Stable Purely Organic Radical Thin Films
and Interfaces for Applications

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultat
der Eberhard Karls Universitat TUbingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften
(Dr. rer. nat.)

vorgelegt von
Ewa Malgorzata Nowik-Boltyk

aus Pszczyna/Polen

Tlbingen
2024



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der
Eberhard Karls Universitat Tabingen.

Tag der mandlichen Qualifikation: 28.11.2024
Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter/-in: apl. Prof. Dr. Maria Benedetta Casu

2. Berichterstatter/-in: Prof. Dr. Reinhold Fink



Dedicated to my husband Dr. Patryk Nowik-Boltyk
and my son Luke Nowik-Boltyk



“Sorrow is knowledge: they

who know the most must
mourn the deepest o’er

the fatal truth,
the Tree of Knowledge is not that of Life.”

~Lord Byron, Manfred!!

“Be thou the rainbow in the storms of life.
The evening beam that smiles the clouds away,
and tints tomorrow with prophetic ray.”

~Lord Byron, The Bride of Abydos: A Turkish Talel!

“Why do we have to listen to our hearts?” the boy asked. “Because, wherever
your heart is, that is where you will find your treasure.”

~Paulo Coelho, The Alchemist?

“And now here is my secret, a very simple secret; it is only with the heart that
one can see rightly, what is essential is invisible to the eye.”

~Antoine de Saint Exupéry, The Little Princel®

“All men have stars, but they are not the same things for different people. For
some, who are travelers, the stars are quides. For others they are no more
than little lights in the sky. For others, who are scholars, they are problems...

But all these stars are silent. You-You alone will have the stars as no one
else has them...

~Antoine de Saint Exupéry, The Little Princel®



Abstract

English Version

The spotlight of this work is on purely organic radicals, which built an exciting playground
for spintronic applications due to their structural diversity, functionality, and intrinsic mag-
netic moment. The selected radicals were evaporated and deposited on various substrates
by organic molecular beam deposition and characterized by joined methods such as X-ray

photoelectron spectroscopy, near-edge X-ray fine structure and scanning electron microscopy.

The first part of the thesis is dedicated to the dicyano tetrazolinyl radical that shows a strong
tendency toward island formation when evaporated and deposited on different substrates
under the presented preparation conditions. The radical forms assemblies with a nanoneedle
morphology on SiO,/Si(111) surface and “monoliths” on gold. The study of radical assem-
blies on the hybrid substrate, consisting of SiO5/Si(111) and polycrystalline gold, allowed to
investigate the influence of radical-substrate interaction and substrate nature on the assembly
morphology. Improved understanding of the growth process on the hybrid interface can aid
in the development of a strategy to achieving nanostructures with specific morphology as an

integral component of nanodevices.

The second part of the work is dedicated to the Blatter radical derivatives. The stability of
Blatter-pyr and diBlatter films is probed under air exposure. The superior air stability of
Blatter-pyr with one radical site in comparison to diBlatter that poses two radical center can
be explained by water-resistance of Blatter-pyr molecules in films. The following part captures
the electronic and magnetic properties of the Blatter-pyr/Co hybrid interface. Hybridization
and charge transfer at the interface result in loss of the radical functionality of film molecules
and the suppression of the magnetic moment of Co atoms bonded to the organic molecules.
The results demonstrate that interface interaction defines the hybrid interface’s local chemical
and magnetic properties and can be viewed as a powerful approach for manipulating and

controlling spin transport in future molecular-based spintronic devices.



Deutsche Version

Der Schwerpunkt dieser Arbeit liegt auf rein organischen Radikalen, die aufgrund ihrer
strukturellen Vielfalt, ihrer Funktionalitat und ihres intrinsischen magnetischen Moments
eine spannende Spielwiese fiir Anwendungen in der Spintronik darstellen. Die ausgewahl-
ten Radikale wurden aufgedampft und durch organische Molekularstrahlabscheidung auf
unterschiedliche Substraten abgeschieden, anschiefend wurden die Proben mit Hilfe von
kombinierten Methoden wie die Rontgenphotoelektronenspektroskopie, Rontgen-Nahkanten-

Absorptions-Spektroskopie und Rasterelektronenmikroskopie charakterisiert.

Der erste Teil der Arbeit ist dem Dicyano-Tetrazolinyl-Radikal gewidmet, das eine starke
Tendenz zur Inselbildung aufweist, wenn es aufgedampft und auf verschiedenen Substraten
abgeschieden wird. Das Radikal bildet Cluster mit einer Nanonadel-Morphologie auf der
Si04/Si(111)-Oberfliche und Nanostabchen auf Gold. Die Untersuchung der Radikale auf
einem hybriden Substrat, bestehend aus SiO,/Si(111) und polykristallinem Gold, ermog-
lichte die Untersuchung des Einflusses der Wechselwirkung zwischen Radikal und Substrat
und der Art des Substrats auf die Morphologie der Radikale. Ein besseres Verstandnis des
Wachstumsprozesses an der hybriden Grenzflache kann, bei der Entwicklung einer Strategie
zur Herstellung eindimensionaler Nanostrukturen mit spezifischer Morphologie als integraler

Bestandteil von Nanobauteilen, helfen.

Der zweite Teil der Arbeit ist dem Radikalderivat Blatter gewidmet. Die Stabilitat von Blatter-
pyr- und diBlatter-Filmen wird unter Luftexposition untersucht. Die iiberlegene Luftstabilitat
von Blatter-pyr mit einem Radikalzentrum im Vergleich zu diBlatter, das zwei Radikalzentren
aufweist, lasst sich durch die Wasserbestindigkeit der Blatter-pyr-Molekiile in den Filmen
erkldren. Im folgenden Teil werden die elektronischen und magnetischen Eigenschaften der
Blatter-pyr/Co-Hybrid-Grenzflache beschrieben. Hybridisierung und Ladungstransfer an der
Grenzflache fithren zum Verlust der radikalen Funktionalitat der Filmmolekiile und zur
Unterdriickung des magnetischen Moments der an die organischen Molekiile gebundenen
Co-Atome. Die Ergebnisse zeigen, dass die Interaktion an der Grenzfliche die lokalen che-
mischen und magnetischen Eigenschaften der hybriden Grenzfliche bestimmt und als ein
leistungsfahiger Ansatz zur Manipulation und Kontrolle des Spintransports in zukiinftigen

molekularen spintronischen Bauelementen angesehen werden kann.
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1. Introduction

Purely organic radicals, a particular class of organic compounds with open shell structure,
are promising candidates for spintronic materials and quantum technologies. The intrinsic
magnetic moment and unique physical and chemical properties of radical molecules are linked

1451 The light element composition of radicals

to the spin of the unpaired electron or electrons
manifests in a reduced weak spin-orbit coupling and weak hyper-fine interaction, representing
two main pathways for the spin relaxation process. Consequently, spins of organic radicals
retain their orientations for a long time and distance defined by coherence time and length!®8!.
Furthermore, sustainable chemical synthesis enables the design of radical molecules with
diverse structures and properties that can be fine-tuned by integrating specific functional
groupsl”. These advantages of organic molecules and magnetism united in one package
advocates for preferential exploitation of organic radicals in the future spintronic devices

compared to their inorganic magnetic counterparts.

Organic radical molecules can serve as quantum bits®, switchable spin-filtersl”), and poten-

91 Moreover, organic radicals are successfully integrated into the

tial spin current sourcel
single-molecular junctions (SMJ) by contacting radical molecules with the gold electrodes. In
these systems, unpaired spins of radicals give rise to phenomena including Kondo resonance,

magnetoresistance (MR), and enhanced conductancel®%19].

Purely organic radicals capture attention as potential candidates for hybrid organic/ferro-
magnetic metal interfaces in potential organic-based spintronic devices. Spinterfaces are
realized in organic spin valves (OSV) or organic magnetic tunnel junctions (OMTJs)M!
by placing a thin organic layer between two ferromagnetic metallics electrodes. A strong
organic-metal interaction at the interface leads to hybridization between organic molecule
orbitals and electronic d states of the ferromagnet. The newly formed hybrid interface states
(HIS) and charge transfer give rise to novel spin-dependent and magnetic properties. These
interfacial effects determine spin polarisation, spin injection, and transport at the interface

and play a significant role in control over device performancel'>'3. Interfacial hybridization
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and charge transfer shape the electronic structure and magnetic properties of organic and
metallic components of the interfacel'. For instance, the adsorption of an organic layer
can enhance the magnetic anisotropy and a reduction in the magnetic moment of Co atoms

bonded directly to the organic molecules!'*19].

Despite the immense progress in the field of radical-based spintronics and molecular electron-
ics, the limited number of organic radicals possessing sufficient stability for real applications
impend future development. To address this particular issue, the first part of this work is
dedicated to characterizing a recently synthesized dicyano tetrazolinyl radical as a potential

quantum bit due to the long spin coherence time and thermal stability!*6!.

For a potential integration in devices, the dicyano-substituted radical was evaporated and
deposited using organic molecular beam deposition (OMBD) on technologically relevant
Si05/Si(111) and polycrystalline gold substrates under ultra-high vacuum (UHV) conditions.
The first part of the study focuses on the investigation of the electronic structure and bonding
mechanism at the organic-substrate interfaces by applying X-ray photoelectron spectroscopy
(XPS). The integrity of the radical in the assemblies is investigated by a combination of
the electron paramagnetic resonance (EPR) measurements and a fit procedure of the N 1s
core-level spectra. Scanning electron microscopy (SEM) is used to determine the assembly
morphology. The promising results and intricacies of investigation for both radical interfaces
lay the groundwork for the second part of the research, which examines a hybrid system
comprising a silicon wafer and a polycrystalline gold surface with the deposited assemblies of
dicyano tetrazolinyl radical. The study’s main objective is to investigate how the substrate’s
nature and the radical-substrate interaction at the interface influence the radical assemblies’
morphology and structure. Understanding the growth process of dicyano-substituted radical
on the hybrid interface is crucial for fabricating nanostructures of the investigated radical

with a specific morphology for nanodevices.

The second part of the work focuses on the Blatter-radical derivatives. This class of radicals
exhibits extraordinary thermal and chemical stability at ambient conditions coupled to the
unique electronic and magnetic propertiesl!”. These characteristics opened the pathway
for successful employment of Blatter-type radicals in various applications such as organic

18 molecular electronics!', controlled polymerization® and photodetectors?!.

batteries!
Thin films of Blatter radicals can be utilized as an active material in future devices and might

close the gap between the research-based and industrial applications. In this context, the



study puts special attention on the degradation mechanism of Blatter radical derivatives when
exposed to air. Furthermore, drawing inspiration from current advancements in organic-based
spintronics with nonmagnetic molecules, this work aims to design and characterize a model
radical/Co system. The hybrid interface was prepared by depositing Blatter-pyr radical on a
polycrystalline Co surface as a potential active material for spintronics. A combination of soft
X-ray-based techniques is used to investigate the electronic structure of radical molecules and
Co atoms at the interface and the extent of their interaction. The work focuses on finding
evidence for a possible interfacial charge transfer and hybridization and comprehending
how the deposited radical layer alters the electronic and magnetic properties of the Co
surface. The magnetic moment of cobalt atoms in contact with the organic layer is esti-

mated by using the XPS Co 3s core-level spectra analysis and supported by DFT calculations.
The work is organized as follows:

Chapter 1 introduces the general concept of purely organic radicals as spin sources for
spintronic and quantum computing applications and defines the main goals of this work.
Chapter 2 presents the organic materials and theoretical foundations of the experimental
techniques used in this work.

Chapter 3 provides an overview of the experimental set-up and essential information on the
data analysis that was performed.

Chapter 4 discusses the characterisation of the radical assemblies deposited on SiO5/Si(111)
and gold surface. The second part aims to understand the underlying degradation mechanism
of Blatter-radical derivatives films upon air exposure. Furthermore, this chapter comprehen-
sively probes the interfacial properties of the hybrid interface between the Blatter-pyr radical
and metallic Co.

Chapter 5 highlights the most important results on the presented radical systems.
Chapter 6 summarizes the abbreviations, units, and symbols used throughout the text.
Chapter 7 offers a list of publications that build the foundation of this work and describes
the contributions of all authors in detail

The appendices contain all publications, including their supporting information, that build

the foundation for this work. Additionally, unpublished material is also included.






2. Theoretical Background

This chapter will briefly introduce the organic radicals investigated in this work, their chemical
structure, and their properties. The second part of this chapter will discuss in greater detail
the experimental set-up and the soft X-ray techniques used to characterize the radical-based
thin films.

2.1. Materials

2.1.1. Blatter Radical Derivatives

The Blatter radical is characterized by extraordinary chemical stability in ultra high vacuum
and air due to the extensive delocalization of the unpaired electron or electrons over the ring
system!'7?%23 The high degradation temperature onset enables the controllable growth of
radical thin films with intact molecules. Therefore the chemical and thermal stability make

Blatter radical derivatives suitable candidates for this work.

8 1
N
7 \N2
6
N 3
5 1®

Figure 2.1.: Molecular structure of Blatter radical.

The synthesis of 1,3-diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-ylradical, called Blatter radical
(figure 2.1), was first published by H. Blatter in 1968124, The central core of the radical
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molecule has a 1,2,4-triazin ring with three aromatic sites that provide opportunities for

chemical modification(!718!,

2.1.1.1. Blatter-pyr Radical

Blatter-pyr (figure 2.2) is a Blatter radical substituted with a pyrene-group in the C; position
(figure 2.1). Introducing the pyrene group to the Blatter radical increases the molecular
weight and decreases the overall vapor pressure, resulting in good film-forming properties
and thermal stability of the Blatter-pyr films?%?%. Additionally, the substituent at the C;

nl?$26l - The spin density is distributed

[5,22]

position protects the radical site against oxidatio
mainly over the triazine core and into the pyrene-substituent The important properties
of Blatter-pyr are summarized in table 2.1.

2
Ph_ 1 _N Ph

NN Y
N

Figure 2.2.: Molecular structure of the Blatter-pyr.

Chemical Formula Co9H1sN3*
Formula Weight 408.46 (gmol ")
Density 1.397 (gem™3)
Spin :

Table 2.1.: Properties of Blatter-pyr.

2.1.1.2. diBlatter Radical

The diBlatter molecule with a triplet ground-state (S=1) is based on two linked Blatter
radical moieties (Appendix C, ACS Appl. Mater. Interface 2023, 15, 30935-30943). The
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molecular structure of the diradical (figure 2.3) can be described as a Blatter radical bearing
a second Blatter molecule as a substituent at the position C3 and tert-Butyl group at position
C,27. diBlatter shows an onset of decomposition in thermogravimetric analysis (TGA) above
260 °C allowing to obtain thermally stable films. The unpaired electrons are distributed on
the fused Blatter radical units. Relevant properties of diBlatter for this work are listed in
table 2.227,

tBu N

[ ]
4

Figure 2.3.: Molecular structure of diBlatter.

Chemical Formula CssHs0Ng?®
Formula Weight 546.66 (gmol ")
Density 1.356 (gem™3)
Spin 1

Table 2.2.: Properties of diBlatter.

2.1.2. Dicyano Tetrazolinyl Radical

The tetrazolinyl main building block of the radical (figure 2.4), contains a heterocyclic five
membered ring with one carbon atom and four nitrogen atoms!'®l. The phenyl substituents
at the Ny and N3 nitrogen atoms are fused to the biphenyle group with two dicyano groups
located at the para position. The unpaired electron delocalises across the tetrazolinyl core
and the fused benzene rings. The radical is characterized by high thermal stability with an
onset of thermal decomposition at 269 °C (Appendix A, J. Am. Chem. Soc. 2023, 1/5,
13335-13346).
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6 5
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Figure 2.4.: Molecular structure of dicyano tetrazolinyl radical.

A significant spin density at the para-position of the radical is crucial for synthesizing
polyradicals with a high spin ground state (S=1). Radicals with paramagnetic properties
at room temperature can be created by linking monoradicals together®®. The X-ray crys-
tallography analysis revealed that the tetrazolinyl and biphenylen-fused units are planar.
The radical crystallizes in the monoclinic space group P2;/,, and the unit cell comprises
one benzene molecule. The radical molecules are arranged into a one-dimensional chain
along the crystallographic a-axis, with the closest intermolecular “Nj --- C5” contact between
the neighbouring molecules at 3.346 A. The positive spin density associated with these
atoms may be a reason for the antiferromagnetic interaction of radical molecules within the
crystal. Furthermore, the close proximity of N; and Cs atoms of two different molecules may
also affect the photoemission line of tetrazolinyl moiety (Appendix A, J. Am. Chem. Soc.
2023, 145, 13335-13346 and paragraph 4.1.2 in this work). Relevant properties of dicyano

tetrazolinyl radical are listed in table 2.3.

Chemical Formula Co7H17Ng*
Formula Weight 425.46 (gmol ™)
Density 1.356 (gem™3)
Spin :

Table 2.3.: Properties of dicyano tetrazolinyl radical.



2.2. Methods

2.2. Methods

2.2.1. Organic Molecular Beam Deposition

Organic molecular beam deposition has proven successful in the controlled preparation of
radical films in a clean UHV environment. The organic material is placed in a crucible of
a Knudsen cell and heated until the evaporation temperature is reached. Molecules in vapor
escape through a small orifice at the cell’s end. The dimension of an orifice with a diameter
smaller than the mean free path of organic molecules ensures that a beam of non-interacting
molecules is formed and directed onto the substrate surfacel®). The evaporation temperature
is adjusted above the sublimation temperature and below the decomposition temperature of
the organic material. Controlling and monitoring the evaporation rates during the evaporation
process allow reproducible preparation of the organic thin films with defined thickness in the

range from mono to multilayers.

2.2.1.1. Growth of Organic Thin Films

Film growth is a complex process in which thermodynamic arguments and kinetic principles
must be considered®”. Thin film formation on a substrate surface could be divided into
three characteristic growth modes (showed in figure 2.5): the Volmer-Weber with island, the
Frank-Van der Merwe with layer, and the Stranski-Krastanov with layer grow followed by
island formation. The classification can be understood in terms of the interaction strength
between molecule-molecule and substrate-molecule*32]. Pure island growth occurs when
the molecule-molecule bonding strength dominates. Small clusters form on the substrate
surface and grow into three dimensional (3D) islands. By contrast, in layer-by-layer mode, the
interaction between the substrate and molecules exceeds the molecule-molecule interaction.
A stable nucleus grows in two dimensions (2D), forming uniform planar sheets. The growth
of the second layer begins when the first layer is completed®!. The combination of island
and layer growth modes characterizes the Stranski-Krastanov growth. After the surface is
covered by one or more uniform layers at the initial stage, molecules nucleate into clusters

that grow into three dimensional islands(*%.

The growth mode of an organic film can be determined using thickness-dependent XPS
measurements®. For this purpose, the signal intensity attenuation of the substrate is plotted
against film coverage. In the case of layer growth, there is a fast exponential signal progression

with increasing film thickness. In contrast, island growth shows a slight decrease in substrate



2. Theoretical Background

intensity. The Stranski-Krastanov growth mode exhibits a characteristic bend in the curve,

attributed to the transition from layer-by-layer mode to island growth.

0<1 1< 0 0>2

Figure 2.5.: Film growth modes as a function of the coverage © in monolayers (ML).

The film deposition parameters, like the deposition rate, substrate temperature, and substrate
surface properties, including roughness, directly impact organic material nucleation and film
formation[33-3%,

A deposition by OMBD occurs under non-equilibrium conditions in supersaturation®%37.

Supersaturation can be controlled by parameters such as the substrate temperature, evapora-
tion rate, molecular weight, the heat of sublimation, and the entropy of sublimation®%38!. In
the case of radical films, evaporation rates are low to avoid the degradation of the sensitive
radical materials. Further, the molecule’s properties affect the film deposition. The film
preparation of molecules with two or more radical centers is more challenging due to their
reactivity, which limits the temperature window for evaporation. Under this consideration,

molecules form islands preferentially rather than grow in 2D layers!).

10



2.2. Methods

2.2.2. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a well-established method for surface characterization
that allows the determination of element composition, chemical bonding, and stoichiometry

[39]

of the material in the sample®”. A matter exposed to the X-ray radiation of sufficient energy

emits electrons (photoelectrons) from the surface (figure 2.6). The process is known as the

40-421  The incoming photons interact and yield their entire energy to the

photoelectric effect!
electrons in the atomic shells. Excited electrons emerge from the material into the vacuum
when the incident light energy exceeds their ionization energy. The number of photoelectrons
increases with higher light intensity. However, if the energy of the photons is lower than the
threshold value, no photoemission occurs®>*?. The emitted photoelectrons enter an analyzer
with the kinetic energy that depends linearly on the incident photon energy hv according to

Einstein’s relation!42:

Ekin = hv — EB (21)

where Ep correlates to the binding energy of the electron in the atom of molecules. In free
atoms and molecules, the binding energy Ep of electron in a specific core-level is referenced
to the vacuum level E,... In solid materials, electrons require additional energy to surpass a
potential barrier at the surface and exit into the vacuum. The barrier’s strength is related
to the work function ¢, which is the difference in energy between the vacuum level and the
Fermi level Er. The electron binding energy in solids is referred to the Fermi level and can

be calculated by equation 2.2 :

Ef = hv = Bgin — ¢ (2.2)

A typical XPS spectrum (figure 2.7) displays the intensity of photoemission signals as a

43l The binding energies of photoelectrons

function of the binding energy or kinetic energy
are characteristic quantities for each element and its orbitals. The presence of the element’s

photoemission lines in the spectrum reflect the chemical composition of the sample.

In addition to photoemission lines, the XPS spectrum exhibits the Auger peaks, satellites,
and plasmon features. Their presence originates from the relaxation processes accompanying

a core-hole formation. The Auger peaks correspond to the excitation of electrons from the

11
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continuum
Photoelectron

valence
band

Figure 2.6.: Scheme of the photoemission of core-electrons.

outer shells to a continuum. The energy is provided by the de-excitation of the core hole,

where an electron from the upper level fills the vacancy!*4.

The excitation of valence electrons simultaneously with the ionization of the core leads to the
shake-up satellites, with higher binding energies than the main peaks (Appendix A, J. Am.
Chem. Soc. 2023, 145, 13335-13346 and Appendix C, ACS Appl. Mater. Interface 2023,
15, 30935-30943). The satellite features are characteristic for the XPS spectra of aromatic
conjugated molecules, and their analysis provides information on the intramolecular charge
redistribution after photoionization. In metals, an outgoing photoelectron interacts with
the plasmon vibrations, and the spectrum displays a series of low-intensity peaks on the
higher energy side of the main linel*!. Furthermore, the position of the photoemission lines in
spectra depends on the chemical environment of the emitting atom, and the signal intensity

corresponds to the element concentration in the system. Accordingly, XPS can be used for

12
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Figure 2.7.: Survey spectrum of dicyano tetrazolinyl radical assembly on the SiO5/Si(111)
surface recorded with the X-ray incident energy of 1486,6 eV (Al Ka).

analytical purposes!).

One of the essential advantages of X-ray photoelectron spectroscopy is its ability to provide
surface-sensitive information. The inelastic mean free path Ay pr (IMPF) determines the
sensitivity of XPS and refers to the distance that a photoelectron with a certain kinetic
energy can travel between two inelastic collision events, assuming elastic scattering is not
taken into account®?. A,y pp is considered a limiting parameter for XPS because only
photoelectrons that reach the detector without energy loss contribute to the photoemission
lines in the spectra. By contrast, any inelastically scattered electrons with enough kinetic
energy to escape the surface will appear as a background signal. The inelastic electron-
electron and electron-phonon collisions lead to the energy loss of photoelectrons. Most of the
solids display a similar relationship between IMPF and kinetic energy within the range of
10-2000 eV, which is represented by the “universal curve” show in figure 2.8. The IMPF val-

ues reach a minimum at energies 50-200 eV and steadily increase for higher kinetic energies!*?.

The A\japr can be determined according to equation 2.3 developed by Seah and Dench!*?l:

13
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A, MO oLy S

Kingtic enangy (aV]

Figure 2.8.: Inelastic mean free path as a function of kinetic energy!4.

Aivpr = A- Ep + B- B (2:3)
Parameters A and B describe the material properties affecting the IMPF. In the case of organic
materials, the values for A and B are 49 and 0.11, respectively*®!. Tunable radiation sources
enable variation of the kinetic energy of photoelectrons and the surface sensitivity. The
photoelectron’s probability for reaching the surface decreases exponentially with increasing
depth d. The escape depth A of photoelectrons defines an average distance normal to the
surface, from which photoelectrons are emitted with no energy loss*”). A and IMPF are

connected by the relation:

A = )\IMPF - c0sO (24)

with © as the electron emission angle to the surface normal. For normal emission (© = 0°)

follows:

A = )\IMPF (25)

14
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The Lambert-Beer law describes the intensity reduction of the photoelectrons without any

energy loss during transmission through a sample with a thickness d:

d

I = Ipexp (———
! 0€TP ()\[MPF'COS@

) (2.6)

where [y represents the incident intensity and [; the transmitted intensity. Equation 2.6
allows to define the information depth d = 3\ pp. It is the maximum distance perpendicular

to the surface from which 95 % of all detected photoelectrons originatel*4.

2.2.3. Near Edge X-Ray Absorption Fine Structure Spectroscopy

Near edge X-ray absorption fine structure (NEXAFS) spectroscopy works by exciting core

levels through the absorption of X-ray radiation (figure 2.9)H347,

vacuum

P unoccupied states
< Loy Ly
—_— L1

Q= K

Figure 2.9.: Scheme of the X-ray absorption process.
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2. Theoretical Background

When the incident radiation reaches the binding energy of the core level, electrons are excited
to the unoccupied states below the vacuum level. A sharp jump, known as the absorption edge,
is observed in the spectrum. Elements possess unique energies for their core-levels, and respec-
tively distinct absorption energies. This method is sensitive to elements and is valuable for

investigating the oxidation state, electronic structure, and coordination chemistry of atomsSl.

Auger electron

A

vacuum

Figure 2.10.: De-excitation process of the core-hole by emission of an Auger electron and
photon.

The absorption coefficient p characterizes the absorption of X-ray radiation passing through
an absorbing sample with thickness d and depends strongly on the excitation energy*®. 1
is derived from the attenuation of the incident beam intensity due to the absorption event,

using the modified Lambert-Beer law (equation 2.6).

I, = Iyexp(—pd) (2.7)
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2.2. Methods

NEXAFS measures the intensities Iy and I;. The resulting spectrum represents the fine
structure of the X-ray absorption coefficient in dependence on the incident photon energy!?.
The transmission mode is restricted to sufficiently thin samples, which allow transmission of
the X-ray beam through the entire specimen. Both surface and bulk signals contribute to the

overall absorption coefficient.

Absorption measurements of adsorbate molecules on the substrate surface and samples with
arbitrary thickness rely on detecting core-hole decay products**°?. Absorption of X-ray
and excitation of a photoelectron leaves a core-hole behind (as depicted in figure 2.10).
The deexcitation of the core-hole follows two main pathways. An electron from the upper
energy state drops and fills the hole. The free energy can be released as an X-ray photon
(fluorescence). The second decay channel involves energy transfer to an electron in the outer

shell and emission of the Auger electron into the continuum.

The Auger electron yield (AEY) and fluorescence yield (FI) corresponds to the number of
core-holes. Both are proportional to the absorption coefficient!*3#%5% The total electron
yield mode (TEY) measures the drain current from the sample with a pico-amperometer. It
reaches probing depths of 3-10 nm[**. The most sensitive surface detection mode is AEY,
which measures only Auger electrons that come from the first few layersi*®!. In order to
perform NEXAFS and energy-dependent XPS measurements, a tunable X-ray source is
necessary. Synchrotron radiation provides a photon source with high brilliance, a wide range

of accessible photon energies, and a pulsed time structure®-52.
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3. Experimental

This section will focus on the experimental set-up and the preparation of the substrate and
the radical films. The second part will provide a brief description of the measurements that

were performed and will introduce the data analysis.

3.1. The UHV System at Home Laboratory

A series of XPS experiments were performed in a 4-chamber UHV system, which enables
cleaning of the substrate surface, radical thin film deposition, and characterization without
breaking the vacuum. The UHV system is designed around the analytical unit (base pressure:
2 x 107 mbar) with the attached preparation chamber (base pressure: 5 x 107 mbar) and a

deposition chamber for organic evaporation (base pressure: 3 x 107%).

A substrate is introduced to the system through a load lock and transferred further to the
preparation chamber, designed for surface cleaning. A Specs IQE 10 ion source is incorporated
in this chamber for surface cleaning by sputtering, which operates with argon gas. The sample
holder enables the annealing of the samples with a heated metal filament. The chamber
designed for preparing organic films is equipped with a Knudsen evaporator. The integrated
components of the effusion cell, K-type thermocouple, and DC controller enable precise
control over the evaporation temperature of organic materials. A quartz microbalance posi-

tioned above the aperture of a Knudsen cell measures evaporation rates during film deposition.

The substrate surfaces and radical thin films were investigated by using XPS in the analytical
module. It is equipped with a monochromatic Al-Ka source (SPECS Focus 500) and a
SPECS Phoibos 150 MCD hemispherical electron analyser. XPS survey spectra were recorded
at 50 eV pass energy and high-resolution core-level spectra at 20 €V pass energy. All measured
binding energies were calibrated by taking the substrate signals as a reference (Si 2p at
99.8 eV, Au 4f7/, at 84.0 eV, Co 2p at 778.3 €V and In 3ds,, at 444.3 V354,
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3. Experimental

3.2. Preparation of the Substrate Surfaces

Cobalt foil (MaTeck, 99.9 % purity), polycrystalline Co films with a thickness in a range
from 7 to 13 nm deposited on Al,O3/(0001), SiO5/Si(111) wafers, and polycrystalline Au foil
(GoodFellow, 99.9 % purity) were used as the substrates for the radical thin film deposition.

For measurements of the radical powder samples, the powder was embedded in indium foil
(Chempur, 99.9 % purity) by pressing into the surface. Organic polycrystalline compounds
are subjected to the charging effects occurring during the XPS measurements due to the low
conductivity. This is characterized by the energy shifts and line-broadening in the spectrum!®7.
Embedding the radical material in indium metal with good conductivity minimizes the sample

charging.

The cleaning routine of the cobalt surface consists of repeated sputtering and heating cycles.
The substrate was cleaned by sputtering with 2 keV argon ions and following 25 min annealing
at 280-320 °C. The cleanness of the substrate was controlled by recording a XPS survey
spectrum. The cleaning procedure of the cobalt substrate was repeated until no trace of

contaminants was detectable in the survey spectrum.

The Co films deposited on Al;O3/(0001) substrate were prepared by the research group led
by Alek Dediu (CNR-ISMN). The samples were fixed on the sample holder using carbon
tape. Due to the insulating properties of aluminum oxide, a silver paste was used to establish
a conductive contact between the sample holder and the cobalt layer. The silver contacts
prevented sample charging during XPS measurements but, at the same time, did not allow

the annealing step after sputtering of the surface with Ar ions (800 eV).

Si04/Si(111) wafers underwent an ultrasonic cleaning in acetone and methanol for one hour
each, followed by annealing at 500 K for several hours. The effectiveness of the cleaning

procedure was verified by XPS.

The cleaning procedure of the gold substrate was divided into two separate protocols. The
first protocol included three alternating cycles of sputtering with Ar ions at 800 eV for 30
minutes, followed by annealing at 200 °C for 10 minutes. In experiments where the dicyano
tetrazolinyl radical was deposited on a hybrid substrate consisting of SiO2/Si(111) and Au
surfaces, the substrates were cleaned by one cycle of sputtering at 500 eV for 30 min and

annealing at 200 °C for 10 min.
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3.3. Preparation of the Radical Films

3.3. Preparation of the Radical Films

Molecule Substrate Evaporation Evaporation
Pressure Rate
(mbar) (nm/min)
Blatter-pyr Co foil 1077 0.1 -0.5
Co/Al,03/(0001)
diBlatter Si09/Si(111) wafers 1078 0.2
Dicyano tetrazolinyl | SiO5/Si(111) wafers 1077 0.1-0.3
radical Au foil
Hybrid: Au-SiO,/Si(111)

Table 3.1.: Evaporation parameters for the Blatter-pyr, diBlatter and dicyano tetrazolinyl
radical.

The film preparation of the Blatter-pyr, diBlatter, and growth of the dicyano tetrazolinyl
radical assemblies follows the same procedure in the deposition chamber. The radical molecules
were evaporated and deposited on the clean substrate surface using a Knudsen cell. During
film deposition, the substrates were kept at room temperature. All evaporation parameters
for the three radicals are listed in table 3.1. The evaporation rates were determined before
and after the evaporation process with a quartz crystal microbalance. The freshly prepared
films and assemblies were directly transferred to the analysis chamber and characterized by
XPS. For experiments investigating the air film stability, the radical films were exposed to
air in dark and again investigated by XPS, tracking the changes visible in the spectra after

air exposure.

3.4. Experiments at the BESSY |l Synchrotron Facility

A series of NEXAFS measurements were conducted at the COESCA end-station installed at
UE-52 PGM beamline and at the LowDosePES end-station located at the PM-4 soft-X-ray
dipole beamline of BESSY II in Berlin. The CoESCA and LowDosePES end-stations share a
similar design. They both feature a radial distribution chamber that connects the analysis
chamber with a load lock, sample storage, and preparation chambers. The preparation
chamber is equipped with a 4-axis sample manipulator with resistive heating capabilities,
a sputter gun, and ports for evaporator cells. The analysis chamber is equipped with an

angle-resolved time-of-flight (ArTOF) spectrometer. The main characteristics of ArTOF,
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3. Experimental

such as high transmission, fast acquisition time, and reduced dose rate, make it a suitable tool
for studying radiation-sensitive samples?®®°%. The CoESCA station, in contrast to the Low-
DosePES station, features two ArTOF spectrometers positioned at a 54.6° angle with respect
to the photon beam. This setup enables measurements to be taken in coincidence mode or
separately®™. The Coesca, with a soft X-ray plane grating monochromator, is characterized
by photon energies ranging from 120 eV to 1600 eV and a photon flux of 10'2 ph/s/100 mA.
The resolving power can reach more than £/AFE=10000 at 400 eVP™]. By comparison, the
LowDose provides photon energies in the range of 7 to 2000 eV and £/AE=60 000 at 400 V8.

The preparation of the substrates, and film deposition of Blatter-pyr, diBlatter and dicyano
tetrazolinyl radical followed the procedures described in sections 3.2 and 3.3. The same
Knudsen cell was used for the radical film growth as at the home lab to achieve reproducible

film preparation conditions.

The XPS survey spectra and the C 1s, N 1s, Si 2p, and O 1s core-level spectra were measured
with a linearly polarized photon beam with the energy at 850, 700, and 560 eV. For the
valence band spectra and Co 2p high-resolution spectra, the excitation energies at 150 and

990 eV were used, respectively.

The NEXAFS spectra were recorded in total energy yield. For the normalization of the
spectra, the clean substrate signal and the ring current were used, and all spectra were scaled
to achieve an equal edge jump. The NEXAFS measurements were carried out in the normal

incidence at 90° and grazing incidence at an angle of 20-30°.

3.5. Data Analysis

3.5.1. Film Thickness

The Beer’s law (equation 2.6 in paragraph 2.2.2) can be applied to estimate the attenuation
of the substrate signal intensity I; as a function of film thickness d (nm)"*. Thickness is

defined by equation 3.169:

I
d= _)\IMPF cos 0 In <Il> (31)

0

22



3.5. Data Analysis

where, [y represents the intensity of substrate spectroscopic line without organic overlayer and
Arvpr its inelastic mean free path length. The XPS spectra were recorded in normal emission,
where the emission angle of the photoelectrons 6 with respect to the surface normal equals 0°
(cos 0° = 1). The nominal film thickness was determined by extracting the integrated substrate
signal intensities from survey spectra of both clean and radical layer-coated substrates. The
survey spectra were subjected to the baseline correction before integration. The Ajypp value
for Co 2p was calculated from equation 2.3 using factors for inorganic compounds A = 641 and
B = 0.0961%). The IMPF for Si 2p and Au 475 were derived by the interpolation of the calcu-

lated IMPF values given in Ref. 601, The A\jarpr values used in this work are listed in table 3.2.

Core-level | Si2p | Co 2p | Au 4f7),
Arvpr (nm) | 3.17 2.32 1.74

Table 3.2.: Estimated IMPF values using the photon energy of 1486.6 eV for all substrates.

