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ABSTRACT: The functionalization of substrates with radical species has been CHy
shown to be a promising strategy to confer novel physical and chemical properties o NNHO
to a surface. Urazole radicals are persistent nitrogen-centered radicals that are 7~
insensitive to oxygen, making them desirable targets for the functionalization of . op lma(‘h c;*/

surfaces. Here, we succeed in the preparation of self-assembled monolayers
(SAMs) of a 1-arylurazole radical on Au surfaces using two different approaches.
In the first approach, a SAM of a radical precursor on the gold surface is prepared
followed by its chemical oxidation to generate the active urazole radical. In the
second route, the radical is generated in solution and subsequently grafted on the
Au surface. In both cases, the SAMs exhibit active radical behavior, but the SAM
prepared by the first approach demonstrates greater surface coverage of the

electroactive urazole radical species.

B INTRODUCTION

The functionalization of substrates with organic molecules has
proven to be a promising strategy to confer novel physical and
chemical properties to surfaces. This route has been
successfully exploited for the fabrication of chemical
sensors,' > for immobilizing biomolecules,*® and for tuning
surface wettability”® or metal work function,” among other
applications. In particular, surface modification with stable
neutral organic radicals with one or more unpaired electrons
has recently attracted great attention in the fields of molecular
electronics and spintronics.”” "

Stable neutral organic radicals have been physisorbed on
surface showing the Kondo effect.’>™'> However, to better
stabilize such systems for potential applications, the prepara-
tion of self-assembled monolayers (SAMs) chemically bonded
to the surface is often preferred.'®'” This has been mainly
realized by designing and synthesizing neutral organic radicals
bearing appropriate surface anchors, for example, thiol or silane
groups to graft the molecules onto Au or oxide substrates,
respectively. In this wag, SAMs of polychlorinated trityl
radicals,"®"® nitroxyls,'”” and a@-nitronyl nitroxyls*"** have
been widely investigated. Importantly, all of these radicals need
to be highly stable to survive the reaction conditions required
to prepare the SAMs and, further, the radical character needs
to be preserved after the surface self-assembly process. To date,
very few examples have been reported regarding the
preparation of SAMs using precursors to radical species that
are subsequently converted to their corresponding neutral
radical analogues by performing surface chemical reactions”” or
by interaction with a metallic surface.”*

© 2022 American Chemical Society
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Urazole radicals, 2, which are readily accessible by oxidation
of urazole precursors 1, were first reported by Pirkle as early as
1978 (Scheme 1).”*> Many of these nitrogen-centered radicals
are indefinitely persistent in solution.”> While they are known
to be in equilibrium with the corresponding N—N dimers 3
(Scheme 1), significant concentrations of the radical species
remain present in the solution.”>™>” The unusual stability of
these radicals, coupled with their lack of sensitivity to oxygen,
make them desirable targets for the functionalization of
surfaces. 1-Arylurazoles radicals are easily synthesized by
established means and, therefore, in this paper have been
selected as initial targets for studying the feasibility of SAM
preparation.””*° Although 1-arylurazoles radicals such as 2b
are persistent in solution for many hours like other urazole
radicals, they eventually succumb to a self-reaction to form
urazole 4.>°° Therefore, suitable methodologies have to be
applied to successfully achieve radical urazole SAMs.

In this work, we report the preparation and characterization
of urazole radical SAMs employing two different approaches.
The first route is based on prior preparation of a SAM using
the precursor to the radical species, followed by oxidization to
the corresponding radical form. In the second approach, the
radical is first generated in solution and then self-assembled on
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Scheme 1. Formation of Urazole Radicals 2 from Urazole Precursors 177
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1a R = tert-butyl, dimethylbenzyl
1b R = p-methoxyphenyl

“The radicals are in equilibrium with N—N dimers 3 in solution. bUrazole radical 2b undergoes a slow self-reaction to form 4.

the surface. Both approaches successfully lead to urazole
radical SAMs, as demonstrated by means of electrochemical
and electron paramagnetic resonance (EPR) detection.

