn deposition. Survey XPS spectra were recorded with
an electron pass energy of 50 eV; detailed spectra were measured with
20 eV for the C1s core-level spectra and 50 eV for the O 1s and N 1s
core-level spectra. The binding energy was calibrated by using the Au
Fermi edge and the Au 4f XPS signals (Au 4f,, at 84 eV) as a reference.

NitPyn thin-films revealed radiation sensitivity on a relatively short time
scale (several tens of minutes) shown by a clear broadening of the main
lines and appearance of additional features upon strong X-ray exposure
(see the Supporting Information). Thus, we have taken all precautions
necessary to avoid radiation damaging (i.e., short beam exposure, short
acquisition time, a freshly prepared film for each spectrum).

Atomic force microscopy studies were performed ex situ with a Digital
Instruments Nanoscope III Multimode AFM. The experiments were car-
ried out in tapping mode.

ESR spectra were performed at room temperature with an X-band
Bruker Elexsys E500 spectrometer equipped with a high sensitivity
ER4122SHQE cavity (with a nominal weak pitch sensitivity of 3000:1).
For NitPyn synthesis, N,N'-dihydroxy-2,3-diamino-2,3-dimethylbutane
(2.0g, 13.5mmol) was dissolved in methanol (50mL) and 1-pyrenecarbox-
yaldehyde (3.3g, 14.3mmol) was added. The mixture was stirred rapidly
at room temperature for several days and then poured into dichlorome-
thane (300mL) and cooled by use of an ice bath. Sodium periodate (11g,
51mmol) dissolved in water (110mL) was then added, inducing a blue-
violet coloration of the organic phase. The large excess of periodate is es-
sential to obtain the radical and to avoid the formation of a yellow
phase. The blue organic phase was separated and evaporated under
vacuum, then purified by column chromatography with activated alumi-
num oxide/dichloromethane. A pure blue solution was obtained, which
was gently evaporated under vacuum to give a greenish oil. This oil was
subsequently redissolved in diethyl ether to obtain a blue solution. Blue-
violet crystals were obtained by repeated recrystallization from diethyl
ether. The molecular structure of this radical has been previously report-
ed as a private communication to the Cambridge Crystallographic Data-
base: C. Mann, R. Gompper, K. Polborn, 2003, CCDC-226038 contains
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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