3.5.2. Quantitative Analysis

XPS enables to estimate the concentration of elements present in the samples. The integrated
area of the element’s photoemission lines, including their satellites, corresponds to the element

concentration n; and can be calculated by equation 3.21*4:

A; represents a measured peak area of an element corrected by its .S; standardized sensitivity

factor(61],

The empirically obtained sensitivity factors include an energy correction for the
transmission function of the analyzer, the elemental cross-section and the A;ppp of the
photoelectrons!®?. For quantitative analysis of the radical films, the carbon and nitrogen
concentration were estimated, with the signal areas extracted from the overview spectra
with the following sensitivity factors: C 1s = 0.25 , N 1s = 0.421. Element percentage of

nitrogen and carbon in the films were calculated according to equation 3.3144:

n;

) (3.3)

n;
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3. Experimental

The total sum includes the concentrations of carbon and nitrogen, which are the elements
visible in XPS that build the radical molecule. For stoichiometric radical films, where
molecules retain their radical character upon film deposition, the obtained intensity ratio
C/N agrees with the theoretical values determined by the chemical structure of the radical

molecule.

3.5.3. Fit Analysis

The fit analysis is a mathematical tool used to approximate the experimental XPS curves
and identify the binding energies of the single contributions to the main lines in the spectra
(see paragraph 2.2.2). The peak assignment reveals information on the chemical bonds and
screening processes in the system under investigation!®!. The XPS lines are fitted with
the Voigt profile, a convolution of the Lorentzian and Gaussian functions. The stoichiom-
etry, electronegativity, bond strength, and experimental resolution set the fit procedure’s

64,65]

limitations! The Lorentzian profile describes the intrinsic life-time broadening and

vibronic broadening. The Lorentzian width is given by the Heisenberg uncertainty principle

(equation 3.4) with the finite life-time of the core-hole 714466l;
h

The h represents the Plank constant (eV/second). The values for 7 (second) are accessible
from the high resolution absorption spectra and are published. In performing the fit analysis
of the C 1s and N 1s core-level spectra, the constant Lorentzian widths, 0.08 eV for C 1s

and 0.1 eV for N 1s were used as fit parameters!/®7%8,

The Gaussian profile takes into account all the factors contributing to the inhomogeneous
line broadening from experiments, including the analyzer’s resolution and the dispersion of
the monochromatic X-ray beam. Additionally, the impact of film morphology and molecular

691 For stoichiometric films, the

orientation in the layer on the line width is also considered
ratios of the estimated relative signal intensities agree with the molecule structure. The fit
procedure gives information on the film stoichiometry and provides direct evidence for the

successful film deposition?®,

24



4. Results and Discussions

The first two sections will highlight the key findings from the investigation of the assemblies
of the dicyano tetrazolinyl radical deposited on SiO,/Si(111) wafer, polycrystalline Au foil
and hybrid substrate. Further, the study will cover the degradation mechanism of Blatter-pyr
and diBlatter radical films and the stability of dicyano tretrazolinyl radical assemblies upon
exposure to air. Finally, a comprehensive analysis of the interface between Blatter-pyr and

ferromagnetic cobalt will be provided.

4.1. Dicyano Tetrazolinyl Radical on SiO,/Si(111)

The following section introduces a new radical system based on dicyano tetrazolinyl radical

grown on SiOy/Si(111) wafer and it is presented in figure 4.1.

Radical System 1

@-

Dicyano Tetrazolinyl Radical

sample holder

Figure 4.1.: The first system of the dicyano tetrazolinyl radical: radical assembly deposited
on Si0y/Si(111) substrate.
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4. Results and Discussions

4.1.1. Motivation

As mentioned in the introduction, organic radicals are considered as promising materials
for molecular spintronics®'%, organic magnets!®?¥!, quantum computing, and quantum infor-

5701 Successful realization of organic radicals as spin source materials in

mation processing
spintronics and quantum computing technologies depends on the availability of the suitable
radical candidates. The limited number of radicals with a sufficient stability at ambient
condition represents a major challenge for further progress in this field. Consequently current
development concentrates on finding new suitable radical-candidates. In this context, this
study concentrates on the 2, 2-biphenylene-fused tetrazolinyl radical with two cyano sub-
stituents. The dicyano tetrazolinyl radical, with properties like high thermal and chemical
stability in combination with a long electron spin coherence time (7, ~ 7 ps at 40-80 K),
meets the expectations as a promising candidate for spin-based devices (Appendix A, J. Am.

Chem. Soc. 2023, 145, 13335-13346).

Dicyano tetrazolinyl radical was evaporated on the SiO,/Si(111) substrate by OMBD (section
3.3). Radical molecules form assemblies on the surface during the deposition process. An XPS
analysis was performed to determine the concentration of elements, chemical composition,
and stoichiometry of radical molecules in assemblies. The assembly’s growth, morphology,
and stability upon air exposure were also examined. This part of the work refers to the
results published in J. Am. Chem. Soc. 2023, 145, 13335-13346 (Appendix A).

4.1.2. Quantitative Analysis

This paragraph will highlight the most significant results obtained from the XPS analysis
of dicyano tetrazolinyl radical assemblies. Element concentrations were calculated from a
survey spectrum (as outlined in paragraph 3.5.2) to verify the stoichiometry of radical assem-

blies. The experimental ratio C/N is consistent with the chemical composition of the molecule.

The fit analysis of the N 1s and C 1s core-level spectra (figure 4.2) provide additional
quantitative evidence for the radical deposition without degradation. The contributions of
the single components and their satellites to the N 1s and the C 1s photoemission lines agree
with the molecule stoichiometry. These findings are further supported by the analysis of the
powder spectra (figure 4.2). The fit results demonstrate that the radical molecules of the
assemblies maintain their radical property, as confirmed by EPR measurements (Appendix
A, J. Am. Chem. Soc. 2023, 145, 13335-13346).
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4.1. Dicyano Tetrazolinyl Radical on SiO,/Si(111)

assembly assembly
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Figure 4.2.: (top panel) N 1s and C 1s core-level spectra with their fit components of a

dicyano tetrazolinyl radical assembly on SiOy/Si(111) compared (bottom panel)
to the powder spectra.

© CNs
N1 \N2

)\ /1,3
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Figure 4.3.: Schema of the dicyano tetrazolinyl radical molecule.
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4. Results and Discussions

The radical molecule contains four nitrogen atoms in the tetrazolinyl unit and two nitrogen
atoms in the cyano substituents (CN) (figure 4.3). The first main line at 400.4 eV includes a
combined contribution of photoelectrons assigned to the aminic nitrogen atoms Ny and N3
and the imine-like N4 atom of the tetrazolinyl species. The nitrogen atoms in the tetrazolinyl
ring have a very similar chemical environment, causing their photoemission lines to overlap
and to emerge as a single line in the spectrum. The one asymmetric line is also detected in

the N 1s spectra of molecules with a tetrazole functionalization(™7.

As opposed to tetrazoles, the radical nitrogen component N; appears in the N 1s spectrum as
a distinct shoulder at 399.4 eV. The possible explanation takes into consideration the crystal
structure of the dicyano tetrazolinyl radical described in paragraph 2.1.2. As mentioned,
the closest distance between the two neighbouring molecules involves the Ny and C; atoms.
This short intramolecular “Nj - - - C5” contact with only 3.346 A may enhance the core-hole
screening and lowers the binding energy of photoelectrons of N; atoms. The close inspection
of the N 1s core-level spectra of the radical powder (figure 4.2) also reveals the presence of the
characteristic shoulder at lower binding energies associated with the radical nitrogen atom.

This suggests that the molecules in both assemblies and powder are arranged similarly.

The C 1s core-level spectrum exhibits two main features at 286.0 eV and 287.2 eV. The
first signal at lower binding energy corresponds to the photoelectrons emitted by the carbon
atoms involved in the C—C and C—H bonds. The second photoemission line at 287.0 eV is

assigned to the carbon atoms with electronegative nitrogen atoms as bonding partners.

4.1.3. Growth

The growth mode and morphology of radical assemblies were studied by XPS and scanning
electron microscopy. The observed exponential profile of the attenuation curve of the substrate
Si 2p intensity with increased assembly thickness indicates Volmer-Weber (VW) growth mode,
where only islands are formed. The still strong substrate signal at higher coverage speaks
against a Stranski-Krastanov (layer(s) + islands) growth process (paragraph 2.2.1.1). The
XPS findings yield excellent agreement with the scanning electron microscopy measurements
of the radical assembly. SEM images (figure 4.4) reveal needle-like morphology on the surface

with diameters ranging from 10 to 100 nm.
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4.2. Nanostructure of Dicyano Tetrazolinyl Radical Assemblies
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Figure 4.4.: Attenuation of the Si 2p substrate signal in dependence of the dicyano tetrazolinyl
radical coverage (top) and SEM images of the radical nanoneedles (bottom).

4.2. Nanostructure of Dicyano Tetrazolinyl Radical

Assemblies

This section introduces a second system of dicyano tetrazolinyl radical based on the assemblies
deposited on polycrystalline gold surface and followed by investigation of assemblies grown
on the hybrid substrate, consisting of gold and SiO5/Si(111) surfaces. The results of the fit
procedure of the XPS core-level spectra can be found in Appendix B.

4.2.1. Dicyano Tetrazolinyl Radical on Polycrystalline Gold

Nanomaterials with special morphologies such as nanorods, nanobelts, nanowires, and nanonee-

dles exhibit unique optical and electrical properties. Due to those characteristics, the are
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4. Results and Discussions

sl Section

regarded as the base structure for designing new electronic and spintronic device
4.1 demonstrated that dicyano tetrazolinyl radicals grown on a SiO5/Si(111) substrate forms
islands with a characteristic nanoneedle shape. The nanoneedle morphology, in connection
to air stability, radical character, and hence magnetic properties, laid a solid foundation for

potential future applications in nanoscale electronics and optoelectronics!™!,

In analogy to the dicyano tetrazolinyl radical /SiO4/Si(111) system (section 4.1, Appendix A, J.
Am. Chem. Soc. 2023, 145, 13335-13346), the radical assemblies deposited on polycrystalline
gold foil (figure 4.5) were investigated by thickness-dependent XPS measurements and SEM
techniques. A special emphasis was put on the growth process and the interaction between
the radical assemblies and the gold surface. The results of the fit procedure of the core-level

spectra are included in Appendix B.

Radical System 2

@-=

Dicyano Tetrazolinyl Radical

sample holder

Figure 4.5.: The second system of the dicyano tetrazolinyl radical: radical assembly deposited
on polycrystalline gold.

Thickness-dependent XPS spectra assist in understanding the radical molecule-metal interac-
tion at the interface and allow to distinguish between physisorption and chemisorption, the two
main mechanisms responsible for bonding adsorbate onto the substrate surface. Chemisorp-
tion is characterised by a strong chemical interaction that results in bond formation between
the organic molecules and substrate atoms due to hybridization. The redistribution of electron
density upon interaction modifies the electronic structure of molecules and, consequently, the

yl™7] The counterpart, physisorption, relies on

XPS line-shape and intensity, respectivel
weak van der Wals forces, which do not perturb the core-level states significantly, and the

observed shifts of energy position of XPS lines in core-level spectra of physisorbed organic
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4.2. Nanostructure of Dicyano Tetrazolinyl Radical Assemblies
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Figure 4.6.: Development of the C 1s and N 1s photoemission lines with an increased assembly
thickness.

molecules can be explained by image charge potential or charge transfer process!™!.

The direct comparison between the N 1s core-level spectra for thinner and thicker assemblies
presented in figure 4.6 evidences two significant changes: the energy shift of the spectroscopic
lines towards lower binding energies and substantial modification of the line shape and
intensities for radical molecules in direct contact with the gold surface. This behaviour of the
XPS signals stands in contrast to those of the radical/SiO/Si(111) system, where the XPS

lines, apart from small energy shifts, are invariant to changes in thickness.

Performing a fit analysis of the N 1s and C 1s core-level spectra (figure 4.7, Appendix B)
of the assemblies with different thickness provides a detailed description of the interaction-
induced changes in spectra of radical molecules in contact to gold surface. The N 1s and C 1s
photoemission lines of the thicker assemblies (figure 4.7, top panel) show all the characteristic
features that are observed in the spectra of radical assemblies deposited on SiO,/Si(111)
substrate (figure 4.2, section 4.1, Appendix A, J. Am. Chem. Soc. 2023, 145, 13335-13346).
The intensity ratios of the single contributions to the main lines, including their satellites,

satisfy the radical molecule stoichiometry. The different nature of the gold substrate in
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N 1s & C1s
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Figure 4.7.: Dicyano tetrazolinyl radical deposited on gold. (top panel) N 1s and C 1s
core-level spectra (including their fits) of a thicker assembly (nominally 2.9 nm)
compared to (bottom panel) the spectra of a thin assembly (nominally 0.1 nm).

comparison to SiOy/Si(111) affects slightly the energy positions of the C 1s and N 1s lines of
the thicker assemblies in systems. Furthermore, the lines are narrower, with smaller Gaussian
widths (Appendix B), and they hint at different arrangements of the radical molecules on the

gold surfacel63!.

By reducing the assembly thickness to 0.3 nm, the two dominant features in the N 1s core-

level spectrum of thicker assemblies, attributed to the photoelectrons of the tetrazolinyl unit
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4.2. Nanostructure of Dicyano Tetrazolinyl Radical Assemblies

(Ng, 3,4 component at 399.1 eV and Ny component at 400.1 eV) and the cyano group at 402.7
shift to lower energy site (~ 0.3 eV). The shake-up satellite energy positions and intensities
are affected differently. The shake-up satellites S; and S3 experience different shifts (0.1 eV
and 0.5 eV) in the opposite direction to Sy, which moves 0.5 eV to higher binding energy. In

addition, the intensity of the S; and S, features increases, and that of the S3 satellite decreases.

Reaching the interfacial region (0.1 nm thickness, figure 4.6, lower panel in figure 4.7),
where molecules are in direct contact with the gold surface, the N 1s core-level spectrum
displays distinct changes in the line shape and intensities. The feature corresponding to the
photoelectrons coming from the radical nitrogen and observed in the N 1s spectra of thicker
assemblies at 399.1 eV merges together with the contribution of the photoelectrons from
the three nitrogen atoms of the tetrazolinyl group. The component at 399.4 eV represents
all four nitrogen atoms of the tetrazolinyl unit, and its relative signal intensity of 66.9 %,
including satellite S;, agrees with the theoretical value. The spectroscopic line belonging to
the nitrogen atoms of the cyano groups is most affected by the interaction with the substrate
and assigned to a broad peak signal at 401.4 eV. The two satellites, one intense at 404.5 eV
and the second with lower intensity at 402.4 eV, are ascribed to the CN contribution to fulfil

the stoichiometric requirements of the radical molecule.

The C 1s line follows the trend of the thickness-related changes observed in the N 1s core-level
spectra. At the interface, the main features associated with the photoelectrons of the aromatic
ring system (C—C and C—H components) are shifted about 0.7 eV to the lower binding
energy. The contribution of the carbon atoms bonded to the nitrogen atoms shows a shift
in position at 1.1 eV and a closer distance to the C—H component. Additionally, a strong
interaction between radical molecules and gold visibly affects the satellite features, increasing
their relative intensities™®"". The differences in the satellite intensities at the interface and

for thicker assemblies are attributed to the different charge redistribution upon photoexitation.

The N 1s and C 1s lines of the assembly at the interface manifest a relevant modification of
the line shape and intensity, implying the chemisorption of the radical molecules on the gold
surface. The contribution of the tetrazolinyl-core and the CN component are significantly
affected in the N 1s and C 1s core-level spectra, indicating that the whole molecule engages
in the interaction with the gold substrate and the molecules lose their radical functionality.
Furthermore, chemisorption impacts visibly the intensities of the satellite features in core-level

spectra as reported for the CN substituted pentacene derivative deposited on Au(111) single
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4. Results and Discussions

crystalsl’. The alterations regarding the CN contribution in the C 1s and N 1s spectra
suggest a chemical coupling between the cyano groups and gold atoms. In the literature
examples are published for organic molecules attached to the gold surface through bond
forming between their cyano functionality and gold atoms. In fact, the high affinity of the

CN group towards gold favours a chemical bond to the metal surfacel™ 39,

B I 1
IPTC-TUE 5.0kV 31.2mm x15.0k SE(L) 5/15/2023 ' 3.00um

Figure 4.8.: SEM image of the dicyano tetrazolinyl radical assembly on gold.

The SEM investigation (figure 4.8) of the radical assemblies on gold reveals a island growth
mode with the unmistakeable morphology, that is called in this work “monolith”. Monolith

morphology is characterised by compact vertical islands with a random distribution.

The monolith morphology of dicyano tetrazolinyl radical deposited on gold differs indisputably
from the nanoneedles of assemblies on SiO,/Si(111) wafers. The following paragraph 4.2.2 is
dedicated to examine the dissimilarities in electronic structure and island morphology of the

radical assemblies in two systems.

4.2.2. Dicyano Tetrazolinyl Radical on Hybrid Substrates

This part of work discusses the dicyano tetrazolinyl radical assemblies that are evaporated
and deposited on a hybrid substrate consisting of polycrystalline gold and SiO,/Si(111)
surfaces (as depicted in figure 4.9). Implementation of a hybrid substrate ensures identical
conditions for preparation and deposition, such as deposition rate and substrate tempera-
ture on two surfaces. The substrate itself is the only factor to consider that influences the

growth process (see paragraph 2.2.1.1). The following experiment gives an opportunity to
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4.2. Nanostructure of Dicyano Tetrazolinyl Radical Assemblies

examine the interplay between the radical-substrate interaction at the interface and the
assembly preferential morphology. The motivation for this study arises from the fact that the
adsorbate-substrate interaction plays a prominent role in defining and controlling the film
growth, molecular orientation, and film morphology at the hybrid interfaces/’”. An enhanced
understanding of the growth process of the target radical on different surfaces may enable

the precise fabrication of nanostructures with a specific morphology.
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Figure 4.9.: Radical assemblies deposited on Au-SiO5/Si(111) substrate.

XPS and SEM measurements were conducted on the radical assembly grown on the gold
and Si02/Si(111) surfaces of a hybrid system . The main focus is laid on the comparison of
the XPS core-level spectra of radical assembly in both system based on the results of the
fit analysis and their islands morphology visible in the corresponding SEM images. The fit

results and fit parameters are included in Appendix B.

Figure 4.10 shows the N 1s core-level spectra of a thicker radical assembly deposited on the
hybrid polycrystalline Au-SiO4/Si(111) surface. The intensities of the single contributions of
the experimental N 1s lines, obtained through the fit analysis, agree with the radical molecule
stoichiometry and confirm intact radical molecules on both surfaces. The main features in the
N 1s core-level spectrum of the assembly deposited on gold are shifted at around 0.2-0.3 eV
towards lower binding energies, compared to the photoemission lines of the assembly on
Si04/Si(111). The N 1s line on gold shows a slight line broadening, and the characteristic
shoulder at lower binding energy correlated to the Nrad contribution is less pronounced in
contrast to the N 1s spectrum on SiO5/Si(111). The most striking dissimilarities between the

two N 1s core-level spectra are the higher signal intensities of the first shake-up satellite S;
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Figure 4.10.: N 1s spectroscopic lines with the fit components of the radical assemblies
deposited (left) on SiO5/Si(111) and (right) on polycrystalline gold.

(4.6 %) at 401.1 eV and the second satellite features So (5.9 %) at 403.5 eV on gold. For the
assembly deposited on SiOy/Si(111), the corresponding satellite signal S; shows 2.7 % lower
intensity. The S; satellite feature (8.0 %) is the most intense satellite. The dissimilarities in
the core-level spectra of the radical assemblies deposited on two surfaces reflect their different

morphology in agreement with SEM measurements.

The SEM images in figure 4.11 illustrate the radical assemblies with two different morphol-
ogy grown on the hybrid substrate. On SiO./Si(111) surfaces the nanostructure show a
nanoneedle morphology and on polycrystalline gold, the characteristic monoliths. These
findings correlate with the results of the investigation on the single radical systems (figure

4.4, paragraph 4.1.3) and (figure 4.8, paragraph 4.2.1).

Comparison of the core-level spectra of the radical assemblies on the hybrid substrate estab-
lishes a clear link between the satellite intensities and the assembly’s morphology. Importantly,
the strength of molecule-substrate interaction differs for radical assemblies in the two systems
and plays an active role in determining the assembly morphology. Dicyano tetrazolinyl radical
molecules are chemisorbed on polycrystalline gold and physisorned on SiO5/Si(111). It can
be assumed that a strong interaction of the radical with gold affects the molecule arrange-
ment in the assembly deposited on the gold surface. Presumably, the assembly molecules

have a different molecular orientation than molecules deposited on the SiO5/Si(111), where
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Figure 4.11.: SEM images of dicyano tetrazolinyl assemblies grown on the hybrid substrate:
on Si0y/Si(111) (left) and on polycrystalline gold (right).

interaction with substrate is weak. Future NEXAFS measurements can verify this aspect.
The successful deposition of radical assemblies on the hybrid substrate under controlled envi-
ronment proves, that the nature of the substrate, degree of the molecule-substrate interaction

and bonding mechanism (chemisorption or physisorption) determine the assembly morphology.

4.3. Radical Thin Films Stability Under Air Exposure

The present chapter will thoroughly explore the chemical stability of Blatter radical films
and their degradation mechanism in air. Furthermore, it will examine the impacts of air
exposure on the electronic structure and radical functionality of the recently synthesized and

characterized dicyano tetrazolinyl radical assemblies.

4.3.1. Blatter-pyr and diBlatter Radical

Organic radicals, when exposed to air, tend to undergo recombination, hydrogen abstraction,
or oxidation to fulfil their valency requirements/®). However, in recent years, progress has
been made in engineering radical molecules with remarkable chemical stability!®?. Radical
states can be protected by delocalizing an unpaired electron in the aromatic systems or

introducing steric demanding groups!??2:25:82
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Figure 4.12.: Molecular structures of Blater-pyr and diBlatter.

Specifically, Blatter radical derivatives are a class of radicals with strong chemical stability
due to the extend delocalisation of an unpaired electron or electrons across the triazinyl ring
(see paragraph 2.1.1). Although the lifespan of Blatter radical films in the air is longer when
compared to other open and closed shell organic molecules (as cited in references®8334 see

22271 This work aims to deepen the understand-

also paragraph 2.1.1), it still remains limited!
ing of these long-term degradation mechanisms in Blatter radical thin films and how they
affect the film molecule’s radical character and magnetic properties. The knowledge of the
degradation mechanism will be valuable for the engineering of radicals with improving stability
for applications in devices. For this purpose, two Blatter radical derivatives, Blatter-pyr and
diBlatter (figure 4.12), were selected. The thin films of both radicals were prepared and
characterized by XPS before and after exposure to air. The results of those examinations are

included in Appendix C and published in ACS Appl. Mater. Interface 2023, 15, 30935-30943.

In the initial phase of the investigation, the stoichiometry of the freshly evaporated Blatter-pyr
and diBlatter films is determined by a fit analysis of the N 1s and C 1s core-level spectra.
The fit results are used as a reference to capture potential variations in the N 1s and C 1s
lines after exposure to air. Here, the N 1s line can be regarded as a sensitive indicator for
modification in the local chemical surroundings of nitrogen atoms, the spin carrying units
of the molecule. In the case of degradation of the film molecules, changes in the line shape
and intensity are expected??. Consequently, the main focus of this study lies in the detailed

analysis of the N 1s lines of radical films.
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Figure 4.13.: N 1s core-level spectra of fresh Blatter-pyr (left, nominal thickness: 6 nm) and
diBlatter (right, nominal thickness: 1 nm) films with their fit components.

As shown in figure 4.13, three main features dominate the N 1s core-level spectrum of
Blatter-pyr films, assigned to the three chemically distinct nitrogen atoms of the triazine ring.
The component with the lowest binding energy of 398.3 eV corresponds to the photoelectrons
of radical nitrogen Nrad because of the delocalized nature of the unpaired electron?. The
obtained signal intensity ratios of the main lines 1:1:1 match the molecule structure. The
expected Blatter-pyr stoichiometry and the presence of the Nrad feature prove that the
radical molecules retain their radical character upon film deposition (Appendix C, ACS Appl.
Mater. Interface 2023, 15, 30935-30943).

diBlatter contains two fused Blatter radicals. In both molecules, the atoms experience very
similar chemical environments. As a consequence, the features in the N 1s (figure 4.13) and
C 1s core-level spectra (Appendix C, ACS Appl. Mater. Interface 2023, 15, 30935-30943) of
Blatter-pyr resemble those of diBlatter. The N 1s line shows three characteristic contributions

of nitrogen atoms of the triazin-ring (1:1:1) and confirms intact radical molecules in the film.
In the second step of the study, the lifetime of Blatter-pyr and diBlatter films was examined
by exposing freshly evaporated films to air and characterizing them with XPS. The core-level

spectra of the air-exposed films were compared to the fresh films’ spectra.

After being exposed to air for 45 h, the N 1s core-level spectrum of the Blatter-pyr film
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Figure 4.14.: Comparison of N 1s core-level spectra of a freshly evaporated film and after air
exposure for Blatter-pyr (left, 45 h in air) and diBlatter (right, 24 h in air).

seen in figure 4.14 showed no significant changes, indicating no molecule degradation. By
contrast, the N 1s main line of diBlatter film is altered only after 24 h in air. The N 1s
core-level spectrum shows changes in line shape and intensity. The characteristic dip between
the second and third main line decreases and is accompanied by a gain in intensity at around
401 eV. The alteration of the N 1s line of diBlatter indicates that film molecules undergo
degradation to some extent when exposed to air. Furthermore, the difference in lifetime of
Blatter-pyr and diBlatter is evident and supported by the fit analysis (Appendix C, ACS
Appl. Mater. Interface 2023, 15, 30935-30943).

The fit analysis of the core-level spectra of Blytter-pyr (figure 4.15) confirms a robust film
stability in air. The intensity of the photoemission line Nrad associated with the photoelec-
trons emitted by a radical decreases less than 2 % in comparison to the fresh film. In general,
film stoichiometry do not change significantly upon air exposure and the film molecules pre-
serve their radical character. This findings correlate to the electron paramagnetic resonance

spectroscopy measurements that demonstrated the Blatter-pyr stability in air for 3 month!??.

The opposite situation is observed for diBlatter film exposed to air for 72 h. The N 1s
core-level spectrum (figure 4.15) displays indications of the degradation of molecules, leading
to changes in the chemical surrounding of the nitrogen atoms. The contributions Nrad

and Ng, 4 to the N 1s main line decrease in intensity, and a new feature appears at 400 eV.
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Figure 4.15.: N 1s and C 1s core-level spectra with the fit components of Blatter-pyr fim
after 45 h in air (top) and diBlatter-fim after 72 h in air (bottom).

The loss in intensity of Nrad contribution indicates that the radical moiety of the molecule
participates in the degradation process. According to the results of the fit procedure of the
N 1s line, 38 % of film molecules lost their radical character after air exposure for 72 h. The
C 1s line (figure 4.15) shows only small changes in intensity concerning the C—N component
assigned to the carbon atoms bonded to the nitrogen atoms. The C 1s core-level spectrum
reveals no evidence for oxidation of carbon atoms under air exposure. In the case of oxidation,
the presence of C=0 features at higher binding energy side would be expected. The minor

noticeable changes in the intensity of C—N component resonates with the alteration of a
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chemical surrounding of the nitrogen atoms.

The identity of the new N* feature in the N 1s core-level spectrum of diBlatter film (figure
4.15) can clarify how film molecules degrade when exposed to air. The ab initio calculations
done by Arrigo Calzolari (CNR-NANO Istituto Nanoscienze), provide information on the
potential degradation pathways for Blatter-pyr and diBlatter radicals (Appendix C, ACS
Appl. Mater. Interface 2023, 15, 30935-30943).

Among the impurities present in the air, the adsorption of H and NH; plays a major role in the
degradation of Blatter-pyr and diBlatter. A bond formation H—N between the contaminants
and the nitrogen atoms (Nrad or Ny in case of Blatter-pyr, Appendix C, ACS Appl. Mater.
Interface 2023, 15, 30935-30943) of radical molecules causes a loss of the magnetic moment in
both radicals. The ab initio calculation states that the interaction with H and NH, affects the
binding energies of three main contributions in the N 1s core-level spectrum. Most notably,
the gain in intensity in the range 400-401 eV correlates with the adsorption of NH,; and H at
the Nrad atom of the Blatter-pyr and diBlatter molecule (Appendix C, ACS Appl. Mater.
Interface 2023, 15, 30935-30943).

Blatter-pyr and diBlatter form hydrogen bonds O—H---N with molecular water. The
interaction with water does not alter the radical character of the Blater-pyr molecules
that maintain their magnetic moment. A contrasting behaviour is observed for diBlatter
films. Interaction with water results in quenching of the magnetic moment of the radical
molecules. Regarding film stability, the adsorption of molecular water may be responsible for
the difference in the lifetime upon air exposure between the Blatter-pyr and diBlatter films.
diblatter with two radical units is water-sensitive, and the films degrade in contact with
the molecular water present in the air. Blatter-pyr with one radical site poses a high water
resistance, and films stay longer intact upon air exposure. This good stability of Blatter-pyr
might establish the transition from academic-related applications to commercial devices based
on organic radicals (Appendix C, ACS Appl. Mater. Interface 2023, 15, 30935-30943).

4.3.2. Dicyano Tetrazolinyl Radical

Accordingly, the air stability of the dicyano tetrazolinyl radical assemblies at ambient condi-
tions was probed, too, using XPS (Appendix A, J. Am. Chem. Soc. 2023, 145, 13335-13346).
XPS spectra were recorded directly after the deposition of assembles and again after air

exposure for 64 h. As mentioned above, the N 1s line is a sensitive indicator for changes in
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the local bonding of the nitrogen atoms of the tetrazolinyl-ring. If the radical character of
the molecules is affected, the N 1s core-level spectra shows evident changes in the line-shape

and intensity accompanied by the appearance of new features!®256%
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Figure 4.16.: N 1s core-level spectra of an assembly directly after deposition and after 64 h
air exposure (left) and their corresponding survey spectra (right).

The evolution of the N 1s line (figure 4.16) reveals no evidence for radical molecule degrada-
tion after the assembles were exposed to air for 64 h. However, the signals experience an
energy shift towards higher binding energies and the intensity of the satellite peak increases.
This observation point to possible desorption of assembly molecules from the substrate. This
conclusion is further supported by the decrease in the intensity of the C 1s and N 1s lines
in the survey spectrum recorded after 64 h in air. At the same time, the substrate signals
experience an increase in their intensity, indicating that the substrate surface is more exposed
over time. The EPR measurements confirmed a long half-life of the radical nanoneedles of 50
days in the air (Appendix A, J. Am. Chem. Soc. 2023, 145, 13335-13346).

4.4. Blatter-pyr/Cobalt Interface

Organic radicals hold great potential for building hybrid interfaces in spintronic devices. Rad-
icals with low lying single occupied molecular orbitals open the possibility for spin-dependent
electron transport and modulation of molecular spin by electromagnetic fields®!. This work

takes a step further in the development and deposit purely organic Blater-pyr radical on a

43



4. Results and Discussions

polycrystalline Co substrate.

This section addresses the electronic structure and chemical properties of the Blatter-
pyr/polycrystalline cobalt interface. A combination of XPS and NEXAFS measurements
was employed to determine the strength and nature of the interaction between the radical
molecules and the metallic cobalt. The impact of the radical-substrate interaction was

independently analysed on the molecular and metallic side, and the results of the study can
be found in Appendix D and Angew. Chem. Int. Ed. 2024, e202403495.

The first part will dive deep into the characterization of the film molecules XPS core-level
spectra as a function of the film thickness. For comparison purposes, figure 4.17 presents
the N 1s and C 1s spectra, along with the results of the fitting procedure, for the highest
and lowest film coverage. The N 1s and C 1s regions of the 6.0 nm radical film exhibit
typical features of the intact Blatter-pyr molecules, characterized in detail in paragraph 4.3.1,
Appendix C, ACS Appl. Mater. Interface 2023, 15, 30935-30943.

Going down to the lowest coverage, the C 1s and N 1s lines (figure 4.17) are perturbed by close
proximity to the cobalt surface. The N 1s core-level spectrum of a 0.4 nm film is characterized
by a broad asymmetric signal at 397.3 eV and a second feature at 399.2 eV. The obtained
intensity ratios of the single contributions to the main line differ with respect to the intensity
ratios of the thicker films providing direct evidence for a change in the chemical environment of
the nitrogen atoms upon the interaction with the cobalt surface. At lower coverage, the C 1s
core-level spectrum shows changes in the line-shape and energy position of its components but
to a lesser extent than observed in the N 1s core-level spectrum. The three main components
do not experience an equal energy shift. The binding energy of the C—N contribution that is
most affected shifts towards the lower energy side, while the C—C and C—H components expe-
rience shifts in opposite directions. As the thickness of the film increases from 0.4 to 6.0 nm,
the energy separation between the C—N and C—H contribution rises from 0.7 eV to 1.1 eV
(as shown in figure 4.17). Notably, the C—N feature becomes more prominent in the thick film.

To better understand the bonding situation at the interface, the N 1s core-level spectra of
films with different thickness were fitted with the same number of components as the thickest
film. Figure 4.18 (lower panel) shows a development of the individual contributions as a
function of film coverage. Upon closer inspection, it becomes evident that there is a noticeable

shift towards higher binding energies as the film thickness increases. Moreover, a gain in the
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Figure 4.17.: N 1s and C 1s core-level spectra for a thick (6.0 nm) Blatter-pyr film (top)
compared to a thin ( 1.1 nm) Blatter-pyr film (bottom) with their fit components
deposited on polycrystalline cobalt.

intensity of the contributions Nrad and N; contradicts the trend of the intensity decrease
observed for the satellite features S; and S,. Component Ny decreases until film thickness
reaches 1.6 nm, followed by a slight increase for thicker films. For film coverages exceeding
1.6 nm, the N 1s line exhibits the typical behaviour of thicker films that correspond to the
changes observed in C 1s core-level spectra (Appendix D, Angew. Chem. Int. Ed. 2024,
€202403495). The low intensity of the component Nrad associated with the photoelectron

emitted from the nitrogen radical atom correlates with film molecules that lost their radical
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Figure 4.18.: Upper panel: Thickness-dependent N1s core-level spectra of Blatter-pyr thin
films on polycrystalline cobalt. Lower panel: Evolution of the energy position
[left) and the relative intensities (right) of the single components in the N 1s
core-level spectra with increasing film thickness.

The substantial dissimilarities in the N 1s and to lower extend in the C 1s core-level spectra

for interfacial and multilayers (figure 4.17 and figure 4.18) imply a strong modification in the

electronic structure of radical molecules induced by a strong substrate-molecule interaction
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at the interface. Upon adsorption, a chemical bond is formed between the radical molecules
and the cobalt atoms that results in the loss of the radical character of the molecules in the
film. NEXAFS measurements provide additional confirmation for this strong interaction
and allow access information about the unoccupied states, type of chemical bonding, and
possible charge transfer process at the organic/metal interface and molecular orientation on

the surface!8>86,
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Figure 4.19.: C K-edge NEXAFS spectrum for a nominally thin Blatter-pyr film on the
polycrystalline cobalt surface recorded in normal and grazing incidence (left)
and C K-edge NEXAFS spectra for the interfacial and thick radical film measured
in normal incidence (right).

Features in the C K-edge spectra (figure 4.19 (right)) show clearly visible thickness-dependent
modifications. For instance, the pre-edge contribution assigned to the transition from the
C 1s core-level to the single unoccupied molecular orbital (SUMO) and the 7* resonances
located at 287.3 eV, and 288.7 ¢V[8788 are suppressed in the spectrum for radical molecules
close to the interface. This phenomenon indicates a charge transfer from the Co metal to the
Blatter-pyr, resulting in the filling of SUMO and other previously unoccupied states of the

radical molecules.

The combination of XPS and NEXAFS delivers a whole picture of the occupied and unoccu-

pied states of radical molecules at interface. The spectral profile of radical molecules changes

[5,75]

close to the surface, indicating a strong interaction at the interface Radical molecules
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89,90

form a chemisorbed layer on the cobalt surfacel3? and the charge transfer takes place from

the ferromagnetic substrate to the organic radical layer.

At this point of the investigation, the attention will shift to the cobalt surface. Again,
NEXAFS and XPS measurements were applied, this time to explore in depth the influence of
chemisorbed radical molecules on the electronic structure of the metallic Co surface. Both
techniques are sensitive to Co atoms’ valence state, allowing differentiation between Co

species in different oxidation states®!.