B EXPERIMENTAL SECTION

General Methods for the Synthesis. Column chroma-
tography was conducted on a silica gel (234—400 mesh). Thin-
layer chromatography was performed on precoated silica gel
plates and visualized by ultraviolet light. '"H and *C NMR
spectra were obtained on a 400 MHz NMR spectrometer.
Chemical shifts are reported in units of parts per million
downfield from TMS. High-resolution mass spectra (HRMS)
were acquired via electron spray ionization on a Linear ion
trap-Fourier transform hybrid mass spectrometer (LTQ-
FTMS). N-methyl-1,3,5-triazoline-3,5-dione (2) was synthe-
sized via oxidation of N-methylurazole with DABCO-Br, as
described in the literature.”**” All other chemicals and solvents
were obtained from commercial sources and used without
further purification unless otherwise noted.

(Pent-4-yn-1-yloxy)benzene (5). To a solution of 1 g (10.6
mmol) of phenol in 25 mL of dry DMF, 1.19 g (1 equiv) of
potassium tert-butoxide was added as a solid, at once, and
stirred for 0.5 h. To the resulting pale green solution, 1.0 g (1
equiv) of S-chloro-1-pentyne was added dropwise, and the
reaction mixture was stirred overnight. The resulting pale
brown mixture was poured into 50 mL of EtOAc, and the
combined organic layer was washed with 2 X 50 mL of H,0
and 2 X 20 mL of sat. aq. NaCl, dried over Na,SO,, and
concentrated. Column chromatography (SiO,, 6:1 hexanes/
EtOAc) afforded 1.12 g (60% yield) of S as a clear colorless
liquid: "H NMR (CDCI,) 6 7.26 (dt, J = 7.3, 8.5 Hz, 2H), 6.92
(t, ] = 7.3 Hz, 1H), 6.89 (d, ] = 8.5 Hz, 2H), 4.03 (t, ] = 6.2
Hz, 2H), 2.38 (dt, ] = 2.7, 6.9 Hz, 2H), 1.95—2.04 (m, 3H);
BC NMR (CDCl;) 6 158.9, 129.5, 120.8, 114.5, 83.6, 69.0,
66.0, 28.3, 15.3. HRMS [ESI] m/z [M + H]+ Calcd for
C,,H,50: 161.09609; Found 161.09616.

4-Methyl-1-[4-(pent-4-yn-1-yloxy)phenyl]-1,2,4-triazoli-
dine-3,5-dione (6). To a stirring solution of 0.92 g (5.75
mmol) of compound § (neat) and 0.113 g (1 mmol) of
MeTAD, 155 uL (2 mmol) of CF;CO,H was added via
syringe. The solution initially turned deep red-purple in color,
but then a thick white precipitate was formed. The precipitate
was suspended in 10 mL of CH,Cl, in a separatory funnel, and
2 mL of 1 M NaOH was added, which dissolved the

precipitate. The aqueous layer was washed with 1 X 2 mL of
CH,Cl, and then acidified with conc. aq. HCI, forming a thick
white precipitate. Washing with 3 X 50 mL of CH,Cl,, drying
over Na,SO,, and concentration afforded 0.134 g (49% yield)
of 6 as a white solid: '"H NMR (DMSO-dy) & 11.05 (s, 1H,
NH), 7.43 (d, ] = 9.1 Hz, 2H), 7.01 (d, J = 9.1 Hz, 2H), 4.03
(t, ] = 6.9 Hz, 2H), 2.96 (s, 3H), 2.83 (t, ] = 2.6 Hz, 1H), 2.32
(dt, J = 2.6, 6.9 Hz, 2H), 1.88 (p, ] = 6.9 Hz, 2H); *C NMR
(CDCL,) 6 156.4, 154.2, 151.6, 130.5, 121.3, 115.4, 84.2, 72.2,
66.7, 28.2, 254, 15.0. HRMS [ESI] m/z [M + H]+ Calcd for
C1,H,(N;O,: 274.11862; Found 274.11824.

Generation of a Urazole Radical (7). To a stirring mixture
of 3.35 mg of 6, 13.65 mg of sodium sulfate (Na,SO,, 99.5%,
Sigma) and 6.82 mg of nickel peroxide (Ni,O; 99%, Sigma) in
10 mL of acetonitrile was added. The solution, kept in inert
conditions, turned blue after a few minutes. The mixture was
stirred for 30 min and then filtered, resulting in a deep purple
solution of radical 7.

SAMs’ Preparation and Characterization. SAMs were
prepared on Au substrates (50 nm thick) evaporated on glass,
purchased from Phasis Sarl.

Approach I. The gold surface was cleaned in a piranha bath
1:1 (H,SO,/H,0,) for a minute and subsequently rinsed with
plenty of Milli-Q water and ethanol, and dried with a N,
stream. Afterward, the substrate was immersed in a 107 M
solution of 6 in dry acetonitrile and was left for 48 h under
stirring and inert conditions. Then, the substrates were rinsed
with acetonitrile and ethanol to remove the physisorbed
molecules, and dried with N,, giving SAM S6. The resulting
substrate was immersed in a previously prepared oxidant
dispersion (6.82 mg of NiO, and 13.65 mg of Na,SO, in 10
mL of acetonitrile heated at 50 °C for 30 min. in an ultrasound
bath and in inert conditions) while stirring at low rpm. for 45
min. Afterward, the substrate was rinsed with plenty of
acetonitrile, and ethanol and dried with a N, stream, affording
SAM S7-1.

Approach Il. The Au surface was cleaned as in approach L
Subsequently, the substrate was directly immersed into a 107*
M solution of 7 in acetonitrile. After 2 h, the substrate was
removed and rinsed with acetonitrile and ethanol, and dried
with N,. This process led to the formation of S7-IL

Cyclic voltammetry (CV) was carried out using an Autolab
PGSTAT101 with NOVA Advanced Electrochemical Software.
For the electrochemical experiments, a solution of 0.1 M of
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Scheme 2. Synthesis of Urazole Precursor 6
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Scheme 3. Generation of Urazole Radical 7 and the Decomposition Pathway toward Dimer 8
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tetrabutylammonium hexafluorophosphate (TBAPF,, 98%,
Sigma) in dried acetonitrile was used as an electrolyte. The
experiments were performed under inert conditions. For the
characterization of the SAMs using a redox probe, we used a
solution of 0.1 M KCl in Milli-Q water as electrolyte,
containing 0.01 M of [Fe(CN)4]>~/* as redox marker. The
bare Au or the functionalized surfaces were used as working
electrodes. Finally, for characterizing the redox activity of S7
SAMs, the functionalized substrates were used as a working
electrode and Pt wires as counter and reference electrodes. The
SAMs’ coverage (I') was then calculated as follows™

Q
n-F-A

AUC

e SR
where Q is the charge transferred, n is the number of electrons
transferred, F is the Faraday constant, and A is the electrode
area immersed in the solution. The charge transferred Q is
obtained by the quotient of the area under the curve (A,.) in
the redox process through integration and the scan rate (SR).

Ultraviolet—visible (UV—vis) measurements were per-
formed using a JASCO V-780 Spectrophotometer recorded
at a 400 nm/s scan speed. Solutions with a concentration of
10™* M of the urazole derivatives in acetonitrile were prepared.

Electron paramagnetic resonance spectroscopy (EPR)
spectra were obtained using an X-Band (9.7 GHz) Bruker
ELEXSYS ES00 spectrometer equipped with a Bruker variable
temperature unit, an ST8911 microwave cavity, a field
frequency lock system Bruker ER 033 M, and a NMR
Gaussmeter Bruker ER 035 M. The solutions containing 10~*
M urazole derivatives in acetonitrile were previously degassed
with argon and measured in thin quartz tubes. SAM samples
were measured in a Suprasil tissue cell.