The NEXAFS spectra recorded at the Co Lo 3-edges (figure 4.20) for clean surface and interfa-
cial layer display no significant dissimilarities apart from a slight increase in signal intensities
after deposition. Two intense features at 776.2 and 791.2 eV ascribe to the transition between
the Co 2p and 3d states. The peak positions and the line-shapes correlate with the metallic
cobalt, and the features, which would be associated with the oxidized Co species!®? are not
present in both spectra. Further XPS inspection of the Co 2p region before and after radical
deposition supports this conclusion. The two dominant signals at 793.3 eV and 778.3 eV
belong to the spin-orbit splitting components Co 2p;/, and Co 2ps/, of the metallic Co (0)
state and broad photoemission line at around 770 eV corresponds to the Co LMM Auger

93,94

peakl®®94 There is no eviden for the oxidized Co species.

Thus, the combined results of XPS and NEXAFS measurements for a clean Co surface and
surface interfaced with radical molecules provide no indications for oxidation of the Co surface.
The origin of the slight enhancement of the Co L, 3-edge signal intensities, observed for the
Co surface with the radical layer, points towards lower occupancy of the Co 3d states!92%%
as result of chemisorption. This finding agrees with a charge-transfer process directed from
the Co atoms to the radical molecules at the interface and correlates with the interpretation

of NEXAFS C-K edge spectra (figure 4.19) and XPS spectra of the Blatter-pyr molecule
(figure 4.17) in the films.

Ab-initio density functional theory calculations were performed by Andrea Droghetti (Trinity
College, University of Dublin) on the Blatter-pyr/Co(0001) system (Appendix D, Angew.
Chem. Int. Ed. 2024, ¢202403495) to understand the chemical interaction at the radi-
cal/cobalt interface. The study confirms a strong hybridization between the molecular orbitals
of the radical and the Co 3d states. The interfacial bonds alter the magnetic moment of the

Cobalt surface atoms, reducing it from 1.7 ug, the value calculated for the clean surface, to
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Figure 4.20.: NEXAFS Co L 3-edge spectra (left) and XPS Co 2p-spectra (right) before
(blue) and after (red) Blater-pyr thin film deposition.

0.25 up (Appendix D, Angew. Chem. Int. Ed. 2024, ¢202403495). Chemisorbed molecules
on the metallic Co do not preserve their radical character, as previously estimated based on

the XPS data.

The reduction of the Co magnetic moment at the interface was proved experimentally by
performing a fit analysis of the Co 3s core-level spectra. The Co 3s spectrum is characterised

by a multiplet splitting related to the interaction between unfilled d-states and ionized 3s

(96,97

state I. As consequence, the intensity ratio of the doublet components % correlates to the

total spin S of the unpaired 3d electrons, which can be calculated with the equation 4.2197):

I S
== 4.1
I S+1 (1)
The magnetic moment of Co atoms /i, can be estimated by using the relation!®™:
ps =2upy/(S+1)8 (4.2)

where pp is the Bohr magneton.
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Figure 4.21 shows the Co 3s core-level spectra before and after deposition of Blatter-pyr
film. The two contributions to the main line were estimated by using a Doniach-Sunjic line

shapel?0].
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Figure 4.21.: Co 3s core-level spectra with the fit components of the clean Co surface and
after deposition of Blatter-pyr thin films.

The magnetic moment of the Co atom of the clean surface with 1.88 up is close to the value

9899 and decreases to 1.53 up upon radical film deposition.

of 1.72 pp reported in literature
The interface-induced reduction of the Co magnetic moment reflects the trend determined by

the DFT calculations (Appendix D, Angew. Chem. Int. Ed. 2024, €¢202403495).

Notably, the change in the magnetic properties of the Co surface due to the hybridization with
the Blatter-pyr follows a similar pattern to the Cgo/Co interface. In general, the deposition
of a Cgo layer suppresses the magnetization of the ferromagnet around 15-30 %M10%101 For
instance, theoretical calculations on the Cgy/Co system estimated that Cgo layer reduces the

14,102

Co magnetic moment to 1.25 pg! . The decrease of the magnetization of 0.27 ug was

measured for the Cgy/Co interface. This was realized by the deposition of a 20 nm thick

100]

Cgo layer on the 5 nm thin Co film! This value is comparable to the value of 0.35 ug

estimated for the Blatter-pyr/Co interface.
Based on these findings it is evident that the chemical bonding of radical molecules with the

Co surface, alters the electronic structure of the ferromagnet and results in a decrease of

its magnetic moment. It demonstrates that radical-substrate interactions define the local
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4.4. Blatter-pyr/Cobalt Interface

chemical and magnetic properties of the hybrid interface. This can be viewed as a powerful
approach to manipulate and control the spin transport in future molecular-based spintronic
devices. These findings offer insight into the magnetic properties of the cobalt surface,
relying only on investigating the XPS Co core-level spectra. XPS technique proved to be
an alternative tool to asses the magnetization of the ferromagnetic surfaces compared to
well-established methods such as magneto-optical Kerr-effect (MOKE) or X-ray magnetic
circular dichroism (XMCD), which depends in comparison to XPS , on the external magnetic

ﬁelds[102,103] .
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5. Conclusions and Qutlook

The presented work studies the electronic properties, air stability, chemical interaction, and
phenomena occurring at the purely organic radical interface with various substrates. The
main results and conclusions derived from the characterization of the selected radical systems

by the X-ray techniques, SEM, and DFT calculation are summarized below:

o We demonstrated the first evaporation and deposition of a novel dicyano tetrazolinyl
radical on SiO5/Si(111) surface. The molecules of the radical assemblies maintain their
radical functionality upon deposition and exposure to air for at least 64 h and longer

confirmed by XPS and EPR measurements.

o The investigation uncovers a strong tendency of dicyano tetrazolinyl radical to form
islands upon deposition, whose morphology depends heavily on the substrate and
molecule-substrate interaction. The assemblies form nanoneedles on the SiO,/Si(111)
surface, and radical molecules are weakly physisorbed. Conversely, radical assemblies
grown on polycrystalline gold reveal an inland formation with a distinct “monolith
structure”. Moreover, the radical manifests a chemisorptive bonding character on the

gold surface.

o We introduced a fabrication of the assemblies of dicyano tetrazolinyl radical with two

distinct morphologies in one-step deposition on the hybrid substrate.

» Blatter radical derivatives exhibit an extraordinary chemical stability upon air expo-
sure. Blatter-pyr, with one radical side show high water resistance and retain radical
functionality at least for 45 h and longer, when exposed to air. diBlatter, with two
radical-side is water sensitive and show evidences for degradation in air after 24 h

exposure.

o The interfacial hybridization and charge transfer at Blatter-pyr/Co interface reduce the

magnetic moment of the ferromagnet, and chemisorbed Blatter-pyr molecules do not
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5. Conclusions and Outlook

sustain their radical character. XPS technique has proved to be an useful tool to probe

the magnetic properties of the ferromagnetic surfaces without use of magnetic fields.

« From the point of view of the applications in spintronics, the radical state of the Blatter-
pyr in thin films on Co can be enhanced by attaching molecules to a metal surface

using a terminal linker group and reduce the strength of radical-metal interaction!®.

Our findings on the magnetic properties of the hybrid Blatter-pyr/Co interface show a
strong correlation to the popular spintronic Cgy/Co system. This allows us to predict
a potential modulation of the magnetic anisotropy of Co by adsorbed Blatter-pyr films,
which can be subject to future measurements. Most importantly, chemical coupling and
hybridization between the radical and the ferromagnet surface can be viewed as a powerful
approach to control and tune local magnetic and spin-transport properties of the hybrid
radical/Co interfaces for spintronics applications. On the other hand, the assemblies of
dicyano tetrazolinyl radical with nanoneedles and monolith morphology hold great promise
for integrating and patterning in nanodevices. In-situ deposition opens a versatile platform
for tailoring nanostructure shape and size by changing deposition parameters or preferential

growth direction by selecting substrates with a specific geometryl®!,
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A;
AEY
Al
ArTOF
a.u.

Au

C

°C
CCD
CN

Co

cos

d

A

D (e.g. 2D)
Ep
Eyac
Ep

eV

FI

g

h (constant)
h (unit)
H

GW
HIS

6. Symbols and Abbreviations

percent
peak area

Auger electrons yield

element symbol of aluminium

angular-resolved time of flight (electron analyser)

arbitrary units

element symbol of gold
element symbol of carbon
degrees Celsius
charge-coupled device
cyano group

element symbol of cobalt
cosine

nominal film thickness
escape depth
dimensional

binding energy

vacuum level

Fermi level

electron Volt
fluorescence yield
gramme

Planck constant

hour

element symbol of hydrogen
Gaussian width

hybrid interface states
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HZB
K

In

A

/\IMPF

%ni

KB
Hs

mbar
1S

Mg
MOKE
MR

v

N
NEXAFS
O
OMBD
OMTJs
(ONAY

)

PES
PTM
rad

S

S

SEM
SMJ

Si

sin

SUMO

Helmholtz-Zentrum Berlin
Kelvin

natural logarithm

wavelength

inelastic mean free path
element percentage

element concentration
absorption coefficient

Bohr magneton

spin magnetic moment

metre

millibar

microsecond

element symbol of magnesium
magneto-optical Kerr-effect
magnetoresistance

frequency

element symbol of nitrogen
near-edge x-ray absorption fine structure spectroscopy
element symbol of oxygen
organic molecular beam deposition
organic magnetic tunnel junctions
organic spin valves

work function

photoelectron spectroscopy
Perchlorotriphenylmethyl
radian

second

total spin angular momentum
scanning electron microscopy
single-molecular junctions
element symbol of silicon
standardized sensitivity factor
sine

singly-unoccupied molecular orbital



TEY
TGA
UHV
wL
XMCD
XPS

a specified angle

total electron yield mode
thermogravimetric analysis
ultra-high vacuum

Lorentzian width

X-ray magnetic circular dichroism

X-ray photoelectron spectroscopy
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ABSTRACT: Open-shell organic molecules, including S = 1/2 radicals, may
provide enhanced properties for several emerging technologies; however,
relatively few synthesized to date possess robust thermal stability and

ke¥e!

processability. We report the synthesis of S = 1/2 biphenylene-fused tetrazolinyl NN:NN. Ecen=09eV
radicals 1 and 2. Both radicals possess near-perfect planar structures based on Slow spin
their X-ray structures and density-functional theory (DFT) computations. decoherence
Radical 1 possesses outstanding thermal stability as indicated by the onset of 1 RYCN Tm=7ps
decomposition at 269 °C, based on thermogravimetric analysis (TGA) data. 2 R; B

Both radicals possess very low oxidation potentials <0 V (vs. SCE) and their
electrochemical energy gaps, E o ~ 0.9 eV, are rather low. Magnetic properties
of polycrystalline 1 are characterized by superconducting quantum interference
device (SQUID) magnetometry revealing a one-dimensional § = 1/2 antiferromagnetic Heisenberg chain with exchange coupling
constant J'/k ~ —22.0 K. Radical 1 in toluene glass possesses a long electron spin coherence time, T,, & 7 ys in the 40—80 K
temperature range, a property advantageous for potential applications as a molecular spin qubit. Radical 1 is evaporated under
ultrahigh vacuum (UHV) forming assemblies of intact radicals on a silicon substrate, as confirmed by high-resolution X-ray
photoelectron spectroscopy (XPS). Scanning electron microscope (SEM) images indicate that the radical molecules form
nanoneedles on the substrate. The nanoneedles are stable for at least 64 hours under air as monitored by using X-ray photoelectron
spectroscopy. Electron paramagnetic resonance (EPR) studies of the thicker assemblies, prepared by UHV evaporation, indicate
radical decay according to first-order kinetics with a long half-life of 50 & 4 days at ambient conditions.

.
Nanoneedle assemblies with 14, = 50 days in air

B INTRODUCTION

Recent advances in the design and synthesis of thermally
robust high-spin di- and triradicals based on the Blatter
radical' ™ have expedited the preparation of organic radical
thin films via controlled evaporation under ultrahigh vacuum
(UHV)."*~° Notable developments include thin films of an §
= 1/2 Blatter radical derivative exhibiting magnetic ordering’

essential prerequisite in the design of high-spin polyradicals
with large energy gaps between the high-spin ground state and
low-spin excited state.'*™"”

Spin densities at the para/ortho-positions may be derived
from experimental 'H hyperfine couplings via the McConnell
linear relationship,'® that is, a larger hyperfine coupling

corresponds to a greater spin density. For example, in the

and a high-spin (S = 1) Blatter-based diradical with robust
stability and electrical conductivity.® In addition, robustness
and synthetic availability of § = 1/2 Blatter radicals® enabled
their recent applications as paramagnetic liquid crystals,”"
batteries,"" and potential molecular spin qubits.'* Likely, other
novel properties will emerge from the remarkable Blatter
radical; however, we are in search of new S = 1/2 building
blocks for future development.

2,2"-Biphenylene-fused tetrazolinyl (BFTZ) monoradicals,
or so-called phototetrazolinyl radicals,"® have attracted our
attention because of their exceptional stability and, most
importantly, the potential to achieve relatively large spin
densities at the para-positions (and ortho-positions) with
respect to the nitrogens of the tetrazolinyl moiety (Figure 1).
Large spin densities at the para/ortho positions are the

© 2023 American Chemical Society

7 ACS Publications

BFTZ radical (R = Ph, X = Y = H), the hyperfine coupling at
the para-position is [A("H)I = 5.2 MHz."’ In other nitrogen-
centered stable radicals, analogous values of para IA("H)| are
5.0 MHz (p) and 1.6 MHz (p’) in the Blatter radical,”>*' 1.8
MHz in the oxo-verdazyl radical,”* 3.1 MHz in the verdazyl
radical,” and only 2.7 MHz in simple tetrazolinyl radicals.**

-JACS

Received: April 1, 2023
Published: June 7, 2023

https://doi.org/10.1021/jacs.3c03402
J. Am. Chem. Soc. 2023, 145, 13335-13346



A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure,

Journal of the American Chemical Society

pubs.acs.org/JACS

X Y
P P BFTZ mp (°C)
m MR=tBu, X=Y=CN 289, dec
° NoN ©° R =tBu, X=Y =COOMe 254, dec
NN R=Ph,X=ClLY=H 310
. NYN R=Ph,X=Y=H 160-161
R R=X=Y=H 119-122

Blatter radical Verdazyl radical Oxo-verdazyl radical

Figure 1. Top: 2,2'-Biphenylene-fused tetrazolinyl (BFTZ) radicals
and spin density map at the UB3LYP/6-31G(d)+ZPVE level.
Bottom: Blatter and verdazyl radicals. Para-positions are indicated
with a red symbol p or p’.

BFTZ radicals possess exceptional thermal stability. While
the parent radical (R = X = Y = H) melts at about 120 °C,”" its
derivatives (R = t-Bu, X = Y = CN or CO,Me) melt with
decomposition at temperatures >250 °C, according to the
literature.”* Remarkably, a BFTZ derivative (R = Ph, X = CL, Y

= CN) was reported to melt at temperatures as high as

~300 °C.>>*" Some of these radicals could be prepared not
only in good yields but also with nearly quantitative spin
concentrations. Also, they were found to be monomeric in the
solid state and in solution.'>*?**72° In more recent studies, the
mechanism of photochemical formation and ultrafast excited-
state dynamics of tetrazolinyl radicals and 2,2'-biphenylene-
fused tetrazolium cations (Figure 1: R = Ph, X = Y = H) were
elucidated.””*®

Here, we report the synthesis and comprehensive character-
ization of S = 1/2 2,2"-biphenylene-fused tetrazolinyl radicals 1
and 2 (Figure 2). Radicals 1 and 2 are designed to take

CN NC
N\ N' \‘

Y

Figure 2. Radicals 1 and 2.

advantage of the exceptional stability of the BFTZ backbone,
with the long-term goal of thermally and magnetically robust
high-spin radicals. In particular, Br-substituted 2 would likely
enable cross-coupling chemistry.

Both radicals were prepared as crystalline solids with near-
perfect spin concentrations and characterized by X-ray
crystallography, electron paramagnetic resonance (EPR) spec-
troscopy (including electron spin relaxation properties for 1),
superconducting quantum interference device (SQUID)
magnetometry, voltammetry, UV—vis—NIR absorption spec-
troscopy, and thermogravimetric analysis (TGA). Radical 1
was evaporated under UHV, forming, under the present
preparation conditions, nanoneedles, as shown by scanning
electron microscopy (SEM). The nanoneedles’ UHV- and air-

stability were further investigated by using X-ray photoelectron
spectroscopy (XPS) and EPR spectroscopy.

The nanoneedle morphology is very interesting for nano-
electronics applications because of device miniaturization and
the favorable ratio between surface and bulk that is beneficial
for various devices such as sensors and transistors.”” > Several
examples of small diamagnetic molecules, p- and n-type
semiconductors, have been shown to grow following this
morphology.>*™*” However, to our knowledge, among
adequately characterized thin films of radicals, only the
tris(2,4,6-trichlorophenyl)methyl radical shows a mixed
morphology, with the coemstent presence of islands and fibers
when grown on graphene.*® Conversely, radical 1 shows a
distinct nanoneedle self-assembled morphology under the
present preparation conditions.

B RESULTS AND DISCUSSION

Synthesis. Formazans 4 are synthesized using a phase
transfer catalysis approach,®~*" in which suspensions of
diazonium salts, prepared in situ from 4-cyano- or 4-bromo-
aniline, are added to hydrazone 3 in a mixture of dichloro-
methane (DCM) and water in the presence of tetraalkylam-

monium salt (Scheme 1). Oxidation of formazans 4 with N-

Scheme 1. Synthesis of Radicals 1 and 2

0,0 O

NC
@ x-( >-NH, & -N+
NH / \\

X =CN or Br

« NaNo2 HCI Ph (51 -80%) ﬁ/
Br~
3 \Prh (30-32%) x = cN: 4-CN Ph
X = Br: 4-Br X =CN: 5-CN
X =Br: 5-Br
NC X
hy . ’ SnCl,
(254 nm) O NaOH 1 2
- . > N-N+ o rioe Or
X = CN: MeOH o (20-51%)
X = Br: MeOH, H,0, HNO; NN _ 77 -
(29-79%) pp Y =NO; or Br
X = CN: 6-CN
X = Br: 6-Br

bromo-succinimide (NBS) provides the tetrazolium salts
5.>%*! Photochemical ring closure of $ gives fused tetrazolium
(phototetrazolium) salts 6.”%*° Finally, reduction of salts 6,
using SnCl, under basic conditions in water/benzene under
inert atmosphere,® yields radicals 1 and 2. Spin concentrations
for all prepared samples of radicals are summarized in the
Supporting Information (SI).

X-ray Crystallography. The structures of radicals 1 and 2
are confirmed by X-ray crystallography (Figure 3). In both
radicals, the tetrazolinyl-and-biphenyl-fused moieties are
planar. As illustrated by the small values of the dihedral
angles, the phenyl substituent connected to C1 is approx-
imately co-planar with the planes defined by the phenyl group
(C14—C19) and the tetrazolinyl/biphenyl (C1-Cl13, C20,
C21, N1-N6, Brl) tilted relative to each other by 10.18(9) and
1.2(2)° in 1 and 2, respectively.

Both 1 and 2 crystallize in the monoclinic space group
P2,/n. However, one molecule of benzene per formula unit is
co-crystallized with 1. The crystals of 2 that are obtained from
either pentane/toluene (0.17-mm-long needle) or pentane/
ethyl acetate (0.87-mm-long needle) possess identical

https://doi.org/10.1021/jacs.3c03402
J. Am. Chem. Soc. 2023, 145, 13335-13346
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Figure 3. Molecular structure and crystal packing of 1 at 100 K and of 2 at 153 K. For 1, a molecule of co-crystallized benzene is omitted. Top and
Middle: Ortep plots (top and side views) with carbon, nitrogen, and bromine atoms depicted with thermal ellipsoids set at the 50% probability level
(top and side views). For 1, a molecule of co-crystallized benzene is omitted and for 2, Br/CN disorder is not shown. Bottom: tetramer of
molecules of 1 forming a one-dimensional (1-D) chain along the crystallographic a-axis with short intermolecular contacts, N1--CS = 3.346 A.

Further details are reported in Tables S1—S3 and Figures S1—-S6, SL

structures at 153 and 296 K, respectively; in both structures,
the Br and CN groups are disordered over two positions.

In the crystal of 1 at 100 K, the molecules are 7-stacked,
forming one-dimensional (1-D) chains along the crystallo-
graphic a-axis, with an average plane-to-plane distance of
3.28(9) A, with planes defined by the C/N atoms of the entire
molecule (Figure 3). Because intermolecular close contacts,
such as N1--C5 = 3.346 A,** primarily involve atoms with
positive spin densities, significant intermolecular antiferromag-
netic interactions are anticipated in crystalline radical 1. Also,
co-crystallized molecules of benzene magnetically isolate the 1-
D chains (predominantly along the c-axis).

In the crystal of 2 at 153 K, the molecules are also 7-stacked,
forming alternating 1-D chains along the crystallographic a-
axis, with plane-to-plane distances of 3.24(4) and 3.35(4) A,
when Br/CN disorder is not considered (planes defined by the
Br/C/N atoms of the entire molecule). In the crystal of 2 at
296 K, 1-D chains with an average plane-to-plane distance of
3.40(4) A are found, when Br/CN disorder is taken into
account. For the nearest-neighbor molecules, intermolecular
contacts, such as N1--CS = 3.407 A, are found. Thus, we
anticipate that intermolecular antiferromagnetic interactions in
2 will be relatively weak and, most likely not 1-D, because of
the spatial proximity of 1-D chains in the crystal.

Density-Functional Theory (DFT) Computations. DFT
(UB3LYP-D3BJ/6-31G(d,p)/PCM-UFF+ZPVE) optimized
geometries for 1 and 2 in benzene (or DCM) indicate
perfectly planar structures with C,, and C; symmetry,
respectively.*’ In these computations, the UB3LYP functional
is augmented with Grimme’s empirical dispersion correction
(D3 version)** and with the Becke—Johnson damping
function.*®

Based on the relatively small value of the lowest vibrational
frequency of 16 cm™ (A,-symmetric mode) in 1, primarily
involving twisting of the phenyl group at C1 (Figure 3), we
suspect that small distortions from planarity observed in the
solid state structures of especially 1 are due to crystal packing
effects. (For comparison in 2, the lowest vibrational frequency
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of 22 ecm™ is computed.) Both radicals follow the typical
Aufbau rule, with electrons in their singly occupied molecular
orbital (SOMOs) at higher energy, compared to electrons in
the corresponding highest occupied molecular orbitals
(HOMOs), in contrast to the SOMO/HOMO inversions
found in selected nitrogen-centered radicals.** >

EPR Spectroscopy. The purity of samples for radicals 1
and 2 is determined by EPR spectroscopic spin counting (SI).
In addition, treatment of 1 with HCI in methanol/water at
room temperature gives cleanly the 1-electron-oxidized
product, i.e., diamagnetic tetrazolium cation 6-CN.

Neugebauer and Russell carried out '*N labeling in
symmetrically substituted BFTZ (X = Y) derivatives (Figure
1)** and established that the values of A(**N) ~ 11 MHz
associated with N1 and N4 (Table 1) were almost
independent of substitution; the values of A(**N) ~ 22-16
MHz associated with N2 and N3 (Table 1) were following the
relationship, CH; > H > CO,CH; > CN."***>3 Also, in the
un-substituted derivatives (X = Y = H), values of A('H) at the
ortho and para positions (Figure 1) were identical."”

Due to significant spin densities at the four nitrogens of the
tetrazolinyl moiety and at the ortho-carbons (and protons),
CW EPR spectra of radicals 1 and 2 in benzene at room
temperature show resolvable isotropic "N and 'H hyperfine
couplings, A(**N) and A('H) (Figure 4 and Table 1).>*

The inclusion of unresolved 7Br- and ®'Br-hyperfine
couplings at natural isotopic abundance,®* which serves as an
effective additional line broadening contribution, provides an
improved spectral fit for 2 (Figure S21, SI). The resultant value
of A(Br) = 0.78 MHz indicates a non-negligible amount of
spin density on bromine, which is in qualitative agreement with
the DFT-computed A("Br) = 1.7 MHz (Table S4, SI).

We evaluate electron spin relaxation properties of 1 in frozen
dilute toluene solution as a function of temperature.
Longitudinal relaxation properties are measured using
inversion recovery and fitted with an exponential recovery
V(T) = a—b exp(—T/T),), yielding the longitudinal relaxation
time T (Figure S22, SI). As shown in Figure SA, the relaxation

https://doi.org/10.1021/jacs.3c03402
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A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 1. Summary of DFT-Computed (UB3LYP-D3BJ/6-
31G(d,p)/PCM-UFF+ZPVE in Benzene) and Experimental
Hyperfine Coupling Constants (A in MHz)

X P ~o0_H
L s
Nz~N1

,—R

U
L
NC H

p o

IR=PhX=CN 2R=PhX=Br R = t-Bu X = CN
DFT EPR DFT EPR EPR”
N, 11.9 10.5 11.6 10.4 10.7
N, 10.9 15.8 13.8 20.1 18.7
N, 10.9 15.8 10.0 14.8 18.7
N, 11.9 10.5 11.9 10.4 10.7
H(o) -72 5.8 =71 5.6 5.0
=79 6.0
N (CN) 1.6 1.8
“Ref 24.
A
Radical 1 in benzene
at 295K
— Experiment
— Simulation:
rmsd = 0.01615
327 330 333 336
mT
B
Radical 2 in benzene
at295K
— Experiment
— Simulation:
rmsd = 0.01662
327 330 mT 333 336

Figure 4. EPR spectra of radicals 029 mM 1 and ~0.2 mM 2 in
benzene. (A) 9.2918 GHz, modulation amplitude = 0.02 mT;
simulation:** g = 2.0042, A(™N) = 15.79 MHz (n = 2), A(™N) =
10.51 MHz (n = 2), A("H) = 5.74 MHz (n = 2), linewidths peak-to-
peak (lwpp), Gaussian = 0.00043 mT and Lorentzian = 0.1179 mT;
(B) 9.2956 GHz, modulation amplitude = 0.04 mT; simulation:** g =
2.0046, A(**N) = 20.10 MHz (n = 1), A(**N) = 10.40 MHz (n = 2),
A(MN) = 1479 MHz (n = 1), A('H) = 6.02 MHz (n = 1), A('H) =
5.64 MHz (n = 1), lwpp, Gaussian = 0.00146 mT and Lorentzian =
0.1225 mT; g-values are uncorrected. Further details are in the SI:
Table S4 and Figures S19—S21.

rate, 1/T}, shows a steep monotonic increase with temperature,
progressing from 0.033(5) ms™" at 19 K to 2.3(5) ms™" at
160 K.

To quantify the transverse relaxation, Hahn echo decays are
measured and fitted with a stretched exponential decay V(27)
= V(0) exp(—(27/T,)*), yielding the electron spin phase
memory (or coherence) time T,, and the stretch exponent &.
The Hahn echo decays show substantial modulations due to
N (see Figure S23, SI), which are neglected in the stretched
exponential model. As shown in Figure 5B, 1/T,, shows a
nonmonotonic temperature dependence, in which it initially

decreases to a minimum of about 0.14(1) us™" around 60 K
(corresponding to T, ~ 7 us), before it increases until about
120 K. Values of 1/T,, above 120 K are unreliable and
associated with large uncertainties, since in this range the echo
decay is on the same time scale as the period of the strong '*N
nuclear echo modulation. We tentatively attribute the
increased transverse relaxation rate at very low temperatures
to the dynamics of the methyl groups of the solvent molecules
(toluene-hg). Protons on these methyl groups are responsible
for enhancing decoherence. Such effects have been observed in
a variety of other methyl-containing systems.”>™® The
decrease of the stretch exponent at low temperatures
corroborates this interpretation.

One of the key prerequisites for the use of paramagnetic
molecules as spin qubits for potential quantum sensing
applications is a long coherence time T,.*”® For 1 in
toluene-hy, the value of T, & 7 ps in the 40—80 K temperature
range is comparable to T,, = 7.2 pus for a Blatter radical
derivative measured in toluene-dg at 25 K.°' The value of T,, ~
7 ps is significantly longer than T, = 3—4 and 4—5 us in the
40—80 K range for typical gem-dimethyl and optimized
spirocyclic pyrroline nitroxide radicals, respectively,”® or T,
= 4—6 ps and T, < 4 ps in the 40—80 K range for Blatter
radicals immobilized on silica and optimized vanadium
complexes in protiated solvents/matrices, respectively.'>”%°

SQUID Magnetometry. Polycrystalline 1 and 2 are
studied by SQUID magnetometry (Figures S$24—S27, SI).
We focus on the study of radical 1 (Figure 6) because 1
exhibits much stronger exchange interactions, compared to 2,
as indicated by the values of mean-field parameters (I6l)
differing by a factor of 3 (Figure 526, SI). The value of y Ty, =
0.351 emu K mol™' in the high-temperature plateau
(280—320 K) is in excellent agreement with a spin
concentration of 94%, as determined by EPR spin counting.
At lower temperatures, the yT vs. T plot shows a profound
downward turn, with crystal defects (magnetically isolated S =
1/2 radicals), significantly contributing to the values of yT
(and ) at 1.8 K. The y vs T plot has a characteristic broad
maximum at T, ~ 14 K, suggesting a low-dimensional
magnetic behavior. Three sets of y vs. T data may be well fit to
one-dimensional (1-D) S = 1/2 antiferromagnetic Heisenberg
chain,**~%* to provide the coupling constant, J'/k = —21.85 +
0.70 K (mean = SE, n = 3). The common relationship for such
1-D chains, T,,,, /IJ'/kl = 0.641, is well satisfied for radical 1.°>
Notably, another limiting model for such intermolecular
antiferromagnetic coupling, such as pairs of S = 1/2 radicals
(dimers),"* gives much inferior fits for the y vs. T data (Figure
$25, SI).40>06

Electrochemistry. Cyclic, differential pulse, and square-
wave voltammograms (SWV) for radical 1 present approx-
imately reversible processes with the oxidation and reduction
peaks at E*/® ~ —0.14 V and E/° & —1.07 V vs. SCE.%’
Because radical 2 is derived from 1 by replacing one of the
strongly electron-withdrawing cyano groups with bromine, it is
easier to oxidize at E"/® &~ —0.28 V to the diamagnetic cation
and slightly more difficult to reduce at E/° ~ —1.14 V (Figure
7).

The highly negative oxidation potentials (e.g, E*/® ~ —0.3 V
for 2) may impede its Pd-catalyzed cross-coupling reactions, as
already observed for Blatter radicals with EY% ~ +0.1 — (+0.3)
V,%%% requiring a highly reactive Pd-catalyst,” compared to
oxo-verdazyl radicals with E*/® ~ +0.8 V.”%”*

https://doi.org/10.1021/jacs.3c03402
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Figure 6. SQUID magnetometry of polycrystalline radical 1:
experimental data plotted as yT vs. T and yT vs. T and the selected
numerical fits to one-dimensional S = 1/2 antiferromagnetic
Heisenberg chain (eq S1A,B, SI). Fitting parameters, such as J'/k
and weight factors, and relevant statistical parameters are summarized
in Table S6, and illustrated in Figures $24—S27, SL

For radicals 1 and 2, electrochemical band gaps, E.y = E*/°

— E7/°, are rather low with E.yq = 0.935 + 0.015 and 0.866 +
0.003 eV, respectively. Because E_ may be related to the gas
phase IP — EA and to disproportionation energies for the 2R®
— R* + R reaction, the low values of E_ are one of the
favoga;ozle factors in the design of neutral radical conduc-
tors.”" "
UV-Vis—NIR Spectroscopy. UV—vis—NIR spectra of 1
and 2 in dichloromethane (DCM) show the longest-wave-
length bands at A,,, = 717—729 nm with broad absorption
envelopes (Figure 8). The spectrum for 1 can be reasonably
well reproduced by time-dependent density-functional theory
(TD-DFT) computations (after shifting the computed band
positions by —0.6 eV, Figure S7, SI).* Plots of molar
absorbance (extinction coefficient), &, vs. wavenumber, 7, for
radical 1 in DCM and in benzene demonstrate that the
longest-wavelength band at A, =~ 730 nm (the lowest-
wavenumber band at 7, & 13,700 cm™") is symmetrical, and
it shows negligible solvent dependence (Figure 8, inset).

For radical 1 in DCM or benzene, the optical band gap, E, =
1.12 + 0.002 eV, is slightly higher, compared to E, = 1.09 eV
for radical 2 in DCM (Figures S$9—S12, SI), which parallels the
trend in the values of E_; though for 1 in DCM, the longest-
wavelength band, 4., = 726—729 nm, possesses a bath-
ochromic shift, compared to corresponding 4., = 717 nm for
2 in DCM. For comparison, BFTZ (R = t-Bu, X = Y = CN)
radical in dioxane was reported to possess A, = 695 nm.”*
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Figure 7. Square-wave voltammetry (SWV) of radicals 1 and 2 in 0.1
M tetrabutylammonium hexafluorophosphate in dichloromethane at
room temperature. Redox potentials are given as mean + stddev with
n =4-9 (1) and 6—9 (2). For further details, including cyclic and
differential pulse voltammetries; see the SI, Figures S15—S18.

Diamagnetic cations (salts) 6-CN and 6-Br, precursors to 1
and 2, possess much higher E; = 2.50 and 2.00 eV, respectively
(Figures S13 and S14).

Stability of Radicals by TGA. Thermogravimetric analysis
(TGA) data indicate that the onset of thermal decomposition
of 1, corresponding to a 1% mass loss, is at 269 °C. At 301 °C,
the decomposition rate reaches a sharp maximum (with a
shoulder at ~290 °C). In contrast, for 2, the primary
decomposition has the onset and maximum rate temperatures
that are by 50—80 °C lower, and the secondary decomposition
possesses a maximum rate at 338 °C (Figure 9).

We note that radical 1 in benzene at room temperature is
quite persistent with about 3% (vs. TEMPONE) and 5%
decrease of double-integrated intensity of its EPR spectrum in
one and two weeks, respectively; this corresponds to a half-life
of the order of 5—6 months. As mentioned before, radical 1 in
the presence of a strong acid, such as concentrated HCI in

https://doi.org/10.1021/jacs.3c03402
J. Am. Chem. Soc. 2023, 145, 13335-13346



A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Journal of the American Chemical Society

pubs.acs.org/JACS

5 -
—1
3 03 —_— 1!n ECM
T —— 1in benzene v
£ £02
o o
= 34 =
g g
4 401 *
> b3
8 2] 2
< < : \
- 15 25
V(103 x cmr)
0 += T T ¥ 3
200 600 1000 1400 1800

2 (nm)

Figure 8. Main plot: UV—vis—NIR (294 K) absorption spectra for
0.31 and 0.30 mM radicals 1 and 2 in DCM, as well as TD-DFT-
computed spectrum for 1 in DCM solvent model. For 1, bands at 4,,,,,
=270, 306, 365, 406, 485, and 729 nm have the following extinction
coefficients (L mol™ cm™): &5, = 4.4 X 10 &30 = 2.3 X 10%, £345 =
2.2 X 107, 406 = 8.7 X 10, €455 = 4.5 X 10%, and &9 = 2.5 X 10°. The
values of & are not corrected for spin concentration of the radicals.
Inset plot: Expanded spectra for 1 in DCM and benzene, plotted vs
wavenumbers (7) and showing the longest-wavelength band at A, &
730 nm. The feature at 4 & 900 nm, marked with a blue asterisk, is an
instrumental artifact (change of grating). Further details may be found
in the SI: Figures S7—S14.
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Figure 9. Thermogravimetric analysis (TGA) of radicals 1 (A) and 2
(B) under N; heating rate = 5 °C min™". Further details may be
found in the SI: Figures S28—S31.

methanol/water, at room temperature undergoes a nearly
quantitative conversion to the precursor tetrazolium salt 6-CN
(see SI, Section le).