Contact angle characterization was performed using a
DSA100 System (KRUSS) by automatically dispensing 3 L
of Milli-Q water drops. The measurements were carried out in
triplicate.

13360

X-ray photoelectron spectroscopy (XPS) measurements
were performed at room temperature with a SPECS
PHOIBOS 150 hemispherical analyzer (SPECS GmbH, Berlin,
Germany) with a base pressure of 5 X 107'° mbar using
monochromatic Al Ka radiation (1486.74 eV) as an excitation
source operated at 300 W. The energy resolution as measured
by the full width at half maximum (FWHM) of the Ag 3ds,,
peak for a sputtered silver foil was 0.62 eV.

B RESULTS AND DISCUSSION

Urazole radical precursor 6 (Scheme 2) was designed to
include aryl-substitution similar to the previously investigated
urazole 1b but with the addition of a short alkoxy chain and a
terminal alkyne group. The former provides some flexibility to
the system, whereas the alkyne group has been previously
shown to be a suitable Au surface anchor group that leads to a
robust Au—C covalent bond.”"** Urazole 6 was synthesized
according to Scheme 2. The reaction of 5-chloro-1-butyne with
potassium phenoxide in dry DMF afforded aryl ether $ in a
60% vyield. The neat reaction of § with N-methyl-1,2,4-
triazoline-3,5-dione (MeTAD) in the presence of trifluoro-
acetic acid as a catalyst, according to the procedure previously
described for the reaction of MeTAD with anisole,> afforded
the desired 1-substituted urazole 6 in a 49% yield (Figures S1—
S4).

The formation of the radical derived from 6 was studied in
solution followmg the previously reported methodology
(Scheme 3).”° Oxidation of 6 with the commercially available
heterogeneous oxidant Ni,O; in CH3;CN or CDClI; followed
by filtration afforded a deep blue solution of radical 7. The
paramagnetic nature of the radical prevented direct observation
of 7 by '"H NMR spectroscopy, but over the course of several
hours the signals for a new compound, dimer 8 began to
appear (see Scheme 3). Complete consumption of 7 over
several days, with a concomitant loss of the characteristic deep
blue color, led primarily to the formation of 8, which could be
isolated in a 32% yield (Figures S5 and S6). Furthermore,
attempts at isolating radical 7 via the concentration of
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Figure 1. Left. UV—vis spectra of 6 and 7 in acetonitrile. The spectrum of 7 was registered over time (¢ = 10™* M). Right. EPR spectra of 6 and 7 in

acetonitrile (¢ = 107 M).

solutions promoted the formation of 8 (see Supporting
Information).

The UV—vis spectrum of a freshly prepared solution of 7 in
CH;CN showed the characteristic absorption bands of this
family of radicals (Figure 1, left).””~*’ Intense absorption
bands at 343 and 609 nm are observed, accompanied by less
intense bands centered at 420, 445, and 485 nm. The stability
of the radical was assessed by following the UV—vis spectrum
with time. The radical was found to be stable in solution for
more than 5 h, observing only a small decrease in the
absorption bands’ intensity. However, in line with what had
been observed via 'H NMR spectroscopy, after 24 h, a
significant drop in the absorption bands indicated the
depletion of the radical due to the self-reaction of 7 to afford
dimer 8 (Scheme 3).

The radical formation was also investigated by EPR
spectroscopy in solution. As expected, precursor 6 was EPR
silent due to its diamagnetic character (Figure 1, right). In
contrast, radical 7 exhibited a five-line spectrum centered at g =
2.0034, close to the value of the free electron. The hyperfine
splitting comes from the interaction of the radical with two
equivalent "*N nuclei, with coupling constant and bandwidth
of a =65 Gand AH,, =3.1G, respectively.”