Controlled Deposition of Radical 1 on SiO,/Si(111)
Wafers. Using a well-established method,”®”” we evaporated
radical 1 on native SiO, on Si(111) wafers. We used organic
molecular beam deposition (OMBD) which allows precise
control of the evaporation parameters.”® The radical assemblies
were investigated, without breaking the vacuum, by using XPS.
This experimental technique, based on the photoelectric effect,
can be used to determine quantitativel_}r the concentration of
the elements adsorbed onto a surface.””*® The intensity and
binding energies of the spectroscopic lines are sensitive to the
chemical environment of the elements forming the radicals.”
Thus, we were able to: (1) compare the core-level spectra of

the assemblies with those of the powder (ie., with the signal
from radical 1 that did not undergo evaporation, Figure 10);
(2) calculate the stoichiometry of the obtained assemblies,
comparing them to the molecular stoichiometry (Table S7,
SI); and (3) fit the main spectroscopic line adopting a fit
procedure that we developed for radicals®’ that allows
assessing the integrity of the molecules and, therefore, their
radical character (Figure 10).

Looking in detail at the C 1s and N 1s core-level spectra, we
found that the main lines have a complex shape that mirrors
the different chemical environments of each atom in the
radical. The carbon atoms have two main different chemical
environments: the emitted photoelectrons have different
binding energies depending on whether they are bound to
other carbon atoms and hydrogen atoms or to a nitrogen atom
(see; the molecular structure in Figure 2, the fit analysis in
Figure 10, and the corresponding Tables S8 and S9, SI). This
is signaled by the C 1s spectroscopic line showing two
contributions, the one at higher binding energy being the
component due to photoemission of electrons from carbon
atoms bound to nitrogen atoms. In a very simplified model,
this can be understood in terms of electronegativity. Nitrogen
atoms are more electronegative than carbon atoms. This moves
the electronic cloud toward them, requiring more energy to
emit an electron. A similar argument also holds for the N 1s
spectroscopic line that, with its complex shape, mirrors the
presence of the tetrazole ring, with four different chemical
environments of the nitrogen atoms and the presence of the
cyano groups (see the molecular structure in Figure 2, the fit
analysis in Figure 10, and Tables S10 and S11, SI). The fit
assignment is also in very good agreement with previously
investigated radical and closed-shell thin films."*"**> In
addition to the effects due to the different chemical
environment, we also observe the presence of several satellite
features, the so-called shake-up satellites, typical features in
photoemission that appear as an effect of the relaxation
processes, caused by the core hole left behind by the
photoemitted electron. Taking into account their intensity is
mandatory to gain reliable information on the stoichiometry of
the investigated systems.”**>%?

The comparison of the spectra of the assembly with the
spectra of the powder does not show new or different features
(see Figure 10).

In the tetrazolinyl ring, the chemical environments of the
four nitrogen atoms are very similar, thus, within the
experimental resolution, we expect a single asymmetric line,
as it is the actual case both for powders and assemblies. This is
consistent with previously published results on the diamagnetic
tetrazole-based systems.**~** The main line at around 400 eV
shows a pronounced shoulder. This suggests a stronger
delocalization/screening of the core hole created upon
photoemission in one of the nitrogen atoms. Considering the
crystal structure of radical 1 (Figure 3), we can infer that the
intermolecular contact N1--C5 is short enough™* "' to
enhance the screening of the core hole in N1, pushing the
binding energy of the N1 photoemitted electrons toward the
lower-energy range. This behavior is the same for the
assemblies and the powder (polycrystalline 1). This observa-
tion suggests that the nanoneedles are characterized by an
arrangement of the molecules similar to the one of polycrystal-
line 1.

The result of this approach indicates that evaporation and
deposition do not change the chemical structure of the

https://doi.org/10.1021/jacs.3c03402
J. Am. Chem. Soc. 2023, 145, 13335-13346
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Figure 10. (Top) C 1s and N 1s core-level spectra of a thicker assembly of radical 1 deposited on SiO,/Si(111) substrate compared to the
(bottom) powder spectra, together with their fit components. For the fit details, see the Supporting Information.
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Figure 11. (Left) Attenuation of the Si 2p XPS signal, normalized to the corresponding substrate signal at zero adsorbate thickness as a function of
radical 1 nominal thickness, during the deposition at room temperature of radical 1. The exponential decay line is a guide to the eye. (Right)
Typical SEM image showing the radical 1 nanoneedles (see also Figure S32 in the Supporting Information for additional SEM images).

molecules in the assemblies, i.e., the radical character and the
molecules are wholly intact in the assembly, i.e., the deposition
of radical 1 occurred without degradation. The assemblies were
also investigated by using EPR spectroscopy that confirmed
their radical character.

XPS is also a powerful spectroscopic method to assess the
growth modes of adsorbates onto a substrate. An advantage of
this method is that the investigation occurs in real time,
without breaking the vacuum, by monitoring the decay of the
substrate signal versus the nominal thickness of the adsorbate
during evaporation (Figure 11). We note that the substrate
signal, Si 2p in this case, follows an exponential decay with
increasing the assembly nominal thickness, which indicates
either Stranski—Krastanov (layer(s) + islands) or Volmer—
Weber growth modes (islands). However, the decay at higher
thickness is different in the two cases: for pure island
nucleation and growth, the substrate signal intensity is still
very high as in the present case. Thus, XPS hints at the
Volmer—Weber growth mode. This growth mode is favored by
weak molecule-substrate interactions and the selected
thermodynamical conditions determined by substrate and
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evaporation temperatures. To shed light on the assembly
morphology we used scanning electron microscopy (SEM).
The SEM images (Figures 11 and S32, SI) are very surprising.
On the one hand, they confirm the XPS finding of island
growth, on the other hand, the islands have a specific
morphology: they are needles. We have never observed this
morphology in our previously investigated radical and
multiradical systems. This specific morphology justifies, and
it is the reason why, in this case, we prefer to use the word
“assembly” rather than the word “film” to describe the
adsorbate. In general, the needle morphology is generated by
the asymmetry of the diffusion and traverse step-edge potential
barriers seen by the molecules landing on the nucleated island
during evaporation.”® The diffusion barrier along the plane
perpendicular to the needle axis is high, hindering the growth
in those directions while the growth along the needle axis is
facilitated. We also observe that in some cases the diffusion
barrier relaxes giving rise to branches that follow a dendritic
growth. The nanoneedles are stable when exposed to air: we
monitored their core-level signals upon prolonged air exposure

https://doi.org/10.1021/jacs.3c03402
J. Am. Chem. Soc. 2023, 145, 13335-13346
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by using XPS and did not observe changes (see Figures S33
and $34, SI).

Persistence of Assemblies of Radical 1 on Silicon
Surface by EPR Spectroscopy. We studied the nanoneedle
assemblies of 1 on S$iO,/Si(111) by EPR spectroscopy. Their
typical EPR spectra show two components, that is, a narrow S
= 1/2 isotropic peak, which is superimposed on a broader
anisotropic S = 1/2 peaks; these peaks correspond to radical 1
and the well-known paramagnetic defect site in the Si
substrate, respectively (Figure 12A). This is confirmed by

A 3.0 O -Ln(x)vst
— After 1d =25 e==FX
— After 22d < 20
— After 54 d T
1.5
20 ¢(d)40 60
Decay of assembly of radical 1
1-54 d at ambient conditions
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mT
B Cc
— Experiment:
polycrystalline
— Fit: rmsd =
0.01948
— Experiment:
assembly
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— Fit: msd =
0.01724
331 334 337 330 333 336
mT mT

Figure 12. EPR spectroscopy of assemblies of radical 1 at ambient
conditions: assemblies on SiO,/Si(111) (A, B) and polycrystalline
(C). Additional details may be found in the SI: Table S12 and Figures
§35—540.

the spectra of empty SiO,/Si(111) substrate (SI). Numerical
fits of the spectra of the assemblies provide the ratios for the
two components, which allow for a calculation of the molar
fraction of radical 1, x (Table S12, SI), assuming that the
intensity of the spectrum for the Si-defect site is constant.
Decay of x follows first-order kinetics with a half-life, 7,,, = 50
+ 4 days (d) (Figure 124).

For the freshly prepared assemblies on SiO,/Si(111), the
spectral subtraction (adsorbate minus the substrate), provides
a narrow line spectrum with g = 2.0036 and a peak-to-peak
linewidth (Iwpp) of about 0.17 and 0.12 mT for Gaussian and
Lorentzian components (Figure 12B). This spectrum may be
compared to similar spectra of polycrystalline radical 1, for
which g = 2.0034 and Iwpp = 0.18 mT (Gaussian) and 0.05
mT (Lorentzian) are obtained (Figure 12C). Since nanoneedle
assemblies have a line-shape intermediate between Gaussian
and Lorentzian, this may suggest an even more pronounced
1-D character for exchange coupling, compared to the
polycrystalline solid.”

Bl CONCLUSIONS

We successfully synthesized two new tetrazolinyl-based
(BFTZ) radicals 1 and 2 with excellent spin concentrations.
X-ray crystallography of 1 and 2 shows nearly perfectly planar
structures. DFT computations reveal perfectly planar structures
with C,, (for 1) and C, (for 2) point groups of symmetry. Di-
cyano-substituted radical 1 shows long electron spin coherence
times in frozen solution. Polycrystalline 1 has an ultrarobust
thermal stability as suggested by its onset of decomposition in
TGA at >260 °C. We were able to evaporate radical 1 under
controlled conditions to form nanoneedles with intact radical
character. The nanoneedles are also stable under air. This
specific morphology might enable using radical 1 with the
purpose to achieve precise lateral control of deposition,
growth, and positioning of radical nanostructures in nano-
devices. Combination of ultrarobust thermal stability, nano-
needle morphology, low electrochemical band gap, and
relatively long electron spin coherence times makes radical 1
exceptional.

We envisage tetrazolinyl-based (BFTZ) radicals as superior
building blocks for the next generation of thermally and
magnetically robust high-spin diradicals and triradicals.

B EXPERIMENTAL SECTION

X-ray Crystallography. Crystals of 1 and 2 for X-ray studies were
prepared by slow evaporation from organic solvents. Data collections
were performed at Indiana University, using Mo Ka radiation. Final
cell constants were calculated from the xyz centroids of strong
reflections from the actual data collection after integration
(SAINT);”* intensity data were corrected for absorption
(SADABS).”* The space group, P2,/n, was determined based on
intensity statistics and systematic absences. The structures were
solved and refined using the SHELX suite of programs.gs’% Intrinsic-
methods solutions were calculated, which provided most non-
hydrogen atoms from the E-maps. Full-matrix least squares/difference
Fourier cycles were performed, which located the remaining
nonhydrogen atoms. All nonhydrogen atoms were refined with
anisotropic displacement parameters. The hydrogen atoms were
placed in ideal positions and refined as riding atoms with relative
isotropic displacement parameters. Crystal and structure refinement
data for 1 and 2 are in the Supporting Information and the CCDC
deposited files in CIF format.

Synthesis. Standard techniques for synthesis under inert
atmosphere (argon or nitrogen), using custom-made Schlenk
glassware and custom-made double-manifold high-vacuum lines,
were employed. Chromatographic separations were carried out
using normal-phase neutral alumina or silica gel.

Electron Spin Relaxation. Pulse EPR data were recorded at X-
band on a Bruker ES80 spectrometer equipped with an MD4
dielectric resonator and a Bruker/ColdEdge cryogen-free sample
cooling system. The sample in 4 mm O.D. was prepared in toluene
with a concentration of 200 M, validated by spin quantification. The
sample was purged with argon for 3 minutes before freezing.
Longitudinal relaxation times T, were determined from inversion
recovery data recorded with a 7—T— 7n/2—7—m—7—echo sequence,
with a constant 7 = 200 ns and four-step phase cycling. Phase memory
times T, were obtained from fitting a stretched exponential to Hahn
echo decay curves, obtained with a 7/2—7—7—7—echo sequence, with
an initial 7 = 200 ns and two-step phase cycling. All pulses are
rectangular pulses. The length of the 7/2 pulse ranges from 14 to 16
ns. A nutation experiment and an echo-detected field sweep were
measured at each temperature for optimizing pulse length and
magnetic field, respectively. The sample temperature was controlled
via a Mercury iTC controller (Oxford Instruments) utilizing a Cernox
sensor mounted on the resonator body.

Assemblies on SiO,/Si(111) Wafers. The preparation of the
radical assemblies and the XPS measurements were carried out under
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ultrahigh-vacuum conditions. A three-chamber UHV-System was used
equipped with a monochromatic Al Ka source (SPECS Focus 500)
and a SPECS Phoibos 150 MCD hemispherical electron analyzer,
attached directly to the OMBD and sample preparation chambers. To
grow the radical assemblies on SiO,/n-Si(111) wafers, we followed
our approach to film deposition by OMBD.”®”” The substrate was
cleaned in an ultrasonic bath in acetone and methanol for one hour
each. After annealing at around 500 K for several hours, the wafer
surface was examined for contaminants by XPS. The radical molecules
were evaporated and deposited on the substrate kept at room
temperature (evaporation rate: 0.1—0.7 nm/min). The evaporation
rate was monitored by a quartz crystal microbalance. In parallel, the
nominal thickness was estimated from the XPS data, investigating the
attenuation of the substrate Si 2p signal after deposition. The XPS
survey spectra were recorded at 50 eV pass energy and the high-
resolution core-level spectra at 20 eV pass energy. All measured
binding energies were calibrated by taking the substrate Si 2p;, signal
at 99.8 eV as a reference.”® The energy resolution was 0.4 eV. All
photoemission measurements were performed in normal emission.
The SEM images were acquired ex situ by using a Hitachi SU 8030
SEM.
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1. Experimental Section: Synthesis and Measurements.
1.a General procedures and materials.

Throughout the following paragraphs labels “ZY 831" and alike correspond to sample or experiment
code directly traceable to the laboratory notebooks or raw data.

All solvents used in reactions are directly from supplier without further purification. Per-deuterated
solvents for NMR spectroscopy were obtained from Cambridge Isotope Laboratories. All other
commercially available chemicals were obtained from either Millipore Sigma or Acros, unless indicated
otherwise. Standard techniques for synthesis under inert atmosphere, using vaccum lines and Schlenk
vessels, were employed.

Column chromatography (0-20 psig pressure) was performed by using Sorbtech silica gel (60 A, 40-75
pm). Analytical TLC plates were carried out on 0.25 mm MilliporeSigma silica plates (60F-254) using
UV light as the visualizing agent. Photochemical reactions were carried out using a reactor employing
multiple Analytik Jena 6 mW 254 nm lamps UVP UVG-54. Centrifugation was conducted using Fisher
Scientific microcentrifuge Model 59A. IR spectra were obtained using a commercial instrument,
equipped with an ATR sampling accessory. MS analyses were carried out at local facilities for mass
spectrometry.

NMR spectra were obtained using Bruker spectrometers (‘H, 400, 600, and 700 MHz) using chloroform-
d (CDCls), water-d>, acetone-ds, or DMSO-ds, as solvent. The 700 MHz instrument was equipped with a
cryoprobe. The chemical shift references were as follows: (‘H) chloroform-d, 7.26 ppm; (‘H) acetone-ds,
2.05 ppm; (*C) acetone-ds, 30.23 ppm; (‘H) water-di, 4.79 ppm; ('H) DMSO-ds, 2.50 ppm; ('3C)
DMSO-ds, 39.51 ppm. Typical 1D FID was subjected to exponential multiplication with an exponent of
0.1 Hz (for 'H) and 1.0 — 2.0 Hz (for 1*C).
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1.b X-ray crystallography.

Crystallographic data for 1 and 2 were deposited in the Cambridge Crystallographic Data Centre
(CCDC 2253237, 2253238, and 2253239). The data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

The single crystals of radicals 1 and 2 were obtained by slow solvent evaporation from solvent mixtures;
the solvent mixture was obtained by a slow diffusion of pentane into a solution of 1 in benzene (sample
label: ZY831, X-ray label: 20110) and solution of 2 in toluene (sample label: ZY985#2, X-ray label:
21234). Also, another crystal of 2, obtained from pentane/ethyl acetate solvent mixture (sample label:
ZY985#5) gave the identical structure (X-ray label: 21236).

Data collection for radical 1 (X-ray label: 20110). A black, needle-shaped crystal (approximate
dimensions 0.34 x 0.06 x 0.05 mm?®) was placed onto the tip of a MiTeGen loop and mounted on a
Bruker Venture D8 diffractometer equipped with a PhotonlII detector at 100(2) K. The data collection
was carried out using Mo Ka radiation (graphite monochromator) with a frame time of 6 or 18 seconds
and a detector distance of 13.00 cm. A collection strategy was calculated and complete data to a
resolution of 0.80 A with a redundancy of 8.9 were collected. Nine major sections of frames were
collected with 0.50° @ and ¢ scans. A total of 3012 frames were collected. The total exposure time was
12.46 hours. The frames were integrated with the Bruker SAINT software packageS! using a narrow-
frame algorithm. The integration of the data using a monoclinic unit cell yielded a total of 38752
reflections to a maximum 0 angle of 26.38° (0.80 A resolution), of which 4244 were independent
(average redundancy 9.131, completeness = 99.9%, Rine = 11.81%, Rsig = 6.60%) and 2670 (62.91%)
were greater than 26(F?). The final cell constants of a = 6.3017(3) A, b=12.8306(6) A, ¢ =25.7727(12)
A, B=90.4037(19)°, volume = 2083.79(17) A3, are based upon the refinement of the XY Z-centroids of
2805 reflections above 20 o(I) with 4.48° <26 < 46.17°. Data were corrected for absorption effects
using the Multi-Scan method (SADABS).5? The ratio of minimum to maximum apparent transmission
was 0.876. The calculated minimum and maximum transmission coefficients (based on crystal size) are
0.9720 and 0.9960. Please refer to Table S1 for additional crystal and refinement information.

Data collection for radical 2 from pentane/toluene (X-ray label: 21234). A dark, needle-like crystal
(approximate dimensions 0.165 x 0.075 x 0.036 mm?®) was placed onto the tip of a MiTeGen loop and
mounted on a Bruker Venture D8 diffractometer equipped with a PhotonlII detector at 153(2) K. The
data collection was carried out using Mo Ka radiation (graphite monochromator) with a frame time of
20 seconds and a detector distance of 4.00 cm. A collection strategy was calculated and complete data to
a resolution of 0.77 A with a redundancy of 16 were collected as ten major sections of frames with 1° @
and ¢ scans. A total of 1336 frames were collected. The total exposure time was 4.64 hours. The frames
were integrated with the Bruker SAINT software packageS! using a narrow-frame algorithm. The
integration of the data using a monoclinic unit cell yielded a total of 62182 reflections to a maximum 6
angle of 27.49° (0.77 A resolution), of which 3740 were independent (average redundancy 16.626,
completeness = 100.0%, Rint = 10.95%, Rsig = 3.58%) and 2662 (71.18%) were greater than 26(F?). The
final cell constants of a = 6.4403(2) A, b =12.2739(4) A, ¢ =20.8170(8) A, B = 97.1020(10)°, volume =
1632.91(10) A3, are based upon the refinement of the XYZ-centroids of 8614 reflections above 20 o(I)
with 5.154° <26 < 52.62°. Data were corrected for absorption effects using the Multi-Scan method
(SADABS). 52 The ratio of minimum to maximum apparent transmission was 0.889. The calculated
minimum and maximum transmission coefficients (based on crystal size) are 0.6800 and 0.9140. Please
refer to Table S2 for additional crystal and refinement information.
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Data collection for radical 2 from pentane/ethyl acetate (X-ray label: 21236). A dark, long, needle-
like crystal (approximate dimensions 0.873 x 0.067 x 0.033 mm?) was placed onto the tip of a MiTeGen
loop and mounted on a Bruker Venture D8 diffractometer equipped with a PhotonlII detector at room
temperature. The data collection was carried out using Mo Ka radiation (graphite monochromator) with
a frame time of 50 and 20 seconds and a detector distance of 4.00 cm. A collection strategy was
calculated and complete data to a resolution of 0.84 A with a redundancy of at least 13.04 were
collected. Two major sections of frames were collected with 1° ¢ scans. A total of 720 frames were
collected. The total exposure time was 7.00 hours. The frames were integrated with the Bruker SAINT
software package®! using a narrow-frame algorithm. The integration of the data using a monoclinic unit
cell yielded a total of 40167 reflections to a maximum 6 angle of 25.04° (0.84 A resolution), of

which 2961 were independent (average redundancy 13.565, completeness = 99.9%, Rin = 6.65%,

Rsig = 2.56%) and 2239 (75.62%) were greater than 26(F?). The final cell constants

ofa=6.4595(6) A, b=12.3137(14) A, ¢ =21.149(3) A, B = 96.254(3)°, volume = 1672.2(3) A3, are
based upon the refinement of the XYZ-centroids of 7175 reflections above 20 o(I) with 5.095° <26

< 47.53°. Data were corrected for absorption effects using the Multi-Scan method (SADABS).5? The
ratio of minimum to maximum apparent transmission was 0.908. The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.2210 and 0.9230. Please refer to Table
S3 for additional crystal and refinement information.

Structure solution and refinement for radical 1 (X-ray label: 20110). The space group P2i/n was
determined based on intensity statistics and systematic absences. The structure was solved and refined
using the SHELX suite of programs.5*5* An intrinsic-methods solution was calculated, which provided
most non-hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier cycles were
performed, which located the remaining non-hydrogen atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen atoms were placed in ideal positions and
refined as riding atoms with relative isotropic displacement parameters. The final anisotropic full-matrix
least-squares refinement on F? with 298 variables converged at R1 = 5.39%, for the observed data and
wR2 = 14.98% for all data. The goodness-of-fit was 1.062. The largest peak in the final difference
electron density synthesis was 0.289 e/A® and the largest hole was -0.266 ¢/A* with an RMS deviation
of 0.059 e/A>. On the basis of the final model, the calculated density was 1.356 g/cm? and F(000), 884
e.

Structure solution and refinement for radical 2 at 153 K (X-ray label: 21234). The space group
P21/n was determined based on intensity statistics and systematic absences. The structure was solved
and refined using the SHELX suite of programs.5*5* An intrinsic-methods solution was calculated,
which provided most non-hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier
cycles were performed, which located the remaining non-hydrogen atoms. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms were placed in ideal positions
and refined as riding atoms with relative isotropic displacement parameters. Disorder was refined for the
Br CN moieties; a set of restraints was applied. The final anisotropic full-matrix least-squares
refinement on F? with 239 variables converged at R1 = 4.70%, for the observed data and wR2 = 11.06%
for all data. The goodness-of-fit was 1.074. The largest peak in the final difference electron density
synthesis was 0.337 ¢/A3 and the largest hole was -0.389 e¢/A® with an RMS deviation of 0.065 e/A°>.
On the basis of the final model, the calculated density was 1.632 g/cm® and F(000), 804 ¢".

Structure solution and refinement for radical 2 at 296 K (X-ray label: 21236). The space group
P21/c was determined based on intensity statistics and systematic absences. The structure was solved and
refined using the SHELX suite of programs.5*5* An intrinsic-methods solution was calculated, which
provided most non-hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier cycles
were performed, which located the remaining non-hydrogen atoms. All non-hydrogen atoms were
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refined with anisotropic displacement parameters. The hydrogen atoms were placed in ideal positions
and refined as riding atoms with relative isotropic displacement parameters. Disorder was refined for the
Br CN moieties; a set of restraints was applied. The final anisotropic full-matrix least-squares
refinement on F? with 239 variables converged at R1 = 5.07%, for the observed data and wR2 = 10.61%
for all data. The goodness-of-fit was 1.139. The largest peak in the final difference electron density
synthesis was 0.198 e/A3 and the largest hole was -0.370 e/A* with an RMS deviation of 0.050 e/A>.
On the basis of the final model, the calculated density was 1.594 g/cm® and F(000), 804 ¢".
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Table S1. Crystal data and structure refinement for radical 1 (X-ray label: 20110).

Empirical formula

Formula weight

Crystal color, shape, size
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Data collection

Diffractometer

Source

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Reflections
Completeness to theta = 25.242°

Solution and Refinement
Absorption correction
Max. and min. transmission
Solution

Refinement method
Weighting scheme

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>20 (I)]
R indices (all data)

Largest diff. peak and hole

Ca7 Hi7 N

425.46

black needle, 0.34 x 0.06 x 0.05 mm?
100(2) K

0.71073 A

Monoclinic, P21/n

a=6.3017(3) A o =90°,
b=12.8306(6) A B =90.4037(19)°.
c=25.7727(12) A y=90°.
2083.79(17) A3

4

1.356 Mg/m?

0.084 mm!

884

Venture D8, Bruker
IS 3.0, Incoatec

2.240 to 26.382°.

7<=h<=7, -16<=k<=16, -32<=1<=32
38752

4244 [Rine = 0.1181]

2670

99.9 %

Semi-empirical from equivalents

0.7454 and 0.6527

Intrinsic methods

Full-matrix least-squares on F2

w = [62Fo*+ AP2]"!, with P = (Fo?+ 2 Fc?)/3, A = 0.0746
4244 /0/298

1.062

R1=0.0539, wR2 =0.1319

R1=0.0902, wR2 = 0.1498

0.289 and -0.266 e.A-

Goodness-of-fit = [Z[w(F,? — Fc2)?]/Nobservns — Nparams) ]2, all data.
R1=3(Fo| = [Fd) /= [Fo.  WR2 = [E[w(Fo? — F2)?] / & [w(F2)]]"2.
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Table S2. Crystal data and structure refinement for 2 (X-ray label: 21234).

Empirical formula

Formula weight

Crystal color, shape, size
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Data collection

Diffractometer

Source

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Reflections
Completeness to theta = 25.242°

Solution and Refinement
Absorption correction
Max. and min. transmission
Solution

Refinement method
Weighting scheme

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2(1)]

R indices (all data)

Largest diff. peak and hole

Czo Hi1 Br Ns

401.25

black needle, 0.165 x 0.075 x 0.036 mm?
1532) K

0.71073 A

Monoclinic, P21/n

a=6.4403(2) A o =90°.

b=12.2739(4) A B =97.1020(10)°.

¢ =20.8170(8) A v=90°.
1632.91(10) A3

4

1.632 Mg/m?

2.532 mm’!

804

Venture D8, Bruker

IuS 3.0, Incoatec

1.930 to 27.490°.

-8<=h<=8, -15<=k<=15, -27<=1<=27
62182

3740 [Rint = 0.1095]

2662

100.0 %

Semi-empirical from equivalents
0.7325 and 0.6628

Intrinsic methods

Full-matrix least-squares on F2
w = [62F0? + AP%+ BP]!, with
P = (Fo*+2 Fc?)/3, A =0.0328, B =2.2763
3740/85/239

1.074

R1=0.0470, wR2 =0.1010
R1=10.0758, wR2=0.1106
0.337 and -0.389 e.A-3

Goodness-of-fit = [Z[w(F,? — Fc2)?]/Nobservns — Nparams) ]2, all data.
R1 =2(Fq| — [Fe]) / Z |Fol. WR2 = [Z[w(F,> — FZ2)?] / Z [w(F2)*]]"2.
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Table S3. Crystal data and structure refinement for 2 (X-ray label: 21236).

Empirical formula

Formula weight

Crystal color, shape, size
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Data collection

Diffractometer

Source

Detector

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Reflections
Completeness to theta = 25.039°

Solution and Refinement
Absorption correction
Max. and min. transmission
Solution

Refinement method
Weighting scheme

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2 ()]

R indices (all data)

Largest diff. peak and hole

Czo Hi1 Br Ns

401.25

black needle, 0.873 x 0.067 x 0.033 mm?
296(2) K

0.71073 A

Monoclinic, P21/n

a=6.4595(6) A o =90°.
b=12.3137(14) A B =96.254(3)°.
c=21.1493) A v =190°.
1672.2(3) A3

4

1.594 Mg/m?

2.472 mm!

804

Venture D8, Bruker

IuS 3.0, Incoatec

Photon III

1.917 to 25.039°.

-7<=h<=7, -14<=k<=14, -25<=I<=25
40167

2961 [Rint = 0.0665]

2239

99.9 %

Semi-empirical from equivalents
0.7452 and 0.6770

Intrinsic methods

Full-matrix least-squares on F2
w = [62F0% + AP%+ BP]!, with
P = (Fo?+2 Fc?)/3, A =0.0094, B = 2.6649
2961/85/239

1.139

R1=0.0507, wR2 = 0.0995
R1=0.0688, wR2 =0.1061
0.198 and -0.370 e.A-3

Goodness-of-fit = [Z[w(Fo? — Fc2)?]/Nobservns — Nparams)] "2, all data.
RI=3(Fo| = [F) /S [Fol.  wR2 = [S[w(Fe — F2)?] / T [w(F2]"2
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A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Fig. S1. Top: Selected specimen of 1 with face index. Bottom: Two views of formula unit of 1.
S10
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Fig. S2. Top plot: formula unit of 1 with electron density difference map; in green positive and in red
negative difference e-density. Bottom: Tetramer of molecules 1, showing packing into one-dimensional
S = 1/2 antiferromagnetic chain along crystallographic a-axis; multiple C---C and N---C contacts within
the sum of van der Waals radii plus 0.1 A, including the N1...C5 = 3.346 A contact emphasized in ball-
and-stick, are shown.
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A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Fig. S3. Cell plots of 1 with a view along the a- and b-axes, top and bottom, respectively.
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Fig. S4A. Top: Bulk material and selected specimen of 2 (from pentane/toluene). Bottom plot: Formula
unit of 2, with Br/CN disorder shown (X-ray label: 21234).
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A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Fig. S4B. Top: Mounted crystal of 2 (from pentane/ethyl acetate). Bottom plot: Formula unit of 2, with
Br/CN disorder shown (X-ray label: 21236).
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& 'ﬁ; 1iﬂi""‘iﬁi!i~ & ‘ij 15} ii!l ‘g@ lii iEE‘EI“M

Fig. S5A. Two views of formula unit of 2 (from pentane/toluene), with disorder omitted (X-ray label:

21234).
r/‘éi \f”"==
e

Fig. S5B. Formula unit of 2 (from pentane/ethyl acetate), with disorder omitted (X-ray label: 21236).
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A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Fig. S6A. Cell plots of 2 (from pentane/toluene) with a view along the a- and b-axes, top and bottom,

respectively (X-ray label: 21234).
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Fig. S6B. Cell plots of 2 (from pentane/ethyl acetate) with a view along the a- and b-axes, top and
bottom, respectively (X-ray label: 21236).

S17

106



A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

1.c Synthesis of dicyano tetrazolinyl radical 1.

Scheme S1. Synthesis of dicyano phototetrazolinyl radical 1.
CN
o

H CN
N\
o Q @ L
B — e
NC 2. NaNO,, conc. HC NaNO,, conc. HCI
4-cyanophenylhydrazine (HCI) \©\
4-CN

lNBS
CN
SnCI2 N ‘ MeOH/H,0 /©/
N\N NaOH s N HNO3 N~
% N e /N
N/N N—+ hv NEL
:
> RO
6-CN CN r

5-CN CN

CN

Procedure for compounds 3 and 4-CN. Formazan 4-CN could be synthesized through one-pot reaction
or stepwise reaction through compound 3 according to the reported literature.5® Here, stepwise reaction
was used to prepare 4-CN.

g deaquias

4-cyanophenylhydrazine (HCI)

4-Cyanophenylhydrazine | Benzaldehyde NaOH ™ Yield
Run y(Hc{))/ (g?lmr}r]lol) (g/mL)y (gmmol) | () | () | "Mabel
ZY814 3.17/18.69 1.77/1.69 | 0.69/18.69 | 3.92 | 94 ZY814
ZY815 10/58.96 6.26/6.00 | 2.36/58.96 | 12.62 | 97 | ZY8I5
Zy844 15/88.44 9.38/9.00 | 3.54/88.44 | 18.60 | 95 ZY844

ZY815. Benzaldehyde (6.26 g, 6.0 mL, 58.96 mmol) was added into the solution of 4-
cyanophenylhydrazine hydrochloride (10 g, 58.96 mmol), NaOH (2.36 g, 58.96 mmol) in H>O (56.6
mL) and MeOH (224 mL) under N> atmosphere, the yellow solution was heated at 75 °C for 2 hours to
give yellow suspension. After cooling to room temperature, the yellow suspension was filtered and
obtained solid dried under high vacuum line overnight to give hydrazone 3 (12.62 g, yield 97%) as a
fluffy yellow solid. M.p. 160 °C. IR (powder, cm™): 3286, 2210, 1605, 1593, 1568, 1525, 1496, 1425,
1328, 1305, 1268, 1133, 1100, 1070, 933, 907. '"H NMR (400 MHz, CDCl3): § 7.13-7.15 (m, 2H), 7.36-
7.42 (m, 3H), 7.53-7.55 (m, 2H), 7.67-7.69 (m, 2H), 7.76 (s, 1H), 7.87 (br, 1H). *C NMR (176 MHz,
CDCls): 102.1,112.8, 120.1, 126.7, 128.9, 129.5, 133.9, 134.5, 140.4, 147.9. HR-MS (m/z): [M+Na]"
calcd for C14H11N3Na 244.08452, found 244.08436 (0.6 ppm, RA = 100%).
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CN

H NH
N

o
‘NA© 1. H,N

|
-N
NCO 2. NaNO,, conc. HCI ©)\N \©\
3 CN

4-CN
Run SM 3 Na,CO;-10H,O NaNO, BusNBr 4-Cyanoaniline | Conc. HCl | T™M Yield TM label
label (g/mmol) (g/mmol) (g/mmol) (mg/mmol) (g/mmol) (mL) (g (%)
ZY816 | Zy814 |0.50/2.26 3.23/11.3 0.214/3.10 74/0.23 0.307/2.60 0.59 0.25 31 ZY814 col
ZY817 | Zy815 5/22.6 32.3/113 2.14/31 728.6/2.26 3.07/26.3 59 1.5 19 ZY817 col
Zy835 |Zy814/815| 10/45.2 64.6/226 4.28/62 1460/4.52 6.14/52 11.8 5.1 30 Zy835 col

ZY835. Na;CO3-10H20 (64.6, 226 mmol) and tetrabutylammonium bromide (1.46 g, 4.52 mmol) were
added into yellow suspension of compound 3 (zy814 and zy815, 10 g, 45.2 mmol) in H>O (180 mL) and
DCM (452 mL), the resulting non-homogeneous mixture was stirred for 1 h at 0 °C. In another round-
bottom flask (500 mL), concentrated HCI solution (36.5-38%, 11.8 mL) was slowly added into the
suspension of 4-cyanoaniline (6.14 g, 52 mmol) and NaNO; (4.28 g, 620 mmol) in H,O (260 mL) at

0 °C for 1 h to give a yellow suspension. Above freshly prepared suspension of diazonium salt was
added into the mixture of hydrazone 3. Upon addition, the organic phase in the biphasic reaction mixture
became blood red. After stirring at room temperature for 3 days, the red-dark organic phase was
collected, aqueous phase was extracted with DCM (3%150 mL). Combined organic phase was dried over
Na>SO4 and concentrated. Subsequently, obtained crude was purified by flash column chromatography
on deactivated silica gel using hexane: DCM=1: 1 (Ry= 0.3) to give compound 4-CN as red-purple spot
on TLC plate and fluffy dark solid (5.1 g) after drying, yield 30%. M.p. 189-191 °C. IR (powder, cm™):
3059, 2220, 1600, 1577, 1496, 1443, 1411, 1348, 1315, 1221, 1147, 1103, 1015, 847, 834, 770, 741,
693. '"H NMR (400 MHz, CDCl3): § 7.47-7.50 (m, 3H), 7.77 (s, 8H), 8.07-8.09 (m, 2H), 14.93 (s, 1H).
3C NMR (176 MHz, CDCl5):  110. 9, 118. 8, 119.4, 126.5, 128.82, 128.98, 133.8, 136.0, 143.1, 150.5.
HR-MS (m/z): [M+Na]" calcd for C2iH1sNe¢Na 373.11722, found 373.11791 (-1.9 ppm, RA = 100%)).