CV characterization was performed employing a three-
electrode electrochemical cell and using platinum wires as
working and counter electrodes, and a Ag/AgCl reference
electrode (Figure 2). In the case of radical 7, a redox peak at
EY2 = 227 mV, ascribed to the reduction of the radical to the
anion form, was clearly observed (Scheme 4). At higher
voltages, the CV exhibited an oxidation peak at E/? = 1148
mV attributed to the oxidation of the radical to the diazonium
species (Scheme 4).*° In contrast, the CV of the radical
precursor 6 only showed the oxidation peak to the diazonium
form at E'/? = 1143 mV. These behaviors were consistent with
what had been previously reported for urazole radical 2b.*

Once we confirmed the successful formation of radical 7 and
confirmed its stability over a time period of several hours in
solution, we proceeded to the preparation of self-assembled
monolayers of 7 on Au. With this aim, we followed two distinct
routes (Figure 3). Approach I was focused on the formation of
a SAM of urazole precursor 6 on the gold surface over 48 h.
Following this, the SAM was then oxidized to generate radical
7 (S7-1) directly on the surface. Alternatively, in approach I,
the radical was first separately generated in solution, and then
the Au substrate was immersed in the radical solution for 2 h

13361
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Figure 2. Cyclic voltammograms of 6 and 7 (10~* M) in acetonitrile
containing tetrabutylammonium hexafluorophosphate (TBAPF) 0.1
M. The Ag/AgCl electrode was used as reference and platinum wires
as working and counter electrodes. Scan rate: 0.1 V s™'. A blank
acquired using a Pt wire is also included.

Scheme 4. Electrochemical Oxidation and Reduction Events
of Urazole Radical 7 As Observed by Cyclic Voltammetry
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to form the corresponding radical SAM (S7-II). In both cases,
the SAM formation processes were adjusted to find optimum
conditions.

The SAMs from both approaches were fully characterized by
X-ray photoelectron spectroscopy (XPS), water contact angle,
EPR, and CV. C 1s and N 1s XPS data confirmed the presence
of molecules 6 and 7 on the gold surface (Figure S7). By water
contact angle, we observed a decrease in the angle from the
bare gold substrate (84.8° + 1.8°) to the functionalized
substrates, giving a value of 52.4° + 2.0° for $6 and 49.7° +

https://doi.org/10.1021/acs.jpcc.2c02453
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Figure 3. Schematic representation of the approaches used to prepare SAMs of radical 7.

1.2° for §7 (Figure S8). This behavior is consistent with the
hydrophilic character of the surface-bound molecules.

EPR characterization was also carried out since it is a
powerful tool for the identification of radicals on surfaces.”
Figure 4 shows the spectra collected for the SAMs of 7
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Figure 4. EPR spectra of 7 (blue) in solution and SAMs S7-I (green)
and S7-1I (red).

prepared according to the two approaches together with the
EPR of the same molecule in solution. The SAMs show a weak
but distinguishable line with a g-factor value (g = 2.0075)
similar to that of the unbound radical in solution (g = 2.0034).
Due to the low intensity of the signals and also their larger line-
width typical of solid-state measurements, the hyperfine
couplings were not clearly observed. Nonetheless, this data
proves unambiguously the presence of an unpaired spin on the
functionalized gold surfaces.

CV was also used to verify the SAM formation. First,
electrochemical experiments were carried out in a three-
electrode configuration cell, using a Pt wire and an Ag/AgCl

electrode as counter and reference electrodes, respectively. As
working electrodes, a bare Au electrode and the functionalized
substrates (S7-1, II) were employed. The electrolyte consisted
of a 0.1 M KCI aqueous solution containing 10 mM
[Fe(CN)é]S_/ 4~ as benchmark redox marker. As observed in
Figure Sa, a decrease in the redox peak current intensity
accompanied by a larger peak-to-peak separation (AE) is
observed when the Au substrates covered with the SAMs are
used instead of the bare Au electrode. This is rationalized by
the passivation of the electrode with the surface-bound
molecules that hinder the electron transfer process from the
redox probe in solution to the electrode. It is noted that the
[Fe(CN)s]>™/# redox peak is more inhibited with the $7-I
substrate, which suggests that approach I leads to greater
surface coverage.