Procedure for tetrazolium salt 5-CN:
CN

NBS
F O
| N=N
~-N +
L
CN

Br-
N
4-CN S-CN ¢
SM 4-CN NBS | T™ | Yield
Run label | (mg/mmol) | (mg/mmol) | (mg) | (%) | TMI12bel
ZY318 | Zy816 col | 247.7/0.71 | 143.4/0.81 | 169.6 | 56 ZV318
7Y822 | ZY817 col | 11503.83 | 777/437 | 846 | 51 7Y822
Zy837 | Zy835 col | 3500/9.99 | 2030/11.39 | 2307 | 54 Zy837
ZY1035 | 7Y835 | 1230/3.51 | 712.3/4.00 | 1194 | 79 | ZY1035
519



A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

Zy822. Red-dark mixture of formazan 4-CN (zy817 col, 1.15 g, 3.83 mmol) and N-bromosuccinimide
(NBS, 669.6 mg, 3.76 mmol) in ethyl acetate (106 mL) was stirred at room temperature for 3 hours to
give yellow suspension. Reaction suspension was filtered off and the yellow solid was collected. After
drying under high vacuum overnight, yellow solid was sufficiently pure for further use; tetrazolium salt
5-CN overall mass is 846 mg, yield 51.4%. M.p. 236 °C. IR (powder, cm™): 3033, 2235, 1705, 1608,
1528, 1496, 1455, 1404, 1303, 1288, 1237, 1167, 1145, 1021, 998, 840. 'H NMR (400 MHz, methanol-
ds): 87.76 (t,J = 8 Hz, 2H), 7.83 (t, J = 8 Hz, 1H), 8.00 (bd, J = 8 Hz, 4H), 8.15 (d, J = 8 Hz, 4H), 8.39
(d, J = 8 Hz, 2H). *C NMR (176 MHz, methanol-ds):  117.5, 119.8, 123.9, 128.24, 128.90, 131.2,
135.28, 136.07, 137.06. HR-MS (m/z): [M]" calcd for C21H13Ns 349.11962, found 349.11933 (0.8 ppm,
RA =100%).

Procedure for tetrazolium salt 6-CN:S¢

CN CN
N\N/©/ MeOH, H,0 N-N g
7
@—( | HNO4 21
N9 =

N:'}rl hv - ’
Br_ NO3
5.CN 6-CN CN

CN

Run S.M 5-CN MeOH H,0 2M HNOs ™ Yield ™

label (mg/mmol) | (mL) (mL) (mg) (%) label
ZY823 | Zy818 | 12.4/0.029 | 1.75 | 4.08 0.23 7.37 62 7Y823
ZY829 | Zy818 |37.2/0.087 | 525 | 144 0.69 28 79 7Y829
Zy833 Zy822 49.6/0.12 1.75 | 3.39 0.92 374 79 ZY 647
Zy841 Zy822 | 347.2/0.81 | 12.2 | 23.7 6.3 165.1 50 Zy841
Zy846 Zy837 | 396.8/0.92 14 27.1 7.4 234.5 62 Zy846
Zy848 Zy837 | 347.2/0.81 122 | 237 6.3 224.9 68 Zy848
Zy852 Zy837 | 446.4/1.04 | 15.8 | 30.5 8.3 311 73 Zy852

Zy833. Tetrazolium salt 5-CN (zy822, 49.6 mg, 0.12 mmol) suspension in MeOH (1.75 mL), H20 (3.39
mL) and 2 M HNOj3 (0.92 mL) was irradiated by 254 nm UV lamp (4wx2) for 7 days to give brick-red
suspensions. Subsequently, reaction mixture was concentrated and redissolved in MeOH (0.2 mL) and
Et>0 (1.2 mL) mixture, the suspension was centrifuged at 3000 rpm for 5 mins. The brick-red
precipitates of tetrazolium salt 6-CN were collected and dried under high vacuum line overnight before
further use (37.4 mg, yield 79%). M.p. > 300 °C. IR (powder, cm™): 3063, 2235, 1708, 1603, 1576,
1527, 1505, 1412, 1365, 1336, 1273, 1181, 1136, 1076, 1024, 996, 930, 828. '"H NMR (400 MHz,
methanol-ds): 8 7.80-7.87 (m, 3H), 8.58 (d, J~ 7 Hz, 2H), 8.63 (dd, J1 = 8.8 Hz, J>» = 1 Hz, 2H), 9.22 (d,
J1=8.8 Hz, 2H), 9.69 (s, 2H). 'H NMR (400 MHz, DMSO-ds): 5 7.86-7.91 (m, 3H), 8.53-8.54 (d, 2H, J
~ 7 Hz), 8.76 (dd, J1 = 8.8 Hz, J» ~ 1 Hz, 2H), 9.22 (d, 2H, Ji = 8.8 Hz), 9.90 (bs, 2H). >*C NMR (176
MHz, methanol-ds): 117.6, 119.4, 121.3, 123.8, 129.47, 131.28, 131.77, 132.42, 135.6, 137.3. 3C NMR
(150 MHz, DMSO-ds): 116.69, 117.00, 119.8, 121.84, 122.34, 128.0, 130.43, 131.00, 131.16, 134.5,
136.3, 163.8. HR-MS (m/z): [M]" calcd for C21H11Ns 347.10397, found 347.10415 (0.5 ppm, RA =
100%).
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Procedure for radical 1:57

CN
N~N l

CN
N~N l

SnCl,
Ol O
T e
6 CN CN 1 CN
. Spin
Run SM 6-CN SnCl,:2H,O | 2M NaOH | T™M | Yield Conc. ™
label | (mg/mmol) | (mg/mmol) | (mL/mmol) | (mg) | (%) (%) label
ZY828 | Zy823 | 5.1/0.013 49.6/0.22 2.17/433 | 0.58 | 12.8 59 Zy828
"Zy831 | Zy823 | 5.0/0.013 49.6/0.22 2.17/4.33 / / / Zy831
*Zy840 | Zy833 37/0.09 337.1/1.49 15/30 / / / Zy840
Zy843 | Zy833 | 60.5/0.15 | 553.6/2.45 | 24.6/49.2 | 22.6 | 44 71 Zy843
Zy847 | Zy84l 60/0.15 546.9/2.42 | 24.3/48.6 | 16.2 32 82 Zy847
Zy849 | Zy846 164/0.4 1500/6.65 | 66.6/133.3 | 63.1 45 94 Zy849
ZY904 | ZY848 | 150/0.37 1370/6.08 61/122.1 51.3 40 94 ZY904
ZY1032 | ZY846 | 102/0.25 933/4.14 42/83.3 240 | 28 96 ZY1032
ZY1036 | ZY852 | 120/0.29 1100/4.87 48.8/97.7 | 51.0 | 51 100 ZY1036

* - - - -
dark needle crystals in benzene/pentane were sent for X-ray crystallography, without spin concentration measurement.

7Y 828. Reducing reagent, SnCl>-2H>0 (49.6 mg, 0.22 mmol, 10.2 mL H>0) and 2M NaOH (2.17 mL)
were added into the suspension of tetrazolium salt 6-CN (2Y 823, 5.3 mg, 0.013 mmol) in H20O (2.41
mL) and benzene (14.9 mL). After stirring for 80 min, while argon gas passing through the suspension,
the brown organic phase was separated, washed with water (3x5 mL), dried over Na,SO4 and then
crystalized by pentane vapor diffusion, to give dark needle solid of radical 1 (0.58 mg, yield 12.8%).
M.p. >300 °C (dec, under air); note that at 260 °C, the crystals turn to pink color. IR (powder, cm™):
3064, 2215, 1737, 1603, 1583, 1560, 1523, 1487, 1453, 1423, 1414, 1376, 1343, 1268, 1283, 1240,
1213, 1196, 1176, 1164, 1141, 1044, 911, 812. 807. LR-ESI (0.1 % HCOOH in MeOH, m/z): 347.4
(100%). HR-ESI (m/z): [M]" calcd for C21H;1Ne- 347.10397, found 347.10496 (2.9 ppm, RA = 87%).

1.d Synthesis of bromo-cyano tetrazolinyl radical 2.
Scheme S2. Synthesis of bromo-cyano phototetrazolinyl radical 2.

o

1. H2N N/

2 NaNO,, conc. HCI ©)|\N¢N\©\
4-Br CN

(32%)
(75-80%)1

O@

Prepared in Scheme S1
NBS

Bf 98 j$!
Ny O Ny MeOH N-N
(: :)—<\ |

Br

SnCI2
NaOH

- | |

- =N hv =N
N (20-53%) N O (29-41%) N \Q
Br Br
O N 6-Br CN 5-Br CN
$21
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Preparation of formazan 4-Br:5

Br
Br
O
-N
NC 2. NaNOy, conc. HCI ©)\N \©\
3
4-Br CN
Run SM 3 NaCO;-10H,O| NaNO; | BwNBr |4-Bromoaniline| Conc. HC1| TM Yield TM label
! label |(g/mmol)| (g/mmol) |(g/mmol)| (mg/mmol) (g/mmol) (mL) (g) (%)

Zy964|Zy844| 5/22.6 32.3/113 2.14/31 | 728.6/2.26 4.47/26 5.9 2.96 32 |Zy964 rec

7Y 964: Na;CO3-10H20 (32.3, 113 mmol) and tetrabutylammonium bromide (728.6 mg, 2.26 mmol) were
added into yellow suspension of hydrazone 3 (zy844, 10g, 22.6 mmol) in H20 (90 mL) and DCM (226
mL), the resulting non-homogeneous mixture was stirred for 1 hour at room temperature. In another round-
bottom flask (500 mL), concentrated HCI solution (36.5-38%, 5.9 mL) was added into the suspension of
4-bromoaniline (4.47 g, 26 mmol) and NaNO> (2.14 g, 31 mmol) in H2O (130 mL) at 0 °C for 1 h to give
a yellow suspension. Above freshly made suspension of diazonium salt was added into the mixture of
hydrazone 3. Upon addition, the organic phase in the biphasic reaction mixture became blood red. After
stirring at room temperature for 3 days, the red-dark organic phase was collected, the aqueous phase was
extracted with DCM (3x150 mL). Combined organic phase was dried over Na;SO4 and concentrated and
purified by flash column chromatography on deactivated silica gel using hexane/DCM = 1:1 (R¢= 0.37)
to give formazan target material 4-Br as red spot at TLC plate; dark solid after recrystallization from
MeOH (2.96 g, yield 32.4%). M.p. 180 °C. '"H NMR (400 MHz, CDCl3): § 7.43-7.51 (m, 5H), 7.64-7.70
(m, 4H), 7.79 (d, J = 8 MHz, 2H), 8.08 (d, J ~ 7 MHz, 2H). 1*C NMR (150 MHz, CDCl;): 106.5, 115.8,
119.4, 123.6, 126.29, 126.54, 128.71, 128.76, 132.97, 133.86, 136.3, 142.7, 147.5, 150.7. HR-ESI (m/z):
caled 402.0354 for CaoHi3Ns°Br, found 402.0329 (-6.2 ppm, RA = 100%); caled 404.0334 for
C20H13Ns%'Br, found 404.0331 (-0.7 ppm, RA = 92%) (sample label: ZY964). Most likely under the ESI
conditions, formazan 4-Br gets oxidized to tetrazolium cation 5-Br.

Preparation of tetrazolium salt 5-Br:S¢
Br

NBS N~N
_NH —_— 7o

N N:N

| +

A\ _
©)\N \©\ Br
4-Br CN 5-B
SM

CN
4-Br NBS ™ | Yield
Run label (mg/mmol) | (mg/mmol) | (mg) | (%) TM label
Zy687 | AB-2 24306 | _107/0.6 | 217.9] 75 | Zy687crd

Zy855 AB-2 500/1.24 | 242.2/1.36 | 4822 | 80 ZY855 crd
ZY868 AB-2 570/1.41 576/1.55 |545.5| 80 ZY868 crd
ZY968 | Zy964 rec | 2000/4.95 | 924.5/5.19 | 1900 | 79 ZY968 crd

Zy968: Red-dark mixture of formazan 4-Br (zy964 rec, 2.0 g, 4.95 mmol, 1.0 equiv) and N-
bromosuccinimide (NBS, 924.5 mg, 5.19 mmol, 1.05 equiv) in ethyl acetate (120 mL) was stirred at
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room temperature overnight to give yellow suspension. Reaction suspension was filtered off and the
yellow solid was collected. After drying under high vacuum overnight, yellow solid was sufficiently
pure for further use, with target material 5-Br overall mass is 1.9 g, yield 79%. M.p. 260-261 °C. 'H
NMR (700 MHz, DMSO-ds): & 7.78-7.80 (m, 4H), (t, /= 8 MHz, 1H), 8.00 (d, /= 9.1 MHz, 2H), 8.06
(d,J=9.1 MHz, 2H), 8.27 (d, /= 9.1 MHz, 2H), 8.35 (d, J ~ 8 MHz, 2H). *C NMR (176 MHz,
DMSO-ds): 116.96, 117.01, 122.4, 127.40, 127.45, 128.19, 128.49, 130.4, 131.7, 133.89, 134.00,
134.88, 135.6, 164.6. HR-MS (m/z): caled 402.0354 for C2H13Ns"°Br, found 402.0351 (-0.7 ppm, RA =
100%); calcd 404.0334 for C20Hi3Ns*'Br, found 404.0324 (-2.5 ppm, RA = 91%) (sample label:
7Y968).

Preparation of phototetrazolium salt 6-Br:

L e
Br Br
5-Br 6-Br CN

CN
Run S.M 5-Br MeOH 6-Br Yield

label (mg/mmol) (mL) (mg/mmol) (%)
7Y 688 Zy687 50/0.10 5 20/0.04 41
ZY869 ZY855/AB-3 200/0.41 20 66.9/0.14 34
ZY877 AB-3 300/0.62 36 89.5/0.186 30
ZYO911 AB-3 350/0.72 42 97/0.20 29
ZY954 AB-3 100/0.21 12 38.6/0.08 38
ZY961 ZY868 crd 300/0.62 36 111/0.23 37
ZY970 ZY968 400/0.83 48 150/0.31 37
ZY974 7Y968 500/1.04 60 188/0.39 38
ZY980 7Y968 550/1.14 60 213.7/0.44 39

ZY961. Tetrazolium salt 5-Br (300 mg, 0.62 mmol) solution in MeOH (6 mL x 6 test tubes) was
irradiated with 254 nm (6W*2) for 9 days to give yellow suspension. After drying the mixture solid,
small amount of MeOH (0.6 mL) was added to give concentrated suspension. Subsequently, mixture
was centrifuged for minutes at 3000 rpm, dark liquid was removed, and yellow solid was kept and dried
under high vacuum line overnight to give phototetrazolium salt 6-Br as a yellow solid (111 mg, 37%).
M.p. >300 °C. 'H NMR (400 MHz, methanol-d4): & 7.78-7.85 (m, 3H), 8.49 (dd, J1 ~ 9 Hz, J>» ~ 2 Hz,
1H), 8.54-8.59 (m, 3H), 8.97 (d, J1 =9 Hz, 1H), 9.17 (d, /= 8.8 Hz, 1H), 9.47 (d, J> =2 Hz, 1H), 9.66
(d, J~ 1 Hz, 1H). C NMR (176 MHz, methanol-ds): 117.8, 119.2, 121.30, 121.72, 123.84, 124.39,
124.82, 129.52, 129.75, 129.99, 130.97, 131.36, 131.85, 132.5, 135.6, 137.0, 138.4, 166.5. HR-ESI
(m/z): caled 400.0198 for C20H;1Ns”’Br, found 400.0210 (3.0 ppm, RA = 100%); calcd 402.0177 for
C20H11Ns%Br, found 402.0174 (0.7 ppm, RA = 89%) (sample label: ZY974).

Preparation of phototetrazolinyl radical 2:57

Br Br
e e L
N‘N NaOH N\N

@ N

Nﬁw N’N
Br O O
6-B CN 2 CN
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. Spin
SM 6-Br SnCl,-2H,0 2M NaOH ™ | Yield
Run label (mg/mmol) | (mg/mmol) | (mL/mmol) | (mg) (%) C((j/‘;; - | T™M label
ZY876 Zy869 20/0.042 155.7/0.69 7/14 6.18 37 93 Zy876
Zy972 Zy961 133/0.28 1040/4.59 46/92.1 22.6 20 97 Zy972
Zy973 Zy877 80/0.166 622.7/2.76 27.6/55.3 29.3 44 97 Zy973
Zy976 Zy970 20/0.042 155.7/0.69 7/14 52 31 100 Zy976
Zy978 Zy970 50/0.104 389.2/1.72 17.3/34.6 15 36 83 Zy978
Zy981 Zy970 70/0.14 543.8/2.41 24.2/48.3 29.8 53 94 Zy981

Zy876. Reducing reagent, SnCl-2H>O (155.7 mg, 0.69 mmol, 31.8 mL H>0, 16.6 equiv) and 2M NaOH
(7 mL, 14 mmol, 333.2 equiv) were added into the suspension of phototetrazolium salt 6-Br (ZY 869,
20.0 mg, 0.042 mmol, 1.0 equiv) in H20 (7.6 mL) and benzene (23.2 mL). After stirring for 10 min,
while argon gas passing through the suspension, the brown-dark organic phase was separated, washed
with water (3x7 mL), dried over NaxSOs, and then crystalized by pentane vapor diffusion, to give dark
solid 2 (6.18 mg, yield 37%). M.p. >300 °C (dec, under air); note that at 235 °C, the crystals turn to
purple color. HR-ESI (m/z): caled 400.0198 for C2oH1i1Ns” Br, found 400.0210 (3.0 ppm, RA = 100%);
caled 402.0177 for C20H11Ns*'Br, found 402.0174 (0.7 ppm, RA = 99%) (sample label: ZY876).

1.e Acidification of dicyano phototetrazolinyl radical 1.

Procedure for compound 6-CN:

CN O CN
| |
\N -N MeOH N "E O
1 CN 6-CN CN

S.M 1 Conc. HC1 | TM | Yield
Run 1 jbel | (mg/mmol) | (uL/mmol) | (mg) | (%) | T™!abel
7V896 | Zy849 | 1.88/0.005 | 12/0.15 | 2.1 | 100 | ZY8%
7y969 | 7y349 | 10.98/0.032 | 64/0.88 | 111 | 92 74969

Zy969. A dark suspension of radical 1 (10.98 mg, 0.032 mmol, sample label: ZY 849, spin conc. = 94%)
in MeOH (9 mL) was stirred at 0 °C. Subsequently, concentrated HCI (36.5-38%, 0.88 mmol, 27.8
equiv) was added dropwise to the above dark suspension, which was stirred for another 30 min at 0 °C.
After warming to room temperature for 1.5 h, initial dark suspension became yellow clear solution, and
then solvents were removed by nitrogen gas flow. The resultant solid was dried under high vacuum line
overnight, to give tetrazolium cation 6-CN as a yellow solid (11.10 mg, 92% yield). '"H NMR (400 MHz,
methanol-ds): 8 7.81-7.89 (m, 3H), 8.58 (d, J~ 7 Hz, 2H), 8.63 (dd, J1 = 8.8 Hz, /> = 1 Hz, 2H), 9.22 (d,
= 8.8 Hz, 2H), 9.69 (d, J2 = 1 Hz, 2H) (Fig. S54).
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1.f DFT computations. DFT (UB3LYP/6-31G(d,p)/PCM-UFF) optimized geometries for 1 and 2 in
benzene were obtained using Gaussian 16 (G16).5® Dispersion was taken into account using G16
keyword, empiricaldispersion=gd3bj, corresponding to Grimme’s empirical dispersion correction (D3)%
with Becke-Johnson damping function (BJ).5!® For geometry optimizations of radicals 1 and 2, RMS
forces in Cartesian coordinates are 1.3 and 6.4 x 107 a.u., respectively, and they are significantly lower
in internal coordinates, i.e., typically better than the “tight” criterion for RMS forces in geometry
optimization in Gaussian 16. Vibrational frequency computations confirm the minima on the potential
energy surface for Coy-symmetric 1 and Cs-symmetric 2. Using these geometries hyperfine couplings
were obtained for 1 and 2 (Table S4).

Spin density surfaces for radicals were calculated at the UB3LYP/6-31G(d,p)/PCM-UFF level in
benzene, using the D3BJ correction. Cube files were obtained using “medium” setting in Gaussian 16
(cubegen utility), and surfaces were plotted with isodensity of 0.002 electron Bohr (Table S3).

Using the optimized Cay-symmetric geometry in DCM, UV-vis-NIR spectrum for radical 1 was
computed at the TD-DFT/UCAM-UB3LYP-6-31G(d,p) level of theory, using PCM-UFF solvent model
for DCM (G16 default); 40 excited states were calculated. For computed UV-vis-NIR absorption
spectrum, the electronic UV-vis data (f) in the Gaussian 16 output file was converted to stick spectra in
the text file format and then convoluted with the Gaussian functions with half-width of 0.20 eV, using
graphical user interface Gabedit (version 2.5.0).5!! The resultant UV-vis-NIR spectrum of 1 was
imported to SigmaPlot, its horizontal axis shifted by —0.60 eV, and then re-plotted with the wavelength
(nm) axis. Vertical axes were scaled to fit the experimental spectra (simulated spectra multiplied by a
factor of 3). Computed spectrum for 1 is plotted in Figure 8 (main text) and Fig. S7 (SI).
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Table S4. DFT computed hyperfine couplings (in MHz) for radicals 1 and 2 at the UB3LYP/6-
/D3BJ (in PCM-UFF benzene, G16 default) level of theory vs experimental values (EPR).

31G(d,p

2 Figure 4 (main text). ® Fig. S21, A(

“,.d ® .. 9.
29 99 o 9@
vd D9 o A ” i
sl 2o
s 9@ = j
o 0 °,0
j‘/‘ > a’,‘v‘zz
B +99%s
£ g E »
1 2
DFT EPR? DFT EPR?
1 N(14) 11.87764 10.51 1 N(14) 11.58357 10.40
2 N(14) 10.91878 15.79 2 N(14) 13.83312 20.10
3 N(14) 10.91878 15.79 3 N(14) 9.96029 14.79
4 N(14) | 1187764 | 1051 4 N(14) 11.88359 10.40
5 N(14) 1.60841 5 N(14) 1.84157
6 N(14) 1.60841 6 C(13) -17.15207
7 Cc(13) | -17.35183 7 C(13) | -13.81668
8 Cc(13) | -12.75616 8 C(13) 11.7882
9 Cc(13) | 1226007 9 H(1) -7.05614 5.64
10 H(1) -7.21296 5.74 10 C(13) -7.36343
11 C(13) 9.40771 11 H(1) 1.9522
12 H(1) 2.7767 12 | ca3) 13.0372
13 C(13) 13.057 13 C(13) -5.75708
14 C(13) ~4.5673 14 H(1) 1.23804
15 H(1) 0.17643 15 C(13) 7.16194
16 C(13) 6.72155 16 C(13) 6.65467
17 C(13) 6.72155 17 C(13) -4.49368
18 C(13) -4.5673 18 H(1) -0.09412
19 H(1) 0.17643 19 C(13) 14.53542
20 C(13) 13.057 20 C(13) -10.38678
21 C(13) -9.40771 21 H(1) 3.03828
22 H(1) 2.7767 2 | ca3) 13.38595
23 C(13) 12.26007 23 H(1) -7.90157 6.01
24 H(1) -7.21296 5.74 24 C(13) -12.46314
25 C(13) -12.75616 25 C(13) 2.89038
26 C(13) 2.94527 26 C(13) -2.7413
27 C(13) | -2.77165 27 H(1) 1.25902
28 H(1) 129764 28 | ca3) 1.74991
29 C(13) 1.76528 29 H(1) -0.68158
30 H(1) -0.68045 30 | ca3) 22,2789
31 C(13) | -230609 31 H(1) 1.18543
32 H(1) 1.20335 32 | ca3) 1.75839
33 C(13) 1.76528 33 H(1) -0.67814
34 H(1) -0.68045 34 | ca3) -2.75983
35 Cc(13) | -2.77165 35 H(1) 130275
36 H(1) 1.29764 36 | C(13) -8.18293
37 C(13) 7331 37 | Bi(79) 1.72061 b
38 C(13) 7331

Br) = 0.78 MHz.
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Fig. S7. UV-vis-NIR absorption spectra for 1 in DCM. Simulated spectrum (TD-DFT) was obtained at
the UCAM-UB3LYP-6-31G(d,p) level of theory, using PCM-UFF solvent model for DCM (G16

default).
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1.g UV-vis-NIR spectroscopy of radicals 1 and 2 at room temperature. UV-vis-NIR absorption
spectra of radicals 1 and 2, and its cationic precursors were obtained using JASCO (model V-670)
spectrophotometer in the 4 =250-1800 nm range, using either benzene or dichloromethane (DCM), or,
for cationic precursors, acetonitrile as a solvent. The values of ¢ are not corrected for spin concentration
of the radicals.

For radical 1 in benzene vs DCM, plots of molar absorbance, & vs wavenumber, v, show that the longest
wavelength band at Amax ~ 730 nm (the lowest wavenumber band at ¥max ~ 13700 cm™) is symmetrical
and it shows little solvent dependence (Fig. S8).

For radical 1, band gap, Eg = 1.12 £ 0.002 eV, was determined using 3 different samples of 1 (two in
DCM and one in benzene), as illustrated in Figs. S9 — S11. For radical 2 in dichloromethane, a
somewhat smaller £, = 1.09 eV was found (Fig. S12); this is in spite of the fact that Amax = 717 nm for 2
corresponds to hypsochromic shift, when compared to Amax = 726-729 nm for 1 in DCM. Diamagnetic
cations (salts) 6-CN and 6-Br, precursors to 1 and 2, possess much larger £, = 2.50 and 2.00 eV,
respectively (Figs. S13 and S14).
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Fig. S8. UV-vis-NIR spectra of 0.27 mM radical 1 in benzene (label: ZY902) and 0.31 mM radical 1 in
DCM (label: ZY903). The wavelength plots for these two samples are shown below.
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Fig S9. UV-vis-NIR spectra of 0.27 mM radical 1 (spin conc. = 94%, label: label ZY8491rl) in benzene
(A =300-1800 nm range, label ZY902). UV-vis-NIR, Amax/nm (&max/L mol™ cm™): 366 (1.34 x 10%), 406
(7.88 x 10%), 485 (4.31 x 10%), 732 (2.25 x 10%). Band gap, £, = 1.1180 eV (1109.0 nm), was determined
using linear regression in the 4 =975-1080 nm range.
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0.32 mM radical 1 in DCM

4
£
[&]
= 3
o
1S
-
<2
=)
g

1 -

0 L) Ll Ll L

200 600 1000 1400 1800
A (nm)
0.3 -
0.32 mM radical 1 in DCM

§ 0.2 -
% — Experiment
5 — Regression: adj RA2 = 0.9981
X ® E(g)=1.12eV
=)
T 0.1 A
w

O L) Ll Ll Ll 1

400 600 800 1000 1200 1400

A (nm)

Fig S10. UV-vis-NIR spectra of 0.32 mM radical 1 (sample label: ZY849fr2, spin conc. 92%) in
dichloromethane (1 = 250-1800 nm range, label ZY905). UV-vis-NIR, Amax/nm (&max/L mol™! cm™): 270
(4.75 x 10%), 306 (2.50 x10%), 366 (2.34 x 10%), 406 (9.40 x 10°), 486 (4.89 x 10°), 726 (2.73 x 10%).
Band gap, E; =1.1237 ¢V (1103.4 nm), was determined using linear regression in the A =950-1080 nm
range.
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Fig S11. Repeat UV-vis-NIR spectra of 0.31 mM radical 1 (spin conc. = 92%, sample label: zy8491r2)
in dichloromethane (A = 250-1800 nm range, label ZY903). UV-vis-NIR, Amax/nm (&max/L mol™! cm™):
270 (4.45 x 10%), 306 (2.33 x10%), 365 (2.17 x 10%), 406 (8.73 x 10°), 485 (4.55 x 10°), 729 (2.54 x 10°%).
Band gap, E; = 1.1229 eV (1104.2 nm), was determined using linear regression in the A =950-1080 nm
range.
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Fig S12. UV-vis-NIR spectra of 0.30 mM radical 2 (sample label: ZY972again, spin conc. = 97%) in
dichloromethane (A = 250-1800 nm range, label ZY 1003). UV-vis-NIR, Amax/nm (&max/L mol™! cm™):
268 (4.38 x 10%), 304 (2.12 x10%), 359 (1.42 x 10%), 395 (8.25 x 10%), 419 (7.80 x 10%), 535 (1.89 x 10°),
572 (1.86 x 10%), 717 (2.19 x 10%). Band gap, E; = 1.09 eV (1136.0 nm), was determined using linear
regression in the 4 =950-1080 nm range.
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Fig S13. UV-vis-NIR spectra of 0.27 mM dicyano-substituted tetrazolium salt 6-CN (precursor to
radical 1) in acetonitrile (A = 250—1800 nm range, sample label ZY848). UV-vis-NIR, Amax/nm (&max/L
mol™ em™): 271 (4.54 x 10%), 360 (9.61 x10%). Band gap, E; = 2.49 eV (497.3 nm), was determined
using linear regression in the 4 =430—480 nm range.
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0.23 mM salt in acetonitrile
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Fig S14. UV-vis-NIR spectra of 0.23 mM bromo-cyano-substituted tetrazolium salt 6-Br (precursor to
radical 2) in acetonitrile (A = 250—1800 nm range, sample label ZY974). UV-vis-NIR, Amax/nm (&max/L
mol™ em™): 272 (4.67 x 10%), 359 (1.23x10%). Band gaps, E; = 3.00 eV (413.9 nm) and E; = 2.00 eV
(619.5 nm), were determined using linear regressions in the 4 =395-410 and 470-570 nm ranges,
respectively.
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1.h. Voltammetry. Cyclic, differential pulse, and square wave voltammetry data for radicals 1 and 2
were obtained at room temperature in a glovebag under argon gas atmosphere. (The supply gas was a
commercial ultra-high purity argon, certified to contain <1 ppm of O; and <1 ppm of H20.) The custom-
made electrochemical cell with electrodes, all solid reagents, syringes, needles, etc. were extensively
evacuated in Schlenk vessels (typical pressure 1 mTorr, temperature 2070 °C), prior to the transfer to
the glovebag. Dichloromethane (DCM) was obtained from commercial solvent purification system, then
distilled from calcium hydride under nitrogen, and stored in the absence of light in a Schlenk vessel on a
vacuum line; just prior to the use, the solvent was vacuum transferred as needed. Commercial
potentiostat/galvanostat was used. Three electrodes were employed: quasi-reference (Ag-wire), counter
(Pt-foil), and working (100-pum Pt-disk). Radical 1 (1.20 mg, spin conc. 94%, sample label: ZY904) and
radical 2 (1.00 mg, spin conc 93%, sample label: ZY876) were used as electroactive solutes.
Concentration of the tetrabutylammonium hexafluorophosphate supporting electrolyte ([n-BusN]"[PFs]")
was about 100 mM. The solution volume was about 2.2 — 2.8 mL. After a series of cyclic differential
pulse and square wave voltammograms with potential increments of 2 —4 mV, a small amount (ca. 8 —
15 drops) of solution of ferrocene (2.15 — 2.18 mg of CpzFe, loaded to a Schlenk vessel in a glovebox
under an argon atmosphere in the supporting electrolyte, ca. 0.6 — 0.8 mL) was added to the cell, to
provide reference potentials (0.46 V vs. SCE for the Cp2Fe/Cp2Fe* couple in DCM).5!2 Cyclic
voltammograms with the scanning rates in the 50-1000 mV/s range and square wave voltammograms
with frequencies in the 2 — 10 Hz range (pulse height 25 mV) were obtained.
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Fig. S15. Cyclic voltammetry (CV) of radicals 1 and 2 in 0.1 M tetrabutylammonium
hexafluorophosphate in dichloromethane at room temperature. Plots of peak current (/) for the oxidation

wave vs square root of scan rate (SR).
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Fig. S16. Cyclic voltammetry (CV) of radicals 1 and 2 in 0.1 M tetrabutylammonium

hexafluorophosphate in dichloromethane at room temperature. Redox potentials are given as mean +
stddev with n = 6-7 (1) and 10 (2). Scans were started and ended at ca. 0.6 — (—0.8) V. CV labels:

ZY947ccv12 (1) and ZY971cev4 (2).
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Fig. S17. Differential pulse voltammetry (DPV) of radicals 1 and 2 in 0.1 M tetrabutylammonium
hexafluorophosphate in dichloromethane at room temperature. Redox potentials are given as mean +
stddev with n =3-7 (1) and 4-5 (2). Oxidation scans (blue lines) and reduction scans (red lines) started
at ca. —0.6 — (—0.7) V. DPV labels: ZY947dppv9 (1), ZY947dppvll (1), ZY971dppvl (2), and
ZY971ddpv2 (2).
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Fig. S18. Differential pulse voltammetry (DPV) of radicals 1 and 2 in 0.1 M tetrabutylammonium
hexafluorophosphate in dichloromethane at room temperature. Redox potentials are given as mean +
stddev with n = 3-7 (1) and 4-5 (2). Oxidation scans (blue lines) started at ca. —1.5 — (—1.6) V. DPV

E vs SCE (V)

labels: ZY947dppv8 (1) and ZY971ddpv6 (2).
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1.i Pulse and CW EPR spectroscopy. Pulse X-band EPR experiments (at University of Washington)
on radical 1 in toluene glass were carried out as described in the main text (Experimental Section).
Below, we provide summary electron spin relaxation rates (Table S5), as well as the measured inversion
recovery traces and Hahn echo decays (Figs. S22 and S23).

CW X-band EPR spectra for radicals were acquired on Bruker EMX-plus instrument at Nebraska,
equipped with a frequency counter and nitrogen flow temperature control (100—400 K). The spectra
were obtained using a single mode high sensitivity Bruker cavity, with an oscillating magnetic field
perpendicular (TE102) to the swept magnetic field. Temperatures were verified using an independently
calibrated thin wire thermocouple inserted into the EPR sample tube (containing the solvent) and
positioned in the cavity at the same place as in the variable temperature studies. The samples were
typically contained in 4-mm EPR sample tubes, equipped with high-vacuum stopcocks (Kontes). DPPH
powder (g =2.0037) was used as a g-value reference for selected spectra.5!> Spin concentrations were
determined using ca. 1 mM 4-oxy-TEMPO (TEMPONE) in benzene with the radicals 1 or 2 in the same
solvent.

Typical parameters for high-resolution CW EPR spectra of 1 and 2 in degassed benzene at room
temperature were: MW power attenuation = 30 or 20 dB, modulation amplitude = 0.01 — 0.04 mT,
conversion time = 5.0 ms, time constant = 0.32 ms, number of points = 2,500 — 10,000. Selected EPR
spectra of 1 and 2 were numerically simulated in the fast-motion limit using EasySpin 5.2.33 software
(garlic function).5'* Simulations were started with a guess based on the DFT computations (Table S4);
after initial optimization using default simplex algorithm, global optimizations using genetic algorithm
(10k generations) provided good inputs for final simplex optimizations. Although the spectra contained
a considerable number of lines, it was found that the best fits were obtained with target = fcn (i.e., the
derivative spectrum as is) and quadratic baseline correction (Isq2).

EPR spectra of assemblies of 1 on SiO2/Si(111) wafers were simulated in the rigid limit using EasySpin
5.2.33 (pepper function) by employing two components (for more details, see: Section 3).5!4

Table S5. The fitted values of 1/T;, 1/T,,, & and their 95% confidence intervals bounds.

Temperatte |11, (s 1T () ;
X)
low fit up | low | fit up | low | fit up
19 0.027 | 0031 | 0.04 | 019 | 021 | 023 | 15 | 1.7 | 18
30 0.094 | 0.11 0.13 | 0.16 | 0.17 0.18 1.7 1.9 2.1
40 0.15 0.17 | 0.20 | 0.14 | 0.15 0.15 1.8 2.1 23
50 0.20 024 | 0.28 | 0.14 | 0.14 0.15 1.9 2.2 2.4
60 0.25 0.31 | 0.40 | 0.13 | 0.14 0.14 1.8 2.0 2.2
70 0.34 0.40 | 047 | 0.13 | 0.14 0.14 1.8 2.0 22
80 0.43 0.52 | 0.62 | 0.14 | 0.15 0.16 1.7 2.0 2.3
90 0.55 0.66 | 0.78 | 0.16 | 0.18 0.19 1.4 1.6 1.8
100 0.75 0.93 1.2 ] 022 | 0.24 0.28 1.3 1.5 1.8
110 0.74 0.97 1.3 | 0.26 | 0.30 0.36 1.1 1.4 1.7
120 0.73 1.1 1.5 | 048 | 0.64 0.87 0.95 1.4 1.8
130 1.3 1.6 2.0 | 093 4.9 26 0.30 | 046 | 0.62
140 1.2 1.5 1.9 1.7 18 20e2 | 0.23 | 0.36 | 0.49
150 1.3 1.5 1.8 1.5 14 13e2 | 0.25 | 0.40 | 0.55
160 1.7 2.3 3.1 | 0.73 3.0 13 036 | 0.65 | 0.95
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Radical 1 in benzene
at 295 K — Experiment
repeat simulation i
| — Simulation:

rmsd = 0.01643

327 330 333 336
mT

Fig. S19A. Re-simulated EPR (9.2918 GHz, modulation amplitude = 0.02 mT, label: ZY935R3, sample
label: ZY904, spin conc. 94%) spectrum for 0.29 mM dicyano-substituted radical 1 in degassed benzene
(same experimental data as in Figure 4, main text). Simulation (EasySpin, garlic): g = 2.0042, A(**N) =
15.79 MHz (n = 2), A("*N) = 10.51 MHz (n = 2), A("H) = 5.74 MHz (n = 2), peak-to-peak linewidths,
Gaussian = 0.000433 mT and Lorentzian = 0.1179 mT (all nuclei are at natural abundance); g-value is
uncorrected.

— Experiment

— Simulation:
rmsd = 0.01940

327 330 333 336
mT

Fig. S19B. Repeat EPR (9.2918 GHz, modulation amplitude = 0.01 mT, label: ZY935R4, sample label:
7Y 904, spin conc. 94%) spectrum for 0.29 mM dicyano-substituted radical 1 in degassed benzene.
Simulation (EasySpin, garlic): g = 2.0042, A(**N) = 15.75 MHz (n = 2), A(**N) = 10.55 MHz (n = 2),
A('H) = 5.85 MHz (n = 2), peak-to-peak linewidths, Gaussian = 0.000553 mT and Lorentzian = 0.11945
mT (all nuclei are at natural abundance); g-value is uncorrected.
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— Experiment

— Simulation:
rmsd = 0.01814

327 330 333 336
mT

Fig. S19C. Second repeat EPR (9.2918 GHz, modulation amplitude = 0.05 mT, label: ZY935R2, sample
label: ZY904, spin conc. 94%) spectrum for 0.29 mM dicyano-substituted radical 1 in degassed benzene.
Simulation (EasySpin, garlic): g = 2.0042, A(**N) = 15.81 MHz (n = 2), A(**N) = 10.50 MHz (n = 2),
A('H) = 5.83 MHz (n = 2), peak-to-peak linewidths, Gaussian = 0.000669 mT and Lorentzian = 0.12167
mT (all nuclei are at natural abundance); g-value is uncorrected.

Radical 2 in benzene
at 295 K

— Experiment

— Simulation:
rmsd = 0.06840

327 330 333 336
mT
Fig. S20. EPR (9.2956 GHz, modulation amplitude = 0.04 mT, label: ZY973R7, sample label:
ZY973crpl, spin conc. 97%) spectrum for ~0.2-mM bromo-cyano-substituted radical 2 in degassed
benzene. Initial simulation (EasySpin, garlic): g = 2.0046, hyperfine couplings in MHz, each forn =1,
A(MN) =15.58, 15.25, 14.59, 10.05, A('H) = 6.51, 3.98, peak-to-peak linewidths, Gaussian = 0.000992
mT and Lorentzian = 0.099283 mT (all nuclei are at natural abundance); g-value is uncorrected.
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— Experiment

— Simulation:
rmsd = 0.01307

Radical 2 in benzene
at 295 K
Simulation with 7°Br and 8'Br

327 330 o7 333 336

Fig. S21. EPR (9.2956 GHz, modulation amplitude = 0.04 mT, label: ZY973R7, sample label:
ZY973crpl, spin conc. 97%) spectrum for ~0.2-mM bromo-cyano-substituted radical 2 in degassed
benzene. 2" repeat simulation including Br nuclei at natural abundance (additional genetic with 10,000
generations plus simplex simulations) (EasySpin, garlic): g = 2.0046, A(**N)=20.01 MHz (n = 1),
A("N)=10.34 MHz (n = 2), A("*N) = 14.90 MHz (n = 1), A("H) = 6.26 MHz (n = 1), A("H) = 5.39 MHz
(n=1), A(°Br) = 0.776 MHz plus A(*'Br); Iwpp, Gaussian = 0.00114 mT and Lorentzian = 0.09567
mT; g-value is uncorrected.

19K /ql’("'“’ /::— /;'T”’
/T, = 0.031 ms™ 1/T, = 0.11 ms” 1/T,= 0.17 ms™ 14T, = 0.24 ms™

0 50 100 150 0 20 40 600 20 40 60 0 20 40
/;: 70K 80K 7/ 90K
1/T,=0.31 ms” 1/T, = 0.40 ms™ 1T, =0.52 ms™ 1/T, =0.66 ms™

0 10 20 30 400 5 10 15 20 250 5 10 15 20 250 5 10 15 20
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f 100 K 110 K (i::’( y 130K
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0 2 4 6 0 2 4 6 0 2 4 6

T (ms)
Fig. S22. Inversion recovery measurements of 1 (sample label: ZY 1036, spin conc. ~100%). The phase-
corrected data (blue) were fitted (black) with a three-parameter model, V(T) = a — bexp(—T/T,),
with fitting parameters a, b and log,4 T;. For uncertainties, see: Table S5.
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Fig. S23. Hahn echo measurements of 1 (sample label: ZY 1036, spin conc. ~100%). The phase-
corrected data (blue) were fitted (black) with a three-parameter model, V(27) = V(0) exp(—(27/Ty)%),
with fitting parameters V' (0), ¢ and log;( T;,,. For uncertainties, see: Table S5.

1.j SQUID magnetometry of diradicals 1 and 2. Magnetic studies were carried out using 5-Tesla
Quantum Design SQUID magnetometer at the applied magnetic fields #=30000 and 5000 Oe at 7= 1.80
—320 K. The polycrystalline 1 and 2 were loaded to capsules and mounted in the colorless plastic straws.
Primary correction for diamagnetism was implemented by point-by-point background subtraction,
together with Pascal constants correction, as described in detail in the following paragraphs.

Selected models for numerical fitting of magnetic data for radical 1.
One-dimensional antiferromagnetic S = % chain model.5"> This model is employing Heisenberg
Hamiltonian model without the usual factor of 2. It is used to fit y vs T or ¥7T vs T data, in order to obtain
the intra-chain antiferromagnetic exchange coupling constant, J/k, in Kelvin. For all fits, mean-field
correction parameter, 6 = 0.

T = {1.506*N*[T/(T — 6)]*[Num/Den]} + Monorad (SDH

Num = 0.25 + (0.074975*x) + (0.075235%x%)

Den =1+ (0.9931*x) + (0.172135%x?) + (0.757825%x%)

x==JIT

Monorad = {7T%1.118%*Njmp*{sinh(a)/[2 + 2cosh(a)]} }/H

a=1345(H/T - 0))
S =¥ dimer model.5'® This model is employing Heisenberg Hamiltonian model with the usual factor of
2. Itis used to fit y vs T or yT vs T data, in order to obtain the singlet-triplet energy gap (2J 7k in Kelvin)
in the dimer or in other words, intra-dimer exchange (most likely antiferromagnetic) coupling constant,
J’/k, in Kelvin. Diamagnetic impurities and inaccuracies in the mass balance are accounted for by the mass
factor, N; free S = ' radicals, i.e., crystal defects, are accounted with parameter Nimp. There is also a
possibility of adding mean-field parameter &, to account for relatively weak inter-molecular interactions
(compared to intra-dimer J /k) between radical molecules — however, this was not necessary for 1, i.e., 8
was set to 0. These models (Eq. S2 plus Monorad term from eq. S1) account for paramagnetic saturation.

2T = {T*1.118*N*{2sinh(a)/[1 + 2cosh(a) + exp((-2J k)/T)]} }/H (S2)

a=1345(HI(T - 6))
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Details of numerical fitting of SQUID magnetic data. SigmaPlot for Windows software package is used
for numerical curve fitting of the magnetic data. Standard error (SE) for each variable parameter is
provided. The reliability of a fit is measured by the parameter dependence (DEP), which is defined for
each variable parameter as follows: DEP = [ — ((variance of the parameter, other parameters
constant)/(variance of the parameter, other parameters changing)). Values close to 1 indicate an
overparametrized fit.

The quality of fits may be measured by a coefficient of determination (R?), which is defined for nonlinear
numerical fits of the magnetic data as follows (Eq. S4):
R =1-[E@i- Y))E@i - <)) (S4)

where yi, Yi , and <> denote experimental values, fitted values, and the arithmetic mean of the
experimental values. We list in Table S6 values of R? that are statistically adjusted, i.e., adj R*; values
close to 1 indicate a fit of high quality.

The quality of fits is more reliably measured by standard error of estimate (SEE), which is defined
as follows (Eq. S5):

SEE = [SSE/(n —2)]"? (S5)

where, SSE is the sum of squared errors and 7 is the number of points. The perfect fit would imply SEE =
0.0000.
SQUID magnetometry of radicals 1 and 2 as polycrystalline powders. For radicals 1 and 2, initial
SQUID run involved samples of 19.32 mg (SQUID label: ZY902, sample label: ZY 849, spin conc. = 94%)
and 27.28 mg (SQUID label: ZY984, sample label: ZY973, spin conc. = 97%), respectively. For the
background SQUID runs, a portion of the sample was removed from the holder, to leave 7.525 and 14.16
mg samples of 1 and 2, respectively. (Also, for another sample of radical 2 (sample label: ZY973, after
additional recrystallization), another set of SQUID runs (SQUID label: ZY999) was carried out to verify
the absence of the maximum in the plot of y vs T in the 7 = 1.8 — 300 K.) Following these runs,
magnetization for the background, Myck, was point-by-point subtracted from magnetization for the sample,
Msample, to provide corrected magnetization, M., accounting for diamagnetism of sample holder. Thus, M.
corresponded to mass of 11.795 and 13.12 mg for 1 and 2, respectively.

Subsequently, the M. were converted to corresponding molar magnetic susceptibilities for 1 and 2:
K cor = Mcor/(H*nmolsample),
where, H is the applied magnetic field in Oe and 7molsample is the number of moles of the radical sample.

Final molar magnetic susceptibility, y, was obtained by subtraction of Pascal constant-derived correction
P:S”

X = Kcor — P

where, P =-182.3 x 10 emu/mol and P =—-202.2 x 10® emu/mol for 1 and 2, respectively.

In polycrystalline 1, much stronger intermolecular antiferromagnetic interactions were found, compared
to polycrystalline 2 (e.g., Fig. S26). For 1, the y vs T and y7T vs T data, which were corrected for
diamagnetism using point-by-point approach and Pascal constants, were fit in the 7= 1.8 — 320 K range
with two 3-parameter models (Eqs. S1 and S2). In the three-parameter models, three variable parameters
were: J /k — intra-chain or intra-dimer antiferromagnetic exchange coupling constant (in Kelvin), N — the
weight factor (N = 1.00 for perfectly pure antiferromagnetically coupled S = 1/2 radicals), and Nimp — the
mass factor for a “free” S = 1/2 radicals — i.e., crystal defects. The results of the fits for radical 1 are
summarized in Table S6. One-dimensional intra-chain antiferromagnetic coupling constant J /k, obtained
from the fits to the y vs T data at various magnetic fields and temperature changing modes (Table S6),
was J 7k =-21.8510.70 K (mean + SE, n = 3).
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Table S6. Complete set of fitting parameters for y7 vs T'and y vs T data of polycrystalline radical 1 in the

T=1.8—-320 K range.

} zor 4T H J'k (SE, DEP)® N (SE, DEP)® _ . P e
Fit o - = Nimp (SE, DEP) SEE adj R

30000 (cool) | —21.09 (0.16, 0.8758) | 1.017 (0.006,0.7994) | 0.040 (0.0005, 0.6988) | 0.0002 | 0.9988

7 30000 (warm) | —21.21 (0.13, 0.8793) | 1.020 (0.005, 0.8132) | 0.040 (0.0004, 0.6873) | 0.0001 | 0.9990

D 5000 (cool) | —23.24 (0.30, 0.8955) | 1.058 (0.012, 0.8630) | 0.057 (0.0005, 0.6277) | 0.0003 | 0.9977

30000 (cool) | —17.46 (0.34,0.7021) | 0.973 (0.006, 0.8890) | 0.020 (0.0062, 0.9313) | 0.0065 | 0.9972

4T [ 30000 (warm) | —17.53 (0.31, 0.6922) | 0.970 (0.005, 0.8642) | 0.021 (0.0053,0.9175) | 0.0066 | 0.9974

5000 (cool) | —19.24 (0.26, 0.6265) | 0.987 (0.004, 0.6817) | 0.043 (0.0031, 0.8045) | 0.0057 | 0.9984

30000 (cool) | —11.26 (0.20, 0.5125) | 0.778 (0.015,0.4582) | 0.101(0.0012,0.1513) | 0.0007 | 0.9792

Dimer z 30000 (warm) | —11.04 (0.18, 0.5095) | 0.773 (0.015, 0.4698) | 0.097 (0.0010,0.1180) | 0.0007 | 0.9769

N 30000 (cool) | —13.41 (0.12, 0.4674) | 0.843 (0.003,0.8323) | 0.117 (0.0028,0.8712) | 0.0039 | 0.9990

x 30000 (warm) | —13.27 (0.1, 0.4657) | 0.845 (0.003,0.8052) | 0.113 (0.0025,0.8520) | 0.0041 | 0.9990

2 J'/k, Heisenberg exchange coupling constant; SE, standard error; DEP, parameter dependence. ° N, weight factor for exchange-
coupled S = 1/2 radical. © Nimp, weight factor for isolated S = 1/2 radical. ¢ SEE, standard error of estimate. ¢ adj R?, statistically

adjusted coefficient of determination.
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T at 5000 Oe (cool)

T at 5000 Oe (warm)
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z at 30000 Oe (warm)

x at 5000 Oe (cool)

z at 5000 Oe (warm)

— Fit to T at 30000 Oe (cool): Jik=-17.5 K
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— Fitto 7 at 30000 (warm): J/k=-17.5K
—— Fit to z at 30000 Oe (cool): J/k =-21.1 K
— Fit to z at 30000 Oe (warm): J/k =-21.2 K

T(K)

Fig. S24. SQUID magnetometry (label: ZY902) of polycrystalline radical 1 (sample label: label:

7Y 8491rl): experimental data plotted as y7 vs T and 7 vs T and the selected numerical fits to one-
dimensional S = % antiferromagnetic Heisenberg chain (Egs. S1A and S1B). Fitting parameters and
relevant statistical parameters are summarized in Table S6.
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0.4 0.02
= O Experiment: ;T at 30000 Oe (cool)
' ° O Experiment: y at 30000 Qe (cool)
£ — Fit to 4T at 30000 Oe (cool): Jk =-134 K
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Fig. S25. SQUID magnetometry (label: ZY902) of polycrystalline radical 1 (sample label: label:
7Y 8491r1): selected experimental data plotted as y7 vs T and 7 vs T and the numerical fits to S= "

y (emu mol'1)

dimer Heisenberg model with antiferromagnetic coupling (Eq. S2). Fitting parameters and relevant

statistical parameters are summarized in Table S6.
0.4

0.05

g O Experiment: T at 30000 Qe (cool)
v 0.2 O Experiment: y at 30000 Oe (cool)
o —— Fitto »T: N=0.85, §=-58K
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Fig. S26. SQUID magnetometry (label: ZY984) of polycrystalline radical 2: selected experimental data

- 0.04

- 0.03

¥ (emu mol'1)

plotted as 7 vs T and yT vs T and the numerical fits to S = /> with weight factor, N, and
antiferromagnetic coupling described as a mean-field parameter, 6. Fitting parameters and relevant

statistical parameters for radical 2 are as follows: fit to y7 vs 7, N=0.847 £ 0.003 and 6=-5.77 £ 0.13
K, DEP = 0.3649, SEE = 0.0070, adj R* = 0.9921; fit to y vs 7, N=0.774 + 0.005 and 8= —4.00 + 0.05
K, DEP =0.9386, SEE = 0.0003, adj R?> = 0.9996. For comparison fit to 47 vs T for radical 1: N = 1.030

+0.009 and #=-16.38 + 0.74 K, DEP = 0.5755, SEE = 0.0177, adj R*> = 0.9790.
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Fig S27. 'H NMR (400 MHz, 0.54 mL of DMSO-ds, label: ZY902) spectrum of radical 1 (SQUID
sample, 0.48 mg, spin conc. 94%, label: ZY849fr1) with 4,4’-di-tert-butylbiphenyl (0.23 mg, 8.63 x 10
mmol) as a reference, to determine content of residual benzene; label: ZY902. Based on the integration
of 0.079H for singlet at ~7.38 ppm, mass content of benzene in the sample of 1 is 0.37%, which

corresponds to radical/benzene molar ratio of 61:1.

1.k Thermogravimetric analyses. TA Instruments TGA 550 was used for TGA of radicals 1 and 2.
Samples were obtained as dark solid from pentane penetrating to benzene, and they were dried on high
vacuum line at 60 °C before measuring spin concentration. In a typical measurement, temperature was
ramped from 25 °C to 390 °C (or 490 °C) at 5 °C min™! and then held at 390 °C (or 490 °C) for 5 min.
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Fig. S28. Expanded version of Figure 9A (main text). TGA of dicyano radical 1 (1.162 mg, spin

concentration 94%, sample label: ZY904). Temperature was ramped from 25 °C to 390 °C at 5 °C min!
and held at 390 °C for 5 min. 1% mass loss was found at 269.35 °C.
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Fig. S29. TGA of dicyano radical 1 (1.857 mg, spin concentration 82%, sample label: ZY849).
Temperature was ramped from 25 °C to 390 °C at 5 °C min™! and held at 390 °C for 5 min. Sample

changed from dark needle solid at room temperature to dark solid after heating. 1% mass loss was found
at 262.98 °C and 18% was found at 296.37 °C.
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Fig. S30. TGA of monobromocyano radical 2 (1.375 mg, spin concentration 97%, sample label:
ZY972again). Temperature was ramped from 25 °C to 390 °C at 5 °C min™! and held at 390 °C for 5
min. 1% mass loss was found at 190.17 °C.
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Fig. S31. Expanded version of Figure 9B (main text). TGA of monobromocyano radical 2 (1.186 mg,
spin concentration 97%, sample label: ZY984, after SQUID measurement — first half of the SQUID
sample). Temperature was ramped from 25 °C to 490 °C at 5 °C min™' and held at 490 °C for 5 min. 1%
mass loss was found at 194.96 °C.
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2. Assemblies of Radical 1 on SiO2/Si(111) Wafers.

Assembly stoichiometry. Quantitative information on assembly stoichiometry can be obtained by the
analysis of the survey XPS spectra: the ratio of the integrated signal intensities of the spectroscopic lines
in XPS curves of a film deposited with intact molecules is directly proportional to the theoretical
percentages expected based on radical stoichiometry. This is a powerful tool to determine whether the
deposition occurs without degradation.5'® The results are given in Table S7.

Table S7. Stoichiometric and experimental elemental ratios for radical 1.

Theoretical XPS values
value (%) (%)
C 77.8 77.0+£2.5
N 22.2 23.0+2.5
C/N 35 34+0.6

The sensitivity factors (o) are: oc 1s = 0.25 and on 15 =0.42.5"

We find that the integrated signal intensities obtained by analyzing the survey XPS curves agree with the
theoretical elemental analyses. This means that the stoichiometry of the deposited assemblies
corresponds to the quantitative composition of the molecule, indicating deposition without degradation.
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Table S8. Assemblies: Fit results for the energy positions and relative intensities of the C 1s

photoemission lines together with the molecular stoichiometry ratio in percent.

Lorentzian Gaussian Theoretical
Energy (eV) | Width (eV) | Width (eV) | Intensity (%) | values (%)
Cc-C 285.3 0.08 0.99 23.8 23.8
C-H 285.9 0.08 0.99 32.5 524
Si 286.6 0.08 0.99 1.6
C-N 287.1 0.08 1.38 23.8 23.8
Sa 287.6 0.08 1.00 3.8
S3 291.5 0.08 6.02 14.5

Note that the cumulative intensity of the C-H feature and its satellites corresponds to the expected

theoretical value (C-H + S1 + Sz + S3 =52.4 %).

Table S9. Powder: Fit results for the energy positions and relative intensities of the C 1s photoemission

lines together with the molecular stoichiometry ratio in percent.

Lorentzian Gaussian Theoretical
Energy (eV) | Width (eV) [ Width (eV) | Intensity (%) values (%)
C-C 284.8 0.08 0.98 24.0 23.8
C-H 285.4 0.08 0.98 33.4 52.4
Si 286.1 0.08 0.98 2.5
C-N 286.7 0.08 1.32 23.8 23.8
S2 287.0 0.08 0.98 2.2
S3 290.6 0.08 6.09 14.1

Note that the cumulative intensity of the C-H feature and its satellites corresponds to the expected
theoretical value (C-H + S1 + Sz + S3 =52.2 %).
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Table S10. Assemblies: Fit results for the energy positions and relative intensities of the N 1s
photoemission lines together with the molecular stoichiometry ratio in percent. Atom numbering refers
to Figure 3 (main text, X-ray structure).

Lorentzian Gaussian . Theoretical
Energy (V) | Width (ev) | Width (ev) | ™™ 0 | Vatues (%)
N 3994 0.1 0.98 18.3 16.7
N2 400.4 0.1 0.98 37.8 50.0
Si 401.3 0.1 0.98 2.3
-CNsge 402.9 0.1 0.98 29.5 33.3
S 403.7 0.1 1.10 3.9
S3 405.7 0.1 3.28 8.2

Note that the cumulative intensity of the feature N»3 4 and -CNjsg and their satellites correspond to the

expected theoretical value (N234+ St + S3=48.3 % and -CNs6+ Sz =33.4 %)

Table S11. Powder: Fit results for the energy positions and relative intensities of the N 1s
photoemission lines together with the molecular stoichiometry ratio in percent. Atom numbering refers
to Figure 3 (main text, X-ray structure).

Lorentzian Gaussian . Theoretical
Energy (V) | width (ev) | Width (ev) | ™™ () | Vatues (%)
N 398.8 0.1 0.95 18.4 16.7
N234 399.7 0.1 0.95 38.9 50.0
Si 400.9 0.1 0.95 2.6
-CNs6 402.3 0.1 0.95 27.4 33.3
S> 403.0 0.1 2.07 5.6
S3 405.1 0.1 3.38 7.1

Note that the cumulative intensity of the feature N»3 4 and -CNjsg and their satellites correspond to the
expected theoretical value (N234+ S1 + S3 =48.6 % and -CNs ¢+ S» =33 %)

We find that the integrated signal intensities obtained by analyzing the XPS lines by the fitting
procedure agree with the theoretical elemental analyses and with the analogous values obtained from the
powder line fit analyses. This further supports the conclusion that the deposition occurred without

degradation.
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SEM images. SEM images of a typical radical 1 assembly show that the substrate is homogeneously
covered with nanoneedles. The lower panel in Figure S32 shows two images in high resolution. Typical
diameters are also measured: they range from ~10 nm for small needles to ~100 nm for the bigger ones
under the present preparation conditions (substrate kept at room temperature and evaporation rate: 0.1-
0.7 nm/min).
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Assembly lifetime under air exposure. We also tested the lifetime of the assemblies of radical 1 taken
out of the UHV and under air exposure. The assemblies are characterized by a long lifetime. In Fig. S33
a typical XPS N 1s core-level curve after 64 hours of air exposure is illustrated. There are no changes in
the line shape or new features. We observe a shift of the curve towards higher binding energy and higher
satellite intensity, upon air exposure. This hints at possible post-growth phenomena involving desorption
and coalescence of the smaller nanoneedles in favor of the growth of bigger nanoneedles.

This is supported by the monitoring of the survey signals with time (Fig. S34). We observe a slight
decrease of the C 1s and N 1s signals, concomitant to very slight desorption of the molecules, and the
increase of the Si 2p signal that indicates desorption and nanoneedle reorganization that leaves free
larger areas of the substrate.

e freshly evaporated ®
© after 64 h air exposure g(g%

Intensity (a.u.)

408 406 404 402 400 398

Binding Energy (eV)
Fig. S33. Typical N 1s core-level spectra of the fresh assembly and after 64 h of air exposure.

fresh film 01s
after 2 h air exposure

—— after 29 h air exposure .
Si2p
Si2s

Cis
N1is

I f

1000 800 600 400 200 O
Binding Energy (eV)

Intensity (a.u.)

Fig. S34. Monitoring the survey core level spectra with increasing time of air exposure.
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3. EPR Spectroscopy of Assemblies of Radical 1 on SiO2/Si(111) Wafers.

EPR spectra of assemblies of 1 were obtained at the University of Nebraska, using Bruker CW EPR
spectrometer (X-band EMXplus), as described in Section 1.e. The assemblies were shipped from the
Casu lab to the Rajca lab via express mail in custom-made Schlenk vessels (under vacuum at ambient
temperature). Upon arrival at Nebraska, the assemblies and empty substrate (SiO2/Si(111) wafer) were
rapidly transferred on air to custom made Schlenk 5-mm OD EPR tubes, and then placed under high
vacuum (ca. 1 x 10 Torr).

Angular dependence of EPR spectra of freshly prepared assemblies of radical 1 on SiO/Si(111) wafers
at room temperature (293 K) was found negligible (checked at 0, 45 , 90, ... 315, 360 ° angles between
the normal to the surface and the external magnetic field) (Fig. S35). Thus, all subsequent spectra were
obtained at 90 ° angle.

The spectra of the assemblies of 1 were initially obtained while the assembly was kept under vacuum.
First, the background spectra of empty SiO»/Si(111) wafers were taken and simulated (Fig. S36).
Second, the spectra of the assemblies were obtained and simulated with two S = %2 components (Fig.
S37), as described in the following paragraph. Finally, the background spectra were subtracted from the
spectra of the assemblies. To account for small differences in microwave frequencies between the two
types of spectra (assembly vs background), prior to the subtraction, the background spectra were slightly
shifted. The resultant difference spectra for 1 were simulated (Fig. S38); g-values for radical 1 were
corrected with DPPH (powder sample).

In another experiment, stability (persistence) of the assemblies, after exposure to air for a total of 54 d,
was followed by EPR spectroscopy. First, the spectra of empty SiO»/Si(111) wafers were taken and
simulated (Fig. S36). Then, the spectra of assemblies were obtained and simulated with two S =2
components. The first component (weight = 1.000) corresponded to the background for which only the
g-tensor was optimized; the values of H-strain, were fixed and taken from the simulation of the empty
substrate spectra. The second component (weight = w/ = optimized) corresponded to isotropic,
exchange narrowed, spectrum of radical 1 (Fig. S39). Using the weights wi, molar fraction of 1 (x) was
computed, x = wl/(wl +1). Linear regression, —In(x) vs time (in days), gave half-life of 1 in the
assemblies (Table S12, Fig. S40).

Finally, residue of radical 1, following multiple cycles of evaporation under UHV was examined by
quantitative EPR spectroscopy in benzene at room temperature; spin concentration of 92% was
measured (label: ZY1012), compared to 94% for the original sample (label: ZY904).
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Table S12. Summary of spectral simulations of the assemblies of 1 exposed to ambient conditions.

EPR label Time Simulation Rmsd Weight, wl X —In(x)
(d) label
ZY1025R7 Tl1d bas 1 1891 0.023692 0.1754586 0.149268209 1.902010531
ZY1025R10 T2d bas 2 1926 0.0273773 0.1486697 0.12942772 2.044632702
ZY1025R13 T2d bas 2 1921 0.0228353 0.1595724 0.137613141 1.983308858
ZY1025R17 T3d bas 3 1918 0.0213823 0.1339112 0.118096726 | 2.136251281
ZY1025R18 T4d bas 4 1895 0.0184635 0.1799214 0.15248592 1.880683016
ZY1025R19 T4d bas 4 1924 0.0195578 0.1777726 0.150939664 1.890875101
Zy1029R11 T15d bas 15 1958 0.0215493 0.1254732 0.11148484 2.193866658
ZY1029R10 T15d bas 15 1893 0.0210602 0.1324984 0.116996545 | 2.145610875
ZY1029R8 T15d bas 15 1938 0.019339%4 0.1225303 0.10915545 2.214982266
ZY1029R15 T22d bas 22 1931 0.0224152 0.1155041 0.103544308 | 2.267755662
ZY1029R19 T30d bas 30 1933 0.0189926 0.1109755 0.099890142 | 2.303684281
ZY1029R20 T30d bas 30 1955 0.017995 0.09500452 | 0.086761761 2.444589301
ZY1029R23 T37d bas 37 1929 0.0222802 0.1111941 0.100067216 | 2.301913159
ZY1044R3 T46d bas 46 1953 0.029033 0.08468322 | 0.078071845 | 2.550125789
zY1044R5 T46d bas 46 1951 0.0292153 | 0.07548823 | 0.070189731 2.656553255
ZY1044R8 T54d bas 54 1949 0.0301573 | 0.07580686 0.07046512 2.652637437
ZY1044R9 T54d bas 54 1947 0.031722 0.0669975 0.062790681 2.767948603

—Z7Y1024R8 —ZY1024R9

ZY1024R10 ZY1024R11
—2ZY1024R12 ——ZY1024R13
—27ZY1024R14 ——2ZY1024R15
—2ZY1024R16

326 330 334 338 342
mT

Fig. S35. EPR spectroscopy (v = 9.36 GHz, modulation amplitude = 0.1 mT, MW power attn =33 dB,
EPR labels: ZY1024R8-R16) of freshly prepared (time = 0 d) assemblies of radical 1 at 293 K; the
spectra are obtained by incrementally changing the angle by 45 © in the 0 — 360 ° range; no detectable

angular dependence is found. Angles are between the normal to the surface and the external magnetic
field.

S58

147



0.024 -

— Experiment:
Empty substrate: empty substrate
ZY1024R19bk_bas — Fit: rmsd = 0.05391
0.012 -
D
<
0 -
-0.012 T T T ]
326 330 334 338 342
mT
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Fig. S36. EPR spectroscopy (v =9.3527 and 9.3547 GHz, EPR labels: ZY1024R18bk bas and
ZY1024R19bk _bas) of empty SiO2/Si(111) substrate at 293 K. Top spectrum (number of scans = 8):
simulation parameters: rmsd = 0.0539113, S =", gxx = 1.9986, gyy = 1.9967, g, = 1.9865, Hxx = 25.0
MHz, Hyy = 68.7 MHz, Hz, = 105.3 MHz. Bottom spectrum (number of scans = 16): simulation
parameters: rmsd = 0.0389882, S =1, gxx = 1.9976, gyy = 1.9990, g2 = 1.9769, Hxx = 28.6 MHz, Hyy =
59.5 MHz, Hz; = 147.2 MHz.
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Fig. S37. EPR spectroscopy (v =9.3597 and 9.3592 GHz, EPR labels: ZY1024R3bas and
ZY1024R7bas) of assemblies of 1 at 293 K (time = 0 d). Top spectrum (number of scans = 8, label:
R7bas): simulation parameters: rmsd = 0.0205615, component 1, weight =1.000, S = 14, gxx = 1.99609,
gy =2.0026, g,, = 1.9800, fixed H-strain (label: R19bck): Hxx = 25.0 MHz, Hyy = 68.7 MHz, H,, =
105.3 MHz; component 2, weight = 0.1474, S = ', g(cor) = 2.0036, Iwpp, Gaussian = 0.146 mT,
Lorentzian = 0.122 mT. Middle spectrum (number of scans = 8, label: R7bas): simulation parameters:
rmsd = 0.0216439, S =, gxx = 1.9974, gyy = 1.9969, g.. = 1.9866, fixed H-strain (label: R18bck): Hxx
=28.6 MHz, Hyy = 59.5 MHz, H,, = 147.2 MHz; component 2, weight = 0.1618, S = !4, g(cor) = 2.0036,
lwpp, Gaussian = 0.143 mT, Lorentzian = 0.125 mT.. Bottom spectrum (number of scans = 16, label:
R3bas): simulation parameters: rmsd = 0.0165215, S =1, gxx = 1.9969, gyy = 1.9982, g, = 1.9847, fixed
H-strain (label: R18bck): Hxx = 28.6 MHz, Hyy = 59.5 MHz, H,, = 147.2 MHz; component 2, weight =
0.1559, S =", g(cor) = 2.0036, lwpp, Gaussian = 0.167 mT, Lorentzian = 0.119 mT.
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Fig. S38. EPR spectral differences: spectrum of the assemblies of 1 minus spectrum of the empty
substrate. Because the spectra of the assemblies of 1 (v =9.3597 and 9.3592 GHz, EPR labels:
ZY1024R3bas and ZY 1024R7bas) and the empty substrate backgrounds (see: the Figs. S36 and S37,
above) possess slightly different frequencies, the background spectra were slightly shifted prior to the
subtraction of empty SiO2/Si(111) substrate at 293 K. Top spectrum (number of scans = 8): simulation
parameters: rmsd = 0.0201363, S = ', g(cor) = 2.0036, line widths peak-to-peak (Iwpp), Gaussian =
0.136 mT and Lorentzian = 0.134 mT. Bottom spectrum (number of scans = 16): simulation parameters:
rmsd = 0.0172391, S = 14, g(cor) = 2.0036, Iwpp, Gaussian = 0.167 mT and Lorentzian = 0.122 mT.
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1 Assembly after 1 day — Experiment: after 1 d
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Fig. S39. EPR spectroscopy (v =9.3570 and 9.3601 GHz, EPR labels: ZY1025R7 T1d bas and
ZY1029R10_T15d bas) of assemblies of 1 at 293 K. The spectra are taken after exposure of the film to
ambient conditions for 1 and 15 days, respectively. Top spectrum (number of scans = 8, label:
R7bas_T1d): simulation parameters: rmsd = 0.0236920, component 1, weight =1.000, S = ', gxx =
1.9974, gyy = 1.9996, g, = 1.9835, fixed H-strain (label: R19bck): Hxx = 25.0 MHz, Hyy = 68.7 MHz,
H,, =105.3 MHz; component 2, weight = 0.1755, S = ', g(cor) = 2.0036, lwpp, Gaussian = 0.146 mT,
Lorentzian = 0.233 mT. Bottom spectrum (number of scans = 8, label: R10bas_T15d): simulation
parameters: rmsd = 0.0210602, S =5, g« = 1.9969, gyy =2.0015, g, = 1.9836, fixed H-strain (label:
R19bck): Hyx = 25.0 MHz, Hyy = 68.7 MHz, H,, = 105.3 MHz; component 2, weight = 0.1325, S =1,
g(cor) =2.0036, lwpp, Gaussian = 0.158 mT, Lorentzian = 0.137 mT.
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-In (x, molar fraction of radical)

3.0 1

2.5 A

1.5

® -In(x) vs time
— Linear regression o
Assembly of radical 1 decay
1-54 d at ambient conditions
n,=50+4d
©e adj R2 = 0.9054
SEE = 0.0862
0 20 40 60

Time (d)

Fig. S40. Expanded version of inset plot Figure 12 (main text). Linear regression showing half-life of 50
d for assemblies of 1 at ambient conditions. The data for this figure are summarized in Table S12.
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4. TH NMR, 3C NMR, MS, IR Data for Radical 1 and Its Synthetic Intermediates
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Fig. S41. "H-NMR spectrum for compound 3 (sample label: zy815, CDCls, 400 MHz).
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Fig. S42. 3C-NMR spectrum for compound 3 (sample label: zy844, CDCls, 150 MHz).
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Fig. S43. 'H-NMR spectrum for compound 4-CN (sample label: zy817 col, CDCls;, 400 MHz).
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Fig. S44. '"H-'H COSY spectrum for compound 4-CN (sample label: zy817 col, CDCls, 400 MHz).
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Fig. S46. '"H-NMR spectrum for compound 5-CN (sample label: zy822, methanol-ds, 400 MHz).
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Fig. S47. '"H-'H COSY spectrum for compound 5-CN (sample label: zy822, methanol-ds, 400 MHz).
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Fig. S51. "H-NMR spectrum for compound 6-CN (sample label: zy841, DMSO-ds, 400 MHz).
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Fig. S52. '"H-'H COSY spectrum for compound 6-CN (sample label: zy841, DMSO-ds, 400 MHz).

S69



A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

69°
.hﬁﬁ/
‘61T
4°N ,/
ye”
o’
€0

00
78

9T
€9
(43

‘6E
"6€
"6€
"6€
"6€
“6E
“6E
"8¥

a2

91T

12T
ze1 >
82T —

7

.vmﬁ\
ET

18°

E9T—

ppm

€69°
CLTT

000

vpe"

<he”
zpe”

120

LZk

8¢S°

I2E

91T

61T

1zt
(£

‘8¢l

‘0ET
91"

Iet

PET

‘9€T

6-CN

N
N
+

N~
N
NO;,

“n‘lw}"yi"\“"’“ﬂ"'l\\‘”wfi“’«""v‘lg‘l‘lIH\"‘M‘ h’w"”ﬁw",wr.;wﬁ?\’

[
i

|

W 'M A“‘ W pﬂ’"w“'

W

PRpm

120

w

130

135

9

Fig. $53. BC-NMR spectrum for compound 6-CN (sample label: zy841, DMSO-ds, 174 MHz).