CV experiments were also carried out with the aim of
detecting the redox activity of the radical SAM. In this case, we
registered the electrochemical response of the $7 SAMs. We
used a 107" M TBAPF4 solution in acetonitrile as an
electrolyte, a Pt wire as a pseudo-reference electrode, and
§7-I, II as working electrodes. For both approaches, a
reversible redox peak attributed to the reduction of the radical
to the anion (see Scheme 4) was detected at /2 = 21 mV and
EY? = —40 mV, for $7-1, 11, respectively (Figure 5b). Notice
that the oxidation redox process to the diazonium species (see
Scheme 4) could not be investigated since the SAMs are not
stable under the application of very high voltage values.”® The
intensity of the redox peaks linearly increased with the scan
rate (Figure S9), which is characteristic of surface-confined
species.”” The differences in shape and redox potential values
between the two substrates may be attributed to the distinct
molecular organizations resulting from the two different
methods of SAM preparation.”” It has been reported that
changes in the local intermolecular and electrostatic inter-
actions induced by the supramolecular organization and
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Figure S. Electrochemical characterization of S7-I (green) and S7-II (red). (a) Redox probe experiment carried out using a solution of 0.1 M KCl
as an electrolyte in Milli-Q water with 0.01 M [Fe(CN),]>~* as a redox marker. The bare Au or the functionalized surfaces were used as working
electrodes, a Pt wire as a counter electrode, and a Ag/AgCl electrode as a reference. (b) CV measurements performed by immersion of the
modified electrodes in acetonitrile containing 10™* M TBAPF and using Pt wires as counter and pseudo-reference. Scan rate: 0.1 V s™".

distribution of the redox active species within the layer may
lead to different electrochemical voltammograms (e.g.,, peak
shifting, peak splitting, or peak broadening).”’~*" By
integration of the redox peaks (see the Experimental Section),
surface coverages of 5.0 X 107'° and 1.2 X 107" mol cm™
were estimated for S§7-I and S7-II, respectively. The greater
surface coverage measured for S7-I agrees with the results
using the redox marker as discussed earlier. While the lower
surface coverage of S7-II might at first glance be rationalized
by the shorter time period allowed for SAM formation in
approach II than that provided in approach I, it was observed
that longer incubation times did not increase the radical
density on the surface, as determined by CV. Likely, the self-
reaction of radical 7 in solution during SAM formation (see
Scheme 2) resulted in competing grafting of dimer 8 onto the
surface. Such dimerized molecules would not be electroactive
in this region and, hence, are not considered in the estimation
of the surface coverage.

Finally, density functional theory calculations were per-
formed to understand the configuration of the molecules
adsorbed on the surface (see Supporting Information for
computational details). It was found that the molecules tend to
be vertical with respect to the surface and, as a first
approximation, the maximum molecular density calculated
(approx. 7 X 107" mol cm™) was found to be slightly higher
than the value estimated in approach I by CV (Figure S10).

Bl CONCLUSIONS

In summary, we have demonstrated that SAMs of 1-arylurazole
radicals can be successfully prepared by two different
approaches despite their limited lifetimes in solution and
inability to isolate them in the solid state. The SAM with
greater urazole radical surface coverage and, thus, electro-
chemical activity was achieved by first grafting the urazole
precursor to the gold surface prior to oxidation of the
precursor to the active radical species. In both instances,
however, analysis by both EPR and CV clearly demonstrates
radical behavior similar to that exhibited by the urazole radical
in solution. In this investigation, therefore, we have successfully
developed and optimized the conditions for future studies of
other urazole radical SAMs. Of particular interest would be the
investigation of urazole radicals known to be longer-lived in
solution.”
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