ZY969 crpl

6-CN

ppm

0 ppm

6LL°0

e
. =850

196°0

veo’L

SYE'L

159

Fig. S54. 'H-NMR spectrum for compound 6-CN (sample label: zy969, methanol-ds, 400 MHz), which was
S70

prepared by acidification of radical 1.



160

Analysis Info

Acquisition Data  10/18/2020 3:23:28 PM
Analysis Name  DoKurts stuifikurt's Datai61733 Zy815 crp1_000001 .d

Method Now Shim 4 23 20 Operaior
Sample Name Instrumant solariX XR
Comment
lﬂ'—‘[rc"?i E1713 Ty815 crpl_DDOOOT o +has
b |
B 1+
x10 244 BE436
H
N, #
34
NC
3
2
i+
245 08781
|
n T T T T T T T T T
24375 24400 22425 244 50 24475 24500 24595 24550 mz
| — M5 |
Eruker Compass Datafnalysis 5.0 printed. 1071672020 3:25226 PM by. demo Page 1of1
Untitled
Meas. m/z # Ion Formula Score m/z err [ppm]Mean err [ppm]  mSigma rdb & Conf N-Rule
244.084382 1 C14H11N3Na 100.00 244.084518 0.6 0.1 9.5 11.0 even ok

Fig. S55. HR-ESI MS for compound 3 (sample label: zy815, calcd 244.08452 for C1sH;1N3Na, found 244.08436).
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Analysis Info Acquisiton Date  10/16/2020 3:13:12 PM
Analysis Nama  D/Kurts stuffKurt's Datai61732 ZY835 Co1 CRpi_000001.d
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Bruker Compass DataAnalysis 5.0 printad: 1071672020 3:18:32 P by. demc Page 1 of1
Untitled
Meas. m/z z Ion Formula Score m/z err [ppm]Mean err [ppm] mSigma rdb £ Conf N-Rule
373.117911 1 C21H14N6Na 100.00 373.117215 19 -1.0 37.8 18.0 even ok

Fig. S56. HR-ESI MS for compound 4-CN (sample label: zy835, calcd 373.11722 for C21H14NgNa, found

373.11791).
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Analysis Info

Acquisition Data 10182020 3:53:39 PM
Analysis Name  DAKurts stuifikurt's Dats\e1734 zy837 soid 000001 d

Method Mew Shim 4 23 20 Oporator
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[== |
Bruker Compass DataAnalysis 5.0 printed: 10¥1672020 $.03:43 PH by: demo Page 1 of 1
Untitled
Meas. m/z # Ion Formula Score m/z err [ppm]l~lea[:1 le\rer([ppm] mSigma rdb e Conf N-Rule
349.119331 i C21H[13N6 100.00 349.119621 0.8 0.2 6.9 19.0  even ok
Fig. S57. HR-ESI MS for compound 5-CN (sample label: zy837, calcd 349.11962 for C»H 3N, found
349.11933).
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Analysis Info Acquisition Date  10/16/2020 3:02:44 PM
Analysis Name D \Kuwrt's stuffiKurt's Data\s17371 ZYB23A1_000001.d
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Brukar Compass DatzAnalysis 5.0 printed: 101672020 3:06:00 PM by: dema Fage 1 of 1
Untitled
Meas. m/z -3 Ion Formula Score m/z err [ppm]Mean err [ppm] mSigma rdb & Conf N-Rule
347.104152 1 C23H13N30 66.17 347.105313 3.3 4.0 19.5 odd ok
2 C21H11N6 100.00 347.103971 -0.5 -0.8 9.0 20.0 even ok
3 C20H15NZ04 56.26 347.102633 -4.4 -3.1 12.7 15.0 even ok

Fig. S58. HR-ESI MS for compound 6-CN (sample label: zy829, calcd 347.10397 for C21H11Ns, found
347.10415).
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Analysis Info Acquisttion Date  11/9/2020 10:37:53 AM
Analysis Name  DiKurt's siuffiKurt's Dats\61744 ZYS831 dark sofid_000001.d

Mothod MNew Shim 1030 20 Oparator

Sampla Nama Instrumeant solariX XR

Comment

Intens. 51744 ZYE31 dark 000 DO0ODLd: +VE
[ 1+
x108 347 4pa0s

20

1.0
1+
348 10835
05
0.0 } ,
.kE 3470 75 3480 34k 5 uho 24h5 350.0 IE0.E mz
| ——
Bruker Compass DataAnalysis 5.0 prntad: 11/9/2020 10:42:20 AM by: cemo Page 101 1
Untitled
Meas. m/z #* Ion Formula Score m/z err [ppm]Mean err [ppm] mSigma rdb e Conf N-Rule
347.104961 3 C21H11iN6 86.93 347.103971 -2.9 31 27 20.0 even ok
2 C23H13N30 100.00 347.105313 1.0 0.8 21.8 19.5 odd ok
3 C25H1502 23.30 347.106656 49 4.8 38.1 19.0 even ok
p 3 C21H11IN6 86.93 347.103971 -2.9 =31 27 20.0 even ok
2 C23H13N30 100.00 347.105313 1.0 08 21.8 19.5 odd ok
3 C25H1502 23.30 347.106656 4.9 4.8 38.1 19.0 even ok

Fig. S59. HR-ESI MS for radical 1 (sample label: zy831, calc. 347.103971 for C21H11Ns, found
347.10496).
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S60. IR spectrum (ATR, ZnSe) of compound 3 (sample label: zy815).
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Fig. S71. 3C-NMR spectrum for compound 6-Br (sample label: zy688, methanol-ds, 176 MHz).
Elemental Composition Report Page 1
Br
Multiple Mass Analysis: 4 mass(es) processed
Tolerance = 10.0 PPM / DBE: min=-1.5 max =500
Element prediction: Off
Number of isotope peaks used for i-FIT =3
_NH
Monoisotopic Mass, Even Electron lons N
558003 formula(e) evaluated with 14 results within limits (up to 50 best isotopic matches for each mass) | N
Elements Used: N~
12C:0-50 13C:0-1 1H:0-100 14N:0-5 79Br:0-2 81Br:0-2
62012B ZY964 YANG RAJCA 183 (0.669) AM (Cen 4, 60.00, Ht,10000.0,0.00,0.00); Sm (SG, 2x1.00); Cm ((126:225+276:345)) 4-Br CN
TOF MS ES+
3.66e+005
402.0329 404.0331
1% Ao B0 4021931402504 gpagagp 4032795 | 4042750 15 5045 4050356405 3942 -
! I 1.50 I 402|.0() ! 402I 50 ' 403I 00 ! 403{ 50 ! 404| oo I 404| 50 ! 405I 00 ! 405I 50
Minimum: 1.5
Maxinum: 5.0 10.0  50.0
Mass RE Calec. Mass mDa oEM DBE i-FIT Norm Conf(%) Formula
402.0329 n/a 1.#R 1
n/a 1.4R 1
n/a 1.iR 1
403.0362 n/a 1.$R 1
n/a 1.#R 1
n/a i.§R 1
n/a 1R 1
404.0331 n/a 1R 1
n/a i.¥m 1
n/a 1.§R 12015 1H24 14N3 79Br2
n/a 1R 1 13C 1H25 B1Br2
405.0356 n/a 1.#R T H13 14N5 81Br
. = - . n/a 1.4R 1 1H24 14\‘3 79Br2
05. ) : 1 n/a 1.$R 1 525 14N2 79Br 81Br

Fig. S72. HR-ESI MS for compound 4-Br (sample label: ZY964) calcd 402.0354 for Con13N579Br found

402.0329 (-6.2 ppm, RA = 100%); calcd 404.0334 for C2H;3Ns*'Br, found 404.0331 (-0.7 ppm, RA = 92%)).

Most likely under the ESI conditions, formazan 4-Br gets oxidized to tetrazolyl cation 5-Br.
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Elemental Composition Report Page 1

Br
Multiple Mass Analysis: 4 mass(es) processed
Tolerance = 10.0 PPM / DBE: min =-1.5, max = 100.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3 ©_<
Manoisotopic Mass, Even Electron lons
373317 formula(e) evaluated with 10 results within limits (up to 50 closest results for each mass)
Elements Used:
12C:0-50 13C:0-1 1H:0-100 14N:0-5 79Br:0-1 81Br:0-1 5-Br CN
XEVO-G2XSQTOF#NotSet 23-Nov-2021 17:04:18
TOF MS ES+
5.50e+008
1005 4010030 | 4022363 403.0373 403.2387 4040324 404 9382 405.0371 405.2390 segag 2062980
miz
401.50 402.00 402.50 403.00 403.50 404.00 404.50 405.00 405.50 406.00 406.50

i-FIT Norm Conf(%) Formula

o}
~

W
[

1
=
o

(o S S

n/a
n/a
n/a
n/a

B

4(45 0364

-#R

Fig. S73. HR-ESI MS for compound 5-Br (sample label: ZY968): calcd 402.0354 for C20H;3Ns"’Br, found
402.0351 (-0.7 ppm, RA = 100%); calcd 404.0334 for C2oH13Ns*'Br, found 404.0324 (-2.5 ppm, RA = 91%)

Elemental Composition Report Page 1

Multiple Mass Analysis: 4 mass(es) processed Br
Tolerance = 5.0 PPM / DBE: min =-1.5 max = 100.0

Element prediction: Off N

Number of isotope peaks used for i-FIT = 3 ©_</ ’Tl

Monoisotopic Mass, Even Electron lons N:'_\'_l

370058 formula(e) evaluated with 4 results within limits (up to 50 closest resuits for each mass)

Elements Used:

12C:0-50 13C:0-1 1H:0-100 14N:0-5 79Br:0-1 81Br: 0-1 6-Br CN
XEVO-G2XSQTOF#NotSet 24-Nov-2021 12:01:51
TOF MS ES+
8.00e+007
400.0210 402.0174
1“%3 300.0226 2992720 "™ 400 2216401.0247 401 2256 | _402.2185403.0236 403 22504040270 405.0234 4053365 405-8931"‘12
....,...,....,....,....,....,....,...,....,....,.. T
400.0 401.00 402.00 403.00 404 OU 405.00
Minimum:
Maximum: 5.0 5.0
Mass RA Calc. Mass mDa PPM DEE i-FIT Norm Conf (%) Formula
1:2 17:5 n/a n/a
1.6 17.5 n/a n/a
G.l 32.5 n/a -#R
= 17.5 n/a .#R

Fig. S74. HR-ESI MS for compound 6 Br (sample label: ZY974) calcd 400 0198 for C2H 1Ns”Br, found
400.0210 (3.0 ppm, RA = 100%); caled 402.0177 for C20H1iN5*'Br, found 402.0174 (0.7 ppm, RA = 89%).
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Elemental Composition Report Page 1
Multiple Mass Analysis: 4 mass(es) processed Br
Tolerance =5.0PPM / DBE: min=-15 max=100.0
Element prediction: Off N.
Number of isotope peaks used for i-FIT =3 =N

|
Monoisotopic Mass, Odd and Even Electron lons \ ~N
370053 formula(e) evaluated with 9 results within limits (up to 50 closest results for each mass) N
Elements Used:
12C: 0-50 13C:0-1 1H:0-100 14N:0-5 79Br:0-1 81Br: 0-1

CN
XEVO-G2XSQTOF#NotSet 24-Nov-2021 11:30:31 2
TOF MS ES+
5.16e+007
402.0174

1

399.0226. 399.2025 399.3580

4022185 403 0195403 2209

400.0210,400 2516

401.0206 4012256 403.5009403.9776

'z

39850 39900 39950 40000 40050 40100 40150 40200 40250 40300 40350  404.00
Minimum: 5.00
Maximum: 100.00 5.0 5.0 0
Mass RE Calc. Mass mDa PPM DBE i-FIT Norm conf (%)
400.0210 1.2 3.0 n/a 1.#R 1 14NS5 79Br
=Ll =325 n/a 1.#R 79Br 81Br
-1.8 -4.5 n/a iR 1H
401.0206 -1.5  -3.7 n/a 1.#R
-1.9  -4.7 n/a 1.#R
402.0174 0.1 n/a 1.#R
-0.3 n/a 1.#R
403.0195 -1.3 b 2 n/a 1.#R
03.02 -1.6 -4.0 . : n/a 1.#R
Fig. S75. HR-ESI MS for radical 2 (sample label: ZY876): calcd 400.0198 for CooH;1Ns”Br, found 400.0210 (3.0
ppm, RA = 100%); calcd 402.0177 for CaH1iNs*'Br, found 402.0174 (0.7 ppm, RA = 99%)
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Fig. S76. IR spectrum of compound 4-Br (ATR, ZnSe) (sample label: ZY964).

S84

A. Thermally Ultrarobust S = 1/2 Tetrazolinyl Radicals: Synthesis, Electronic Structure, ...

173



T /W%mW"W’“‘Wf I
. , Y
Ik ]f[ L
- R [ ‘

P /\: \/Br | Fp
(N /
N=N j
o Br @ i
5-Br CN . :

[ E— T T T TR T T .N;n.\;a';"::“.‘(m.".m. B o T e

Fig. S77. IR spectrum of compound 5-Br (ATR, ZnSe) (sample label: ZY968).

MR, et = LT
o 8 1 A [i];

965 - ] ! %\/ 2 \}

= Br : : ! ) ]

\ (=N :

NS O

ol Br

‘ CN 2 -4

WE 6-Br g 2

Wavenumbers (cm-1)

Fig. S78. IR spectrum of compound 6-Br (ATR, ZnSe)

174

(sample label: ZY974).
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Fig. S79. IR spectrum of radical 2 (ATR, ZnSe) (sample label: ZY981).
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6. DFT Optimized Geometries and Total Energies for 1 and 2.

Radical 1, C2v at UB3LYP/6-31G(d,p)/D3BJ/PCM-UFF+ZPVE in benzene.

Stoichiometry C21H11N6(2)

Framework group C2V[C2(CCCH),SGV(C18H10N6)]

Deg. of freedom 37

Full point group C2V  NOp 4

Largest Abelian subgroup C2V NOp 4

Largest concise Abelian subgroup C2  NOp 2
Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z

0.000000 1.136530 1.758561
0.000000 0.694075 0.479547
-0.000000 -0.694075 0.479547
-0.000000 -1.136530 1.758561
-0.000000 4.287215 -5.218572
-0.000000 -4.287215 -5.218572
-0.000000 0.000000 2.476756
-0.000000 1.431309 -0.675410

0NN NN B W -
(o e e s e e B B |

0

0

0

0

0

0

0

0
9 0 0.000000 2.835050 -0.605949
10 1 0 0.000000 3.313664 0.364168
11 6 0 -0.000000 3.568123 -1.777200
12 1 0 -0.000000 4.651208 -1.740960
13 6 0  -0.000000 2.910357 -3.022570
14 6 0 -0.000000 1.506674 -3.076895
15 1 0 -0.000000 1.029472 -4.048223
16 6 0 -0.000000 0.737336 -1.915642
17 6 0 -0.000000 -0.737336 -1.915642
18 6 0 -0.000000 -1.506674 -3.076895
19 1 0 -0.000000 -1.029472 -4.048223
20 6 0 -0.000000 -2.910357 -3.022570
21 6 0 -0.000000 -3.568123 -1.777200
22 1 0 -0.000000 -4.651208 -1.740960
23 6 0 -0.000000 -2.835050 -0.605949
24 1 0 -0.000000 -3.313664 0.364168
25 6 0 -0.000000 -1.431309 -0.675410
26 6 0 -0.000000 0.000000 3.941872
27 6 0 0.000000 -1.213081 4.644364
28 1 0 0.000000 -2.146660 4.093323
29 6 0 0.000000 -1.209324 6.036353
30 1 0 0.000000 -2.150375 6.576830
31 6 0 -0.000000 0.000000 6.734977
32 1 0 -0.000000 0.000000 7.820408
33 6 0 0.000000 1.209324 6.036353
34 1 0 0.000000 2.150375 6.576830
35 6 0 0.000000 1.213081 4.644364
36 1 0 0.000000 2.146660 4.093323
37 6 0 -0.000000 3.667957 -4.232534
38 6 0 -0.000000 -3.667957 -4.232534

Rotational constants (GHZ): 02713214 0.1166230 0.0815641; Standard basis: 6-31G(d,p) (6D, 7F)

The electronic state is 2-A2. Error on total polarization charges = 0.01043

SCF Done: E(UB3LYP)=-1135.39861371 A.U. after 1 cycles; NFock= 1, Conv=0.53D-08, -V/T=2.0095, <Sx>=0.0000 <Sy>=0.0000 <Sz>=
0.5000, <S**2>=0.7686 S=0.5093; <L.S>= 0.00000000000; Annihilation of the first spin contaminant: S**2 before annihilation 0.7686, after 0.7503
The lowest vibrational fregs. (cm-1): 16.3513 (A2), 30.1114 (B1), 39.6622 (A2) (all real, positive)

Item Value Threshold Converged?
Maximum Force 0.000004 0.000015 YES
RMS  Force 0.000001  0.000010 YES

Maximum Displacement  0.000015  0.000060 YES

RMS  Displacement 0.000004 0.000040 YES

Predicted change in Energy=-1.515573D-10. Optimization completed. Stationary point found.
RMSF=1.336e-06; RMSD=3.833¢-09
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Radical 2, Cs at UB3LYP/6-31G(d,p)/D3BJ/PCM-UFF+ZPVE in benzene.

Stoichiometry C20H11BrN5(2)

Framework group CS[SG(C20H11BrN5)]

Deg. of freedom 71

Full point group CS NOp 2

Largest Abelian subgroup CS NOp 2

Largest concise Abelian subgroup CI ~ NOp 1
Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y Z

-0.081291 -2.372167 0.000000
-0.000000 -1.020638 0.000000

1.336527 -0.644331 -0.000000
2.108637 -1.758861 -0.000000
3.258410 5.812285 -0.000000

1.205826 -2.755907 -0.000000
-1.024381 -0.100293 0.000000
-2.356181 -0.536503 0.000000
-2.564409 -1.598400 0.000000

Lo e R A S I
—_ NN NN

0

0

0

0

0

0

0

0

0
10 6 0 -3.379360 0.401104 0.000000
11 1 0 -4.413896 0.080633 0.000000
12 6 0 -3.061374 1.759997 0.000000
13 6 0 -1.740234 2.196312 0.000000
14 1 0 -1.539879 3.259273 0.000000
15 6 0 -0.686910 1.276221 0.000000
16 6 0 0.732436 1.673508 -0.000000
17 6 0 1.159497 2.998160 -0.000000
18 1 0 0.436155 3.803193 -0.000000
19 6 0 2.526773 3.326413 -0.000000
20 6 0 3.495305 2.302934 -0.000000
21 1 0 4.548191 2.560064 -0.000000
22 6 0 3.106569 0.977579 -0.000000
23 1 0 3.829631 0.172996 -0.000000
24 6 0 1.734667 0.663282 -0.000000
25 6 0 1.601232 -4.167281 -0.000000
26 6 0 2.958645 -4.516877 -0.000000
27 1 0 3.708510 -3.734006 -0.000000
28 6 0 3.330831 -5.858373 -0.000000
29 1 0 4.382926 -6.124721 -0.000000
30 6 0 2.355198 -6.857601 -0.000000
31 1 0 2.648119 -7.902802 -0.000000
32 6 0 1.002263 -6.510882 -0.000000
33 1 0 0.241835 -7.285224 0.000000
34 6 0 0.623190 -5.171446 0.000000
35 1 0 -0.424328 -4.892263 0.000000
36 6 0 2.929262 4.694894 -0.000000
37 35 0 -4.465382 3.050737 0.000000

Rotational constants (GHZ): 0.2176569 0.0920901 0.0647110; Standard basis: 6-31G(d,p) (6D, 7F)
The electronic state is 2-A". Error on total polarization charges = 0.00996
SCF Done: E(UB3LYP)=-3614.25761126 A.U. after 1 cycles
NFock= 1; Conv=0.49D-08; -V/T=2.0071
<Sx>=0.0000 <Sy>= 0.0000 <Sz>= 0.5000 <S**2>=(.7683 S=0.5091; <L.S>= 0.00000000000
Annihilation of the first spin contaminant: S**2 before annihilation  0.7683, after 0.7503
The lowest vibrational fregs. (cm-1): 22.3835 (A”), 28.6638 (A™), 44.0243 (A”) (all real, positive).

Item Value Threshold Converged?
Maximum Force 0.000015  0.000015  YES
RMS  Force 0.000003  0.000010  YES
Maximum Displacement ~ 0.000045  0.000060 YES
RMS Displacement 0.000008  0.000040 YES

Predicted change in Energy=-1.937348D-09. Optimization completed. -- Stationary point found.
RMSF=6.369¢-06; RMSD=4.043¢-09
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B. Unlocking the Electronic Structure and Morphology of

Dicyano Tetrazolinyl Radical Assemblies on

Polycrystalline Gold and Hybrid Surfaces.

This section provides the results obtained by performing a fit procedure on the N 1s and C 1s

core-level spectra of dicyano tetrazolinyl radical assemblies grown on polycrystalline gold and

hybrid substrates. Two systems of dicyano tetrazolinyl radical are discussed in section 4.2.

B.1. Assemblies of Dicyano Tetrazolinyl Radical on Polycrystalline Gold

Fit parameters and results for the N 1s and C 1s core-level spectra of radical assembly at

the interface with gold are given in table 1 and 2.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %
Ni,92,3,4 399.5 0.1 1.6 64.4 66.7
S1 400.3 0.1 1.6 2.3
—CNs5, 6 4014 0.1 1.6 22.4 33.3
So 402.4 0.1 1.6 2.9
S3 404.5 0.1 1.6 8.0

Table 1.: Assembly at the interface (nominal 0.1 nm): fit results and parameters obtained for
the N 1s core-level spectrum.

Energy Lorentzian Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

Cc-C 284.3 0.08 1.2 22.4 23.8

C-H 284.7 0.08 1.2 29.9 52.4

St 285.5 0.08 1.2 3.1

C-N 285.6 0.08 1.4 23.6 23.8

So 286.9 0.08 1.5 11.8

S3 289.2 0.08 2.2 9.2

Table 2.: Assembly at the interface (nominally 0.1 nm) with gold:

obtained for the C 1s core-level spectrum.
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B. Unlocking the Electronic Structure and Morphology of Dicyano Tetrazolinyl Radical Assemblies on ...

Fit parameters and results for the N 1s and C 1s core-level spectra of a 0.3 nm thick radical

assembly on gold are given in table 3 and 4.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

Ny 398.8 0.1 1.1 194 16.7

No, 3,4 399.8 0.1 1.1 37.9 50.0

S1 401.1 0.1 1.1 7.1

—CNs, 6 402.4 0.1 1.1 27.7 33.3

So 404.1 0.1 1.4 6.2

S3 404.7 0.1 1.4 1.7

Table 3.: A 0.3 nm thick assembly on gold: fit results and parameters obtained for the N 1s

core-level spectrum.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

Cc-C 284.7 0.08 1.2 23.8 23.8

C-H 285.3 0.08 1.2 35.4 52.4

S1 286.0 0.08 1.2 2.3

C-N 286.5 0.08 1.6 23.1 23.8

So 287.0 0.08 1.5 8.1

S3 290.0 0.08 4.6 7.3

Table 4.: A 0.3 nm thick assembly on gold: fit results and parameters obtained for the C 1s

core-level spectrum.
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Fit parameters and results for the N 1s and C 1s core-level spectra of a 2.9 nm thick radical

assembly are given in table 5 and 6.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

Ny 399.1 0.1 1.1 20.0 16.7

No, 3,4 400.1 0.1 1.1 40.0 50.0

S1 401.2 0.1 1.1 4.1

~CNs, 6 402.7 0.1 1.1 29.0 33.3

So 403.6 0.1 1.4 4.9

S3 405.1 0.1 1.4 2.0

Table 5.: Thick assembly (nominally 2.9 nm) on gold: fit results and parameters obtained for
the N 1s core-level spectrum.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

c-C 284.9 0.08 1.2 23.2 23.8

C-H 285.5 0.08 1.2 39.8 52.4

S1 286.2 0.08 1.2 1.7

C-N 286.7 0.08 1.6 23.5 23.8

So 287.2 0.08 1.3 5.8

S3 290.1 0.08 4.6 6.0

Table 6.: Thick assembly (nominally 2.9 nm) on gold: fit results and parameters obtained for
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B. Unlocking the Electronic Structure and Morphology of Dicyano Tetrazolinyl Radical Assemblies on ...

B.2. Assemblies of Dicyano Tetrazolinyl Radical on Hybrid Substrates

Fit parameters and results for the N 1s core-level spectra of radical assemblies deposited on
a hybrid substrate consisting of polycrystalline gold and SiO4/Si(111) surfaces are given in
table 7 and 8.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

Ny 399.0 0.1 1.1 21.7 16.7

No, 3,4 400.0 0.1 1.1 37.6 50.0

S1 401.1 0.1 1.1 4.6

~CNs, 6 402.6 0.1 1.1 26.6 33.3

So 403.5 0.1 1.4 5.9

S3 405.0 0.1 1.4 3.6

Table 7.: Thick assembly on gold of a hybrid substrate: fit results and parameters obtained
for the N 1s core-level spectrum.

Energy Lorentzian | Gaussian Intensity Theoretical
(eV) Width (eV) | Width (eV) | % Values %

Ny 399.3 0.1 1.0 18.7 16.7

No, 3,4 400.3 0.1 1.0 37.4 50.0

S1 401.2 0.1 1.0 2.7

~CNs, 6 402.9 0.1 1.0 27.9 33.3

So 403.6 0.1 1.2 4.6

S3 405.6 0.1 3.5 8.7

Table 8.: Thick assembly on SiO5/Si(111) of a hybrid substrate: fit results and parameters
obtained for the N 1s core-level spectrum.
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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 2
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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H 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,‘%*’s 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.*''™*° 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
ultrahi§h 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

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

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 temperature’** 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 Is (a) and N Is (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 4Ny, Figure 1) obtained fusing a Blatter radical to a
pyrene substituent, and diBlatter*' (C;sHsNg, 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

https://doi.org/10.1021/acsami.3c02057
ACS Appl. Mater. Interfaces 2023, 15, 30935—30943
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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 (Si2pat 99.3 eV 42). 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.*® 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 V) 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.>*7?°

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 reorganization‘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 @ 45h air fresh @ 24 h air
— ‘ .é ~ [}
s s b | ®
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Figure 3. N 1s 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, ie., 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 $4). Those changes pertain to the

https://doi.org/10.1021/acsami.3c02057
ACS Appl. Mater. Interfaces 2023, 15, 30935—30943

187



ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Intensity (a.u.)
Intensity (a.u.)

' on B
290 288 286 284 282 405 402 399 396
Binding Energy (eV)

Intensity (a.u.)
Intensity (a.u.)

(K 3|

290 288 286 284 282 405 402 399 39
Binding Energy (eV) Binding Energy (eV)

Figure 4. C 1s and N 1s 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 eV) 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 5). All adsorbed atoms
and molecules are in their neutral charge state. For each
radical, atom/molecule, and adsorption site, we fully relaxed

Fo 7 = H, AL N, O, Hy, Ny, O, OH, H,0, NH,

O@-o

Figure S. 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 (u) for the

Table 1. Magnetic Moment () and Formation Energy
(AEjy) 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
(@) S1 1.00 —-0.20
S2 1.00 -0.19
C7 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 +1.57
H,0 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, 4 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
(ie, AE; = 0) moving away from the starting S; sites and
leaving the electronic and magnetic properties of the radical
unperturbed (see Figure S5, 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.

Table 2. Magnetic Moment (i) 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 u (Bohr mag) AE; (eV)
H S1 1.00 —-0.80
S2 1.00 —0.32
S1’ 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
o S1 2.00 —0.37
S2 1.00 +0.03
S1’ 2.00 —0.36
S2’ 1.00 —0.01
Cc7 2.00 +0.72
Cc7’ 0.00 —0.01
H2 S1 2.00 0.00
S2 2.00 0.00
N 2.00 0.00
S2’ 2.00 0.00
N2 S1 2.00 0.00
S2 2.00 0.00
S1’ 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,0 S1 0.00 —0.40
S2 2.00 —0.25
N§ 0.00 —0.25
S2’ 0.00 —0.22
NH, S1 1.00 —1.46
S2 1.00 -1.36
N 1.00 —-1.43
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,O).
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,0, 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 (ie.,
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 (¢, 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 Nj; 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 5.

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. S1 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.e., 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 (¢ = 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

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 ¢ report the
results for atomic H and O species, and panels b and d report
those for H,0, 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 ¢V, 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

https://doi.org/10.1021/acsami.3c02057
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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,0O, 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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1) Fit parameters for the freshly evaporated Blatter-pyr films as in Figure 1. The fit has been
performed as described in references .
The expected stoichiometric values for the C 1s and N 1s elemental analyses are:

C‘C = 24%, C'H = 62%, C‘N = 14%, and Nradical = Nimino = Namino = 33%

Table S1
Energy Lorentzian Gaussian Intensity
(eV) Width (eV) Width (eV) (%)

C-C 284.4 0.08 0.90 17.7
C-H 284.8 0.08 0.90 47.9
St 285.4 0.08 0.90 1.2
C-N 285.9 0.08 0.90 11.6
S 286.6 0.08 0.90 4.3
Ss 287.5 0.08 0.90 1.1
Sa 288.4 0.08 1.44 2.0
Ss 291.6 0.08 5.14 14.2

C-C + S14S53+S4=22.0%, C-H+ S5=62.1%, C-N + S>=15.9%



C. Long-Term Degradation Mechanisms in Application-Implemented Radical Thin Films

Table S2
Energy Lorentzian Gaussian Intensity

(eV) Width (eV)  Width (eV) (%)
Nrad 398.3 0.1 0.8 28.6

N2 399.2 0.1 0.8 28.1

S1 400.1 0.1 0.8 5.2
N1 401.0 0.1 0.8 29.7

S2 402.1 0.1 0.8 6.1

Ss 403.0 0.1 0.8 2.3

Nrad+S1= 33.8%, No+So=34.2 %, N1+S3=32.0%
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Fit parameters for the freshly evaporated diBlatter films as in Figure 2.

The expected stoichiometric values for the C 1s and N 1s elemental analyses are:

C-C=11.1%, C-H=66.7%, C-N = 22.2%, and Niagica = N1 = N2=33%

Table S3
Energy Lorentzian Gaussian Intensity
(eV) Width (eV) Width (eV) (%)

C-C 284,9 0.08 1.0 11.9

C-H 285,3 0.08 1.0 52.7

St 285,9 0.08 1.0 1.6

C-N 286,3 0.08 1.0 19.9

S 287,0 0.08 1.0 8.8

Ss 287.,7 0.08 1.5 1.8

Sa 292,2 0.08 3.1 3.3

C-C + S1 =13.5%, C-H+Y2 S2+S3+S54=62.2%, C-N + ¥2 S2=24.3%
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Table S4
Energy Lorentzian = Gaussian Intensity

(ev) Width (eV)  Width (eV) (%)
Nrad 398.9 0.1 0.95 26.1
N1,3 399.9 0.1 0.95 28.5
N2,4 401.7 0.1 0.95 29.9
St 400.6 0.1 0.95 5.9
S2 402.2 0.1 0.95 3.0
Ss 402.4 0.1 0.95 3.0
S4 403.3 0.1 0.95 2.1
Ss 404.3 0.1 0.95 1.5

Nrag + %2(S1 + S2) + Sa+ S5 =34.1 %
Nis + Y%(S1 + S2) =33.0 %
Nos+S3=329 %
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2) Time dependent core level signals.
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Figure S1. diBlatter thin films. (Left) Time-dependent C 1s and (right) N 1s core level signals.

Color scale: Blue represents the background signal; yellow is the peak intensity (photon energy:

700 eV).
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3) Time-dependent NEXAFS signals.

The unoccupied states and the molecular arrangement adopted by the molecules in the thin films
can be investigated by NEXAFS spectroscopy. NEXAFS features and their intensities are
sensitive to intermolecular interactions, and NEXAFS dichroism allows determining the
orientation of the molecules with respect to the substrate.®” In particular, the main resonance
at around 286.0 eV can be identified as due to the pyrene substituent, leading to a calculated
average orientation of the pyrene plane of 30°. The observed dichroic behavior is the typically
dichroic expected one for the herringbone structure,®!” due to the compromise between the

strength of the C-H and the n—n interactions.'!

C K edge

NEXAFS Intensity (a. u.)
NEXAFS Intensity (a. u.)

—e— normal incidence % —e—normal incidence
—o— grazing incidence ﬁ —o— grazing incidence
280 290 300 310 320 395 400 405 410 415 420
Photon Energy (eV) Photon Energy (eV)
a) b)

©) d)

Figure S2. Blatter-pyr. a) C K edge and b) N K edge NEXAFS spectra of a nominally 3.5 nm
thick film. c) Crystal structure. d) Geometry of the experiment.
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Figure S3. Blatter-pyr thin films. NEXAFS intensity versus beam exposure.
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C. Long-Term Degradation Mechanisms in Application-Implemented Radical Thin Films

4) C 1s core level spectra after air exposure.
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Figure S4. C 1s core level spectra of a) Blatter-pyr and b) diBlatter thin films, after air exposure,

as indicated. The fresh film core level curves (light grey) are also shown for comparison (photon

energy: 1486.6 eV).
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5) Fit parameters for Blatter-pyr films as in Figure 3 after 45 hours of air exposure

Table S5
Energy Lorentzian Gaussian Intensity
(eV) Width (eV) Width (eV) (%)
C-C 284.4 0.08 0.90 23.9
C-H 284.8 0.08 0.90 41.0
St 285.6 0.08 0.90 2.3
C-N 285.8 0.08 0.90 10.1
So 286.6 0.08 0.90 3.8
Ss 287.5 0.08 0.90 0.5
S4 288.3 0.08 2.45 4.4
Ss 291.6 0.08 5.14 14.0
Table S6
Energy Lorentzian Gaussian Intensity
(eV) Width (eV) Width (eV) (%)
Nrad 398.3 0.1 0.8 27.0
N2 399.2 0.1 0.8 28.6
St 400.1 0.1 0.8 6.4
N1 401.0 0.1 0.8 291
S2 402.0 0.1 0.8 5.8
Ss 403.0 0.1 0.8 3.1

204
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C. Long-Term Degradation Mechanisms in Application-Implemented Radical Thin Films

Fit parameters for diBlatter films as in Figure 3 after 72 hours of air exposure.

Table S7

Energy Lorentzian Gaussian Intensity

(eV) Width (eV) Width (eV) (%)
C-C 284.9 0.08 1.0 11.2
C-H 285.4 0.08 1.0 55.9
St 285.9 0.08 1.0 1.7
C-N 286.3 0.08 1.0 17.9
So 287.0 0.08 1.0 7.7
Ss 287.7 0.08 1.3 2.8
Sa4 292.2 0.08 3.8 2.8
Table S8

Energy Lorentzian Gaussian Intensity
(eV) Width (eV) Width (eV) (%)

Nrad 398.9 0.1 0.95 16.3
Ni,3 399.9 0.1 0.95 28.6
N* 400.8 0.1 0.95 25.0
N2,4 401.7 0.1 0.95 20.4
So 402.2 0.1 0.95 1.3
Ss3 402.4 0.1 0.95 4.3
Sa4 403.4 0.1 0.95 2.5
Ss 404.3 0.1 0.95 1.6
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6) Spin-polarized density of states of the Blatter-pyr.
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Figure S5. Spin-polarized density of states (DOS) of the Blatter-pyr without (black line, panel
a) and with selected adsorbed impurities: H* (red line, panel a), H (cyan line, panel b), H> (green
line panel c), and Ar (yellow line, panel d). Negative/positive energies indicate occupied/empty
electronic states: highest Single Occupied (So) and lowest Single Unoccupied (Su) molecular
orbitals are indicated (panels a,c,d) , along with double occupied HOMO (H) and LUMO (L)

states (panel b). All elements/molecules are adsorbed on site S1.
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C. Long-Term Degradation Mechanisms in Application-Implemented Radical Thin Films

7) Spin-polarized density of states (DOS) of the diBlatter.

w\l\/\,\m“ 7{ (%—Mol
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Figure S6. Spin-polarized density of states (DOS) of diBlatter radical (black line, panel a) and
of the same molecule with HoO molecule adsorbed in site S1° (pink line, panel b).
Negative/positive energies indicate occupied/empty electronic states: double degenerate
highest Single Occupied (So) and lowest Single Unoccupied (Su) molecular orbitals are
indicated (panels a), along with double degenerate/double occupied HOMO (H) and LUMO

(L) states (panel b). Relaxed geometry upon water molecule adsorption is shown on right.
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8) Simulated N 1s core level spectra of Blatter-pyr upon adsorption of characteristic H*, Ho,
Ar, and OH species and as a function of the adsorption sites (S1).
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Figure S7. Simulated N 1s core level spectra of Blatter-pyr upon adsorption of characteristic
H*, H», Ar, and OH species and as a function of the adsorption sites (S1). Vertical dashed lines
refer to the core-level features of the pristine molecules. The N3 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 5, main text.
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Abstract: In this work, we study the interface obtained
by depositing a monolayer of a Blatter radical derivative
on polycrystalline cobalt. By examining the occupied
and unoccupied states at the interface, using soft X-ray
techniques, combined with electronic structure calcula-
tions, we could simultaneously determine the electronic
structure of both the molecular and ferromagnetic sides
of the interface, thus obtaining a full understanding of
the interfacial magnetic properties. We found that the
molecule is strongly hybridized with the surface.
Changes in the core level spectra reflect the modifica-
tion of the molecule and the cobalt electronic structures
inducing a decrease in the magnetic moment of the
cobalt atoms bonded to the molecules which, in turn,
lose their radical character. Our method allowed us to
screen, beforehand, organic/ferromagnetic interfaces
given their potential applications in spintronics. )
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Introduction

Organic/inorganic interfaces have been investigated for at
least three decades!! as they are at the core of the
technological developments driven by the miniaturization of
materials and devices towards the nanoscale limit. In
particular, in the field of spintronics, the study of organic/
ferromagnetic metal interfaces initially acquired importance
in order to understand spin tunneling and spin injection
from ferromagnetic electrodes into molecules.” Yet, the
interest in these interfaces now encompasses many aspects
of magnetism, with a variety of effects that have been
reported to emerge when an organic layer is deposited on an
ultra-thin ferromagnetic film.¢?!

The organic layer at an organic/ferromagnetic metal
interface often acquires a spin polarization because of the
chemical bond with the ferromagnetic film." In turn, the
electronic and magnetic properties of the ferromagnetic film
are also significantly modified.”) A paradigmatic example is
the fullerene (Cy)/cobalt interface. On one side of such an
interface, the Cy, layer can be used to spin filter electrons,”
while, on the other side, the Co magnetic moments are
reduced,® and the Co film’s magnetic anisotropy and
hardness are enhanced compared to the clean Co film.”!
Similar or even larger modifications of the magnetic proper-
ties of Co films have also been reported with tris(8-
hydroxyquinoline) metal (Mgq;) molecules.!

The goal of our work is to go beyond the most studied
molecules for spintronics, Cy, and Mq; by considering the
yet unexplored interfaces formed between organic radicals
and cobalt. To achieve this goal, we propose an original and
powerful approach to characterize at the same time the
electronic properties of both the molecular and the metallic
side of interfaces, whereas most studies to date have focused
on either of the two separately.

Thin films of purely organic radicals (i.e., organic
molecules that carry an unpaired electron and, thus, a
magnetic moment'”)) have attracted attention for many
applications."”! Recently, it was demonstrated that they can
be evaporated under controlled conditions in ultra-high
vacuum,""! thus enabling the use of characterization techni-
ques complementary to the ones traditionally employed in
radical chemistry. For instance, soft X-ray spectroscopy,
combined with concepts originally stemming from the sur-
face science of closed-shell systems, make it possible to

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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access radical/inorganic interfaces and the therein occurring
phenomena. 112!

In this work, we study the cobalt/radical interface
obtained by depositing a derivative of the Blatter radical™
(Blatter-pyr, Figure 1) on polycrystalline cobalt. In the
polycrystalline form, cobalt maintains its magnetic
properties™ broadly used in spintronic devices. Blatter-pyr,
obtained by fusing a Blatter radical to a pyrene unit, is a
chemically and thermodynamically stable purely organic
radical™ that can be evaporated in ultra-high vacuum
(UHV), under controlled conditions.!"*"

We investigated the occupied and unoccupied states at
the interface, by taking advantage of the element-sensitivity
of the chosen soft X-ray techniques and combining them
with electronic structure calculations. The results indicate
that the molecule is strongly hybridized with the cobalt
surface. Specifically, we find that the core level spectra
reflect a reduction of the magnetic moments of the cobalt
atoms, bonded to the molecules, which, in turn, lose their
radical character.

Our work presents an original approach for investigating
not just the radical/cobalt interface, but also many other
interfacial systems. Additionally, the measurements give
access to both the molecular and the metallic side at the
same time, at room temperature, with the advantage of

An, dte
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minimizing the risk of potential discrepancies in the results
which can instead occur when different techniques, working
under different conditions, are used for the two subsystems.

Results and Discussion

We evaporated Blatter-pyr on polycrystalline cobalt using
organic molecular beam deposition (OMBD) which allows
precise control of the evaporation parameters."” In this
experiment, this approach also minimizes the possible
contamination of the cobalt surface and avoids generating a
non-defined interface.

The films were investigated by X-ray photoelectron
spectroscopy (XPS) which is a powerful element-sensitive
analytical method.!'"! Its signal reflects the chemical state of
the investigated systems and when coupled with calculations
gives a clear insight into their electronic structure, including
at the interface. Introducing this technique to the inves-
tigation of radical thin films has revealed its ability to
identify whether the unpaired electron of the radical is
involved in charge transfer, with or without chemisorption,
losing its imparity and, consequently, with the molecule
losing its radical character."]

[ ]
Intensity (a.u.)

Intensity (a.u.)

290 288 286 284 282 405 402 399 396
Binding Energy (eV) Binding Energy (eV)

b)

N 1s N2*
Interface

Intensity (a.u.)

o S ©&
290 288 286 284 282 405 402 399 396

Binding Energy (eV) Binding Energy (eV)
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Figure 1. Blatter-pyr films deposited on polycrystalline cobalt. a) C 1s and b) N 1s core-level spectra of a thicker film (nominally 6.0 nm) compared
to the interfacial layer (0.4 nm) spectra c) and d), together with their fit components, named as shown in the Blatter-pyr molecular structure (left
panel, Ph stands for the phenyl ring). The residuals are also shown. For the fit details see the Supporting Information.

Angew. Chem. Int. Ed. 2024, 63, 202403495 (2 of 9)

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

:sdY) SUONIPUOD) PUE SWIAL Y1 99§ “[$TOT/Z1/Z1] U0 AMeqr] QIO KON ‘SEHEOFZOTAIUB/Z00 1 01/10p/w0d K[ Keaqrout[uoy/:sdiy wox} papeolumot ‘Zh 420z ‘ELLEITST

Ko

ASUOI SUOWWOY) dANEAIL) d[qearidde ayy Aq pauraA0S axe SA[ONIE YO 2SN JO S[NI 10§ KILIQIT dUI[UQ AJIAY UO (¢



GDCh
) —

Looking in detail at the C 1s and N 1s core-level spectra,
we found that the main lines have a complex shape that
depends on the different chemical environments of each
element in the radical (Figures 1a and 1b). XPS C 1s core
level spectra of the thick films of Blatter-pyr deposited on
polycrystalline cobalt (Figure 1a and Figure 2a) are charac-
terized by a 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 by a
second feature at higher binding energies (285.8 eV) due to
contributions of photoelectrons from the carbon atoms
bound to nitrogen atoms (C-N).'* Accordingly, the N 1s
core level spectra (Figure 1b and Figure 2b) are character-
ized by three contributions (at around 398.3, 399.2, and
401.0eV with AEy ng =2.7 €V, AEy_ N, =1.8 ¢V, and
AEx; g = 0.9 eV) that correspond to the three different
nitrogen atom chemical environments, as expected for an
intact Blatter-pyr.">! In addition to the effects due to the
different chemical environments, we also observe the
presence of several satellite features (in this work indicated
with S;, i=1,2,3...), the so-called shake-up satellites, which
are typical in photoemission and appear as an effect of the
relaxation processes, caused by the core hole left behind by
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the photoemitted electron."¥ Their intensity has to be taken
into account when calculating the stoichiometry of the
investigated systems by using XPS (see the Supporting
Information).'*1”!

The stoichiometry of the films is proved by using a well-
established fit routine,'*? systematically correlated with
electron paramagnetic resonance (EPR) results on a variety
of different radicals."""'>**?!) The fits indicate that all
components are stoichiometrically meaningful (Tables S1—
S2 in the Supporting Information). Thus, we can conclude
that the XPS spectra reflect the expectations for thin films
with the EPR pattern corresponding to intact Blatter-

[12¢.20a,21c]
pyr.

To understand in detail the interface we have performed
a thickness-dependent investigation of the core levels
spectra. Comparing the spectra of the thicker films with
those of the interfacial layer (i.e., the first organic layer
formed by the molecule directly in contact with the metallic
ferromagnet) and looking at the thickness-dependent behav-
ior of the spectroscopic lines, we observe pronounced
changes (Figure 1 and Figure 2). In particular, the exper-
imental spectroscopic lines of the interfacial radical layer are
broadened and shifted towards lower binding energies
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Figure 2. Thickness-dependent a) C 1s and b) N 1s core-level spectra of Blatter-pyr thin films on polycrystalline cobalt. Evolution of c) the energy
position and d) the relative intensities of the single components in the N 1s core-level spectra with increasing the nominal film thickness, as
obtained from the fit procedure applied to the N 1s core-level spectra in b) (details in the Supporting Information).
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(~1eV). The fit analysis applied to the thickness-dependent
spectra shows how the intensity and the binding energy of
the single contributions evolve versus thickness (Figures 2c
and 2d). This behavior indicates a strong interaction, of a
chemical nature, between the Blatter-pyr and cobalt.!¢*
Also, the intensity of the satellite features is higher. This is
another indication of the strong chemisorption of the
Blatter-pyr on cobalt.”®?! The radical character in films of
intact molecules is represented by the feature at lower
binding energy (Nrad in Figure 1d) and correlates with its
intensity.'>?'“*] This feature has a lower intensity in the
interfacial film N 1s core level spectrum than in the thicker
films (Figure 1d, compare with Figure 1b) revealing only a
residual radical character. This is because the chemical
environment of molecules in contact with the cobalt surface
is significantly different than in the volume of the radical
films owing to the bond with cobalt (Figures 1c and 1d, the
interfacial features are indicated with an asterisk to under-
line their different chemical environment and Table S4 in
the Supporting Information).

The finding that Blatter-pyr is chemisorbed on cobalt is
further supported by the Near Edge X-ray Absorption Fine
Structure (NEXAFS) spectra measured on the interfacial
layers (Figure 3) at the C K edge. The signal arises from
transitions from the C 1s core levels to the unoccupied
states. The spectra are substantially different from the
spectra of the thick films (Figure S1),"** lacking the pre-
edge feature attributed to the transitions from the C 1s core
levels to the singly unoccupied molecular orbital (SUMO),
and the peaks in the 288-290 eV photon energy region
(Figure S1).?!  This result suggests that the SUMO
becomes occupied due to the occurrence of charge transfer
from the cobalt surface to the radical film. It corroborates
the XPS results, evidencing the chemisorption of the radical
on the cobalt. We also observe that the NEXAFS spectra
for two different polarizations of the incident light with
respect to the surface of the polycrystalline cobalt do not
show any strong dichroism,? revealing a high degree of
azimuthal disorder in the interfacial layer.

Combining XPS and NEXAFS has provided a detailed
description of the phenomena at the interface influencing

C K Edge

—o— normal incidence

g o grazing incidence

280 290 300 310 320
Photon Energy (eV)

NEXAFS Intensity (a. u.)

a)
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the radical character of the first molecular layer deposited
on cobalt.

Therefore, we now address the cobalt side. We measured
the NEXAFS Co L,; edge spectra (corresponding to
transitions from the Co 2p core level states to the 3d
unoccupied states) before and after the deposition of the
radical films (Figure 4).

In the literature, spectra are compared to understand the
influence of the alloying, oxidation, or ligands on the cobalt
bulk.™ Conversely, here we use this approach to investigate
a hybrid organic radical/inorganic interface.

Cobalt is a highly reactive material, which leads to the
formation of various oxides and hydroxides if left exposed
to ambient conditions or oxygen contaminants in high
vacuum.®#?! Therefore, it is important to rule out oxidation
as a cause for the potential changes. The cobalt L,
absorption edge shows distinctive features, depending on
the oxidation state and the ligand field splitting (if
applicable), such as peak splitting and shoulders in the
peaks."#?"] The line shape of the cobalt NEXAFS spectra
after deposition does not deviate prominently from that of
the clean cobalt surface (Figure4). Neither splitting nor
additional shoulders are present in the absorption spectra of
the Blatter-pyr/cobalt interface after film deposition. This is
a clear indication that no significant oxidation of the cobalt
occurs upon radical deposition.

The signal difference evidences a slight increase in
intensity after film deposition (red curve, Figure 4). The
enhanced intensity indicates a lower electronic population in
the final states after deposition,** concomitant with
cobalt-to-radical charge transfer as evinced with XPS and
NEXAFS at the molecular side.

Taking inspiration from the data analysis performed on
electron energy loss spectroscopy (EELS),”* we have
adapted it to the NEXAFS spectra to quantify the differ-
ences in the spectra before and after evaporation. We have
calculated the I(L;)/I(L,) ratio, the branching ratio I(L;)/
I(L,) +I(L;), and the normalized white lines (i.e., I(L,) +
I(L,) normalized to the continuum),”*% being I(L;) and
I(L,) the peak areas of the Co L, and Co L; edges (see
Table S5 and the Supporting Information for definitions and

b)

Figure 3. a) C K edge of an interfacial Blatter-pyr film deposited on polycrystalline cobalt. b) Geometry of the experiment, normal incidence

(6,=90°) and grazing incidence (6,=20°).
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Figure 4. Co L2,3 NEXAFS spectra of the polycrystalline cobalt surface before and after deposition of an interfacial layer of Blatter-pyr, as indicated,

for a) grazing incidence and b) normal incidence (see also Figure 3).

details). We find that the I(L;)/I(L,) ratio is lower after the
layer  deposition,  indicating  lower d  orbital
occupancy.**<¢¢l Considering methods previously used for
EELS spectra;®*4 it is also possible to obtain a numerical
estimate of the d orbital occupancy that confirms that it is
lower after chemisorption of the Blatter-pyr (see Table S5).
The analysis of the spectra reveals a consistent pattern: the
cobalt surface loses charge to the radical, as indicated by all
the calculated values (Table S5).

At this point, the question is how the interaction with
the radical monolayer and the consequent charge transfer
influence the magnetic properties of the cobalt surface. We
answer this question through a detailed examination of the
electronic configuration of the unoccupied states in the
polycrystalline cobalt, both pre- and post-evaporation of the
interfacial film: we have calculated the difference in the
magnetic moment before and after deposition by using the
calculated I(L;)/I(L,) ratio, the branching ratio I(L;)/I(L,) +
I(L;), and the normalized white lines.”***! We could
determine a difference in magnetic moment of —0.05 pg
after evaporation (see the Section Methods in the Support-
ing Information). Although this value is a simple estimation
what is important is the tendency identified by the calcu-
lation, i.e., the cobalt magnetic moment is lower after
evaporation.

In pursuit of further exploring this aspect, we returned
to XPS (because of its higher surface sensitivity in compar-
ison with NEXAFS) and directed our focus towards
analyzing the Co 3 s core level spectra, characterized by the
multiplet splitting that may occur when unpaired electrons
occupy valence states.””! We fitted the Co 3s core level
spectra before and after the deposition of the interfacial
film, by using a Doniach-Sunjic line shape (Figure 5).”) We
find that the doublet binding energy separation is around
3.5eV, in agreement with the literature for polycrystalline
cobalt and cobalt compounds.”” The energy separation
between the two peaks correlates with the 3s-3d exchange
interaction energy, while the peak intensities of the doublet
features correlate with the total spin and, thus, with the
magnetic moment. !

Angew. Chem. Int. Ed. 2024, 63, 202403495 (5 of 9)
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Figure 5. Co 3 s core-level spectra a) before and b) after evaporation of
the interfacial radical layer, together with their fit. The residuals are also
shown. For the fit details see the Supporting Information.

We calculated the magnetic moment, obtaining 1.79 ug
and 1.50 ug before and after evaporation (see the Section
Methods in the Supporting Information and Tables S6 and
S7). Thus, by examining both the occupied and unoccupied
states, we come to the result that the cobalt magnetic
moment decreases due to the chemisorption of the Blatter-
pyr. Here, we like to mention that this method gave good
values of the magnetic moment in cobalt-based materials,
chromium compounds, and iron alloys,”? however some
critical issues have been reported in other cases.” Differ-
ences in the fitting procedure might lead to different values
of the magnetic moment. In our opinion, these values must
be considered as tendencies, useful to make comparisons
among different chemical conditions of the cobalt surface.
We also note that the difference in the magnetic moment
using this method is —0.29 py after evaporation, higher than
for the NEXAFS analysis. This is because the X-ray
penetration depth and the information depth are different in
the two cases, being even more surface sensitivity in XPS
(see the Supporting Information).

To support our method and further elucidate the
experimental results we performed electronic structure

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

D. Radical-Induced Changes in Transition Metal Interfacial Magnetic Properties: A Blatter ...

:SdY) SUONIPUOD) PUE SWIAL Y1 995 “[$TOT/Z1/1] U0 AXeqr] QUIIUQ AOILA ‘SHEOFZOT AIUB/Z00 1 01/10p/w0d K[ Keaqrout[uoy/:sdny wox} papeolumot ‘Zh “$20z ‘ELLEITST

> Ko

ASUADIT suowwo)) danear) a[qearidde oy Aq pauIaA0F axe SA[ANIR YO 95N JO SI[NI 10] AIRIQIT dUIUQ KI[IAN UO (SUODT

215



216

GDCh
) —

calculations based on Density Functional Theory (DFT)
following the same approach used in other studies about
radical molecules and their adsorption on surfaces.['?*2!34]
Blatter-pyr is a planar molecule, except for the phenyl ring
bonded to N1, which forms a dihedral angle, ¥ = 44.3°, with
the Blatter core because of the steric interaction with the
pyrene unit. The electronic structure of Blatter-pyr is typical
of a radical with spin S=1/2.0¢12021e243%33] Tt presents an
unpaired electron and, therefore, a singly occupied (and a
singly unoccupied) molecular orbital SOMO (and SUMO)
(Figure S2 in the Supporting Information). These are mostly
localized on the three nitrogen atoms (N1, N2, N3 =Nrad)
of the Blatter core, with a small contribution from the fused
pyrene unit, as seen in the spin density isosurface in
Figure 6a. The results are overall consistent with previous
DFT calculations for the same molecule.”*'** The
simulated N 1s core level spectrum is displayed in Figure 6a.
It resembles the experimental one for thick layers. We
observe three main peaks that correspond to the three
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different N atoms. The peak at the lowest binding energy is
associated with N3 (=Nrad), the one at the highest binding
energy to N1, and the one at the intermediate binding
energy to N2. All peak binding energies are underestimated
by about 20eV compared to the experimental values
because of the employed approximations (see computational
methods in the Supporting Information). Despite that, we
observe that the energy splitting of the three peaks,
AEy s =29 ¢V, AEy o =19¢V, and
AEy, n3 =1 .0 eV, agrees very well with the experimental
results (see above). Thus, the calculations confirm the
correct interpretation of the core spectra as previously
discussed.

The cobalt/molecule interface is modeled by placing one
molecule on a Co slab. We consider the Co (0001) surface,
which is the prevalent surface in our polycrystalline
samples.* Here we only consider one adsorption geometry,
shown in Figure 6d. Different geometries are discussed in
the Supporting Information. After the geometry optimiza-

Figure 6. Simulated N 1s XPS spectrum (DOS) for the a) the isolated molecule and c) the molecule on the Co surface. The zero-energy reference is
set to the Fermi level. b) Spin density isosurface for the isolated molecule. d) Top view of the slab used in the calculations.
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tion, the calculated average adsorption distance is about
21 A which is typical for organic molecules strongly
chemisorbed on ferromagnetic transition metals.[***! The
radical nature of the molecule is not preserved. The
calculated magnetic moment of the Blatter core is only
about 0.12 uz. The molecular features, such as the SOMO
and the SUMO, in the electronic structure near the Fermi
level, disappear as a result of the hybridization with Co, and
they merge into very broad states (see Figure S3 in the
Supporting Information), similar to those found for other
organic molecules on ferromagnetic transition metals.*” In
turn, the magnetic moments of Co atoms bonded to the
molecule are reduced from about 1.7 uy, the value for the
clean surface, to about 1.3 uz, reproducing the tendency of
the experimental observation.

The simulated N 1s core level spectrum of the molecule
on the Co slab is shown in Figure 6¢c. The energy splitting
between the three characteristic peaks is strongly reduced
compared to that seen for the isolated molecule. We obtain
that AExi 3 =2.0¢eV, AEyi xo =14 ¢V, and
AEy, n3 = 0.6 eV. This explains the broadened line shapes
of the N 1s core level curve that we observed experimentally
at the interface (Figure 1d). Overall, our DFT results fully
support the arguments used to interpret the experiments.
The molecule is strongly hybridized with the surface, and
the change in the core level spectra reflects the modification
of the molecule’s and cobalt’s electronic structure induced
by the bonding across the interface.

Conclusions

We have investigated the effect of a Blatter-pyr layer
deposited on polycrystalline cobalt. We find that Blatter-pyr
loses its radical character. This is irrelevant in this study
because our focus is on the interface as a system. Future
work might envisage the necessity of an intact radical
decorating the cobalt surface. This can be achieved by
designing the radical molecule with functional groups that
attach to the ferromagnetic surface, hindering the chem-
isorption of the radical moiety, as, for example, on gold
Surfaces‘[ZUb,MaJﬂ

We show that it is possible to predict the impact of the
organic interfacial layer on the magnetic properties of the
polycrystalline cobalt, analyzing in extreme detail X-ray
photoemission and absorption data at room temperature.
Comparing this system to the prototypical Cy/cobalt inter-
face, the effect of depositing a radical layer turns out to be
promising. Depositing 20 nm of C4 on a 5nm cobalt thin
film decreases the magnetic moment of a cobalt atom on
average of around 0.27 pg,” similar to the value that we
found in this work for the Blatter-pyr/cobalt interface.

Despite their importance for spintronics, the number of
investigated organic materials that are known to influence
the cobalt properties remains quite limited because describ-
ing the electronic and magnetic properties of such an
interface requires a large variety of different techniques,
high surface sensitivity, and often high fields and low
temperatures, too. In this respect the versatility of our
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approach plays an important role, allowing preselecting,
beforehand, organic/ferromagnetic and radical/ferromag-
netic interfaces, identifying the most promising for spin-
tronic applications.
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1) Methods

Experimental section

The in-situ sample preparation and XPS measurements were carried out in a multi-
chamber UHV system that consisted of three chambers: an analysis chamber, a
preparation chamber, and a chamber for organic material deposition. Polycrystalline
cobalt foils (MaTeck, 99,9% purity) were cleaned by repeated cycles of argon
sputtering (2 kV) and annealing at around 573 K. XPS was used to check the
cleanliness of the surface. Blatter-pyr was synthesized as described in Ref [1]. The
radical thin films were prepared by OMBD (evaporation rate: 0.1-0.6 nm/min). The
evaporation rate was estimated with a quartz microbalance and the film thickness was
calculated from the attenuation of the substrate Co 2p photoemission line upon radical
deposition. The XPS measurements were performed in the measuring chamber
equipped with a monochromatic Al Ka source (SPECS Focus 500) and a SPECS
Phoibos 150 MCD hemispherical electron analyzer. The survey spectra were recorded
at 50 eV pass energy and the high-resolution spectra at 20 eV pass energy. The XPS
binding energies were calibrated by setting the Co 2p signal at 778.3 eV.[2l The energy
resolution was 0.4 eV. All photoemission measurements were performed in normal
emission.

NEXAFS measurements were conducted at the LowDosePES end-station at the PM4
beamline (E/AE = 6000 at 400 eV) of the BESSY Il synchrotron facility in Berlin.[® The
end-station is a multi-chamber set-up with a separate preparation chamber, used for
sputtering and annealing the cobalt surface and film deposition. Film evaporation was
done using the same calibrated cells as in the above-described XPS experiments. The
measuring chamber base pressure was 4x107'© mbar. The spectra were recorded in

total electron yield (TEY) at normal incidence (61= 90°) and grazing incidence (62= 20°).
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They were normalized by the ring current and the signal of the clean substrate and
scaled to an equal edge jump for comparison.[4
The measurements were performed on freshly prepared films. All samples were

carefully monitored to avoid radiation damage during beam exposure.

Data analysis: NEXAFS

By using methods previously developed for EELS spectra;®! to calculate the absolute
intensities, the La/L2-ratio, and branching ratios, the step edge in the NEXAFS spectra
was fitted using a sigmoidal curve with the inflection point positioned at the respective
peak maximum. After subtracting the step edge, the absolute intensities were
calculated from the spectra by integration over their full width (11 eV for the Ls-peak
and 8 eV for the L2-peak, in agreement with the published literature®!). The calculation
of &, (defined as (I(L2)+I(L3) normalized to the continuum) requires a normalization
factor. The I(L2)+I(Ls) must be divided by the integrated intensity in the energy window
in the continuum (normalization factor). In the literature,! the normalization factor, i.e.,
how to define the width of the energy window, is not discussed.

We define the normalization factor as the factor needed to normalize the 3d occupancy
to 7 e/atom in the metallic cobalt surface.’! We obtained 35 eV as the width of the
energy window. The 3d occupancy was calculated according to the equation n;,; =

1-(5,2/1.04) (5
0.088 ’

To determine the magnetic moment using the ratio I(L3)/I(Lz2), and the linearization of
the 1(L3)/I(L2) ratio,!®! we used the results obtained in the grazing incidence geometry

of the NEXAFS experiment.
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Note that the experimentally estimated magnetic moment for the molecule/Co interface
represents an average value across all Co surface atoms, bonded or not with the

molecules.

Data analysis: Cobalt XPS

We estimated the penetration depth of the incident X-ray beam in cobalt around the
Co L-edge (defined as the depth in the material at which the intensity of the incident
X-rays is 1/e of its initial value, and given by 1/u where u is the X-ray absorption
coefficient in cm'?l) by using the X-ray absorption cross section (in cm?/g).l"l We
obtain penetration depths of around 510 nm in the pre-edge region and 88 nm in the
continuum of the L-edge in NEXAFS and 300 nm for the home lab Al K-o. radiation.
The information depth in XPS is defined as 3\, A being the electron inelastic mean free

path (IMFP).[8l To calculate A corresponding to the electrons emitted from the cobalt 3s
core-levels we used the equation®® 1,, = ;ﬁ—f‘ + B,/ Ekin-

An and Bn are empirical, dimensionless factors given for the IMFP of electrons in
inorganic (An = 641 and Bn = 0.096) and organic solids (Ar = 31 and Bn = 0.087), and
Exin being the kinetic energy of the emitted electrons. For the photon energy
corresponding to the Al K-a radiation, we obtained 12.1 nm in the inorganic solid and
9.8 nm in the organic solid.

To calculate the magnetic moment from the XPS Co 3s spectra, we used the
relationship: 1(S+1/2)/1(S-1/2)= (S+1)/S where | are the intensities of the doublets
obtained from the fits and S is the total spins of the unpaired electrons.['®! The

spectroscopic lines were fitted by using a Doniach-Sunijic line shape.l'® The magnetic

moment was calculated using the equation u = 2ug/(S + 1)5.110-1
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Also in this case the experimentally estimated magnetic moment for the molecule/Co

interface represents an average value across all Co surface atoms.

Calculation details

DFT calculations were carried out with the all-electron code FHI-AIMS.['? The Perdew—
Burke—Ernzerhof (PBE)!I"3l generalized gradient approximation was assumed for the
exchange-correlation density functional. The preconstructed “light” and “tight” default
settings were employed for the numerical localized orbital basis sets of the molecule
and of the Co atoms, respectively. The calculations of the molecule did not use periodic
boundary conditions. The interface was instead simulated through a supercell
containing the molecule on the top surface of a four-layer Co slab and including over
20 A of vacuum. A 3x3x1 k-point grid was chosen. Co was considered in its most
common hcp structure with the experimental lattice constant equal to 2.51 A. The
geometry optimizations were performed until the ionic forces were smaller than 0.01
eV. In the case of the slab, the two bottom layers were maintained fixed. XPS
simulations were carried out within the initial state approximation and by looking at the
density of states (DOS) projected on the basis functions of the individual atoms. A
Gaussian broadening of 0.4 eV was applied to the DOS to obtain smooth peaks. The
spin magnetic moment of the atoms was estimated through the Mulliken population

analysis.
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2) Brief description of the fit procedure and parameters for the C 1s and N 1s core level
spectra.

A careful best-fit procedure with constraints based on stoichiometry and
electronegativity is a powerful tool to gain a deeper insight into the XPS core level
spectra. A detailed description of the fit procedure used for the radicals is given in Ref.
[14], and a general approach for fitting XPS spectra of organic thin films is also
described in Ref [15].

The fit procedure systematically holds for all samples of the film/interface of a specific
molecule, prepared and measured under the same conditions. In this way, we can also
identify the samples that do not correspond to the expected stoichiometry. We work on
sets of measured samples that are large enough to be statistically significant.

The three nitrogen peaks in the Blatter-pyr N 1s spectra are assigned to photoelectrons
emitted from the nitrogen bound also to the phenyl ring (N1) and the N2 atom (a carbon
atom and a nitrogen atom as neighbors), see also the electronic structure calculations
in the main text. Because of the delocalization of the unpaired electron, the peak at
lower binding energy is assigned to photoelectrons emitted from the nitrogen radical

(N3=Nrad).
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Fit parameters for the C 1s and N 1s spectra of a thicker Blatter-pyr film as in Figure
1. R-squared (R?) =0.99961, and R?=0.98997 for the C 1s, and the N 1s fit, respectively.
The expected stoichiometric values for the C 1s and N 1s elemental analyses are C-C

= 24%, C-H = 62%, C-N = 14%, and Nrad = N1 = N2 = 33%.

Table S$1
Energy Lorentzian Gaussian Intensity

(eV) Width (eV) Width (eV) (%)
Cc-C 284.4 0.08 0.90 17.7
C-H 284.8 0.08 0.90 47.9
St 285.4 0.08 0.90 1.2
C-N 285.9 0.08 0.90 11.6
S2 286.6 0.08 0.90 4.3
Ss3 287.5 0.08 0.90 1.1
S4 288.4 0.08 1.44 2.0
Ss 291.6 0.08 5.14 14.2

C-C + S1+S3+S4=22.0%, C-H+ S5=62.1%, C-N + S»=15.9%
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Table S2
Energy Lorentzian Gaussian Intensity

(eV) Width (eV)  Width (eV) (%)
Nrad 398.3 0.1 0.8 28.6
N2 399.2 0.1 0.8 281

S1 400.1 0.1 0.8 5.2
N1 401.0 0.1 0.8 29.7

S2 4021 0.1 0.8 6.1

Ss 403.0 0.1 0.8 2.3

Nrad+Si1=33.8%, N2+S,=34.2 %, N1+S3=32.0%
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Fit parameters for the C 1s and N 1s spectra of an interfacial Blatter-pyr layer as in

Figure 1. R?=0.99884 and R?=0.92913 for the C 1s and the N 1s fit, respectively.

Table S3
Energy Lorentzian Gaussian Intensity
(eV) Width (eV) Width (eV) (%)
c-C 284.5 0.08 0.90 22.5
C-H 285.0 0.08 0.90 49.8
S, 2855 0.08 0.90 1.2
C-N 285.7 0.08 0.90 13.5
S, 286.4 0.08 0.90 8.0
S, 287.3 0.08 0.90 1.9
S, 288.6 0.08 1.44 1.8
S 290.5 0.08 5.14 1.3
Table S4
Energy Lorentzian Gaussian Intensity
(eV) Width (eV)  Width (eV) (%)
Nrad* 397.2 0.1 0.9 11.4
N2* 397.8 0.1 0.9 31.1
St 398.6 0.1 0.9 24.5
N1* 399.5 0.1 0.9 11.5
S2 400.5 0.1 0.9 18.6
Sz 401.4 0.1 0.9 2.9

10
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3) C Kedge NEXAFS spectra: thick versus interfacial layer.
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Figure S1. Comparison of the Blatter-pyr C K edge NEXAFS spectra of a thick and an

interfacial film, as indicated. The arrows indicate the major differences in the intensity

of the two signals as described in the main text.
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4) Calculated I(L3)/I(L2) ratio, the branching ratio I(L3)/I(L2)+I(L3), and normalized white

lines at normal incidence (NI) and grazing incidence (Gl).

Table S5.
I(L3) I(L2) I(Ls)/I(L2) I(L3)/I(L2)+I(L3) A2 (elart]om)
Substrate NI | 10.15  3.75 2.71 0.73 0.39 7.05
Gl | 9.06 3.38 2.68 0.73 0.35 7.50
Films NI | 10.43  3.91 2.68 0.73 0.41 6.93
Gl | 9.37 3.58 2.62 0.72 0.37 7.36

12
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5) Fit parameters for the XPS Co 3s core level spectra as in Figure 5.

R2=0.93347 and R2=0.90616 for the fit before and after evaporation.

Table S6
Energy Asymmetry Width
Substrate A (eV)
(eV) parameter (eV)
Component 1 101.3 0.001 14
3.5
Component 2 104.8 0.03 4.2
Interfacial film
Component 1 101.2 0.001 1.4
4.3
Component 2 105.5 0.03 4.4
Table S7
Intensity Calculated magnetic
I2/11 moment
Ms (us)
Substrate 0.34 1.78
Film 0.29 1.53

13
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6) Comparison of different adsorption geometries

Since the experiments revealed a high degree of azimuthal disorder in the interfacial
layer, DFT calculations were carried out for three different radical/Co geometries
checking to what extent the XPS spectrum depends on the molecular adsorption
details. All geometries were fully optimized as described in the Methods here in the
Supplementary Information. The first geometry [Fig. S2 (b)] is the one presented in the
paper; the pyrene unit is oriented along the Co[1010] direction. The phenyl ring
attached to N1 remains tilted out of the surface forming a dihedral angle with the rest
of the molecule, like in the isolated case. The second geometry [Fig. S2 (c)] presents
the molecule rotated so that the pyrene unit is parallel to the Co [0110] direction. Finally,
the third geometry [Fig. S2 (d)] is like the first one, but the phenyl ring attached to N1
is forced to be in plane with the rest of the molecule.

The simulated N 1s core level XPS spectra are quite similar for the three geometries,
as shown in Fig. S2. The energy splitting between the three characteristic peaks is
strongly reduced compared to that seen for the isolated molecule, and overall the
spread of the result is within the broadening of the experimental data. The estimated
energy splitting for the various geometries is summarized in table S8 (note that the
absolute energy of the peaks is not accurately described in our calculations because

of the employed approximations, and only the energy splitting is analyzed here).

14
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Figure S2. Simulated N 1s XPS spectrum (DOS) for the isolated molecule (a) and three

different radical/Co geometries (b, c, d). Each spectrum on the left corresponds to

geometry on the right.
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Table S8

AENl—NZ AENl—N3 AENZ—NB
(eV) (eV) (eV)
isolated (a) 1.92 2.88 0.96
radical/Co (b) 1.37 2.02 0.65
radical/Co (c) 1.02 1.86 0.84
radical/Co (d) 1.54 2.39 0.85

16
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7) Density of states at the Fermi level

[+

DOS (arb. units)

(SN
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Figure S3. DOS projected over the three N atoms of Blatter-pyr (top panel) and of
Blatter-pyr on Co (bottom panel). The single occupied and single unoccupied molecular
orbitals, SOMO and SUMO, are indicated in the case of Blatter-pyr. The molecular
features disappear when Blatter-pyr is adsorbed on Co. The DOS of the N atoms

appears very broad around the Fermi level as results of the strong hybridization with

the Co 3d DOS (grey shadowed area).
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