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ABSTRACT: Thermal, photochemical, and metal-facilitated routes to aryl nitrenes via
the extrusion of dinitrogen from aryl azides adsorbed on a single-crystal copper surface
have been investigated. Only by irradiation with UV−vis light can an NN bond be
made, rendering an azoarene. Evidence of the wavelength-dependent N−N2 bond
dissociation rates supports a photoinduced substrate-mediated electron attachment
mechanism, leading concurrently to stable, spectroscopically identifiable copper/nitrene
intermediates (spectators) as well as transitory reactive triplet nitrenes that readily self-
couple to achieve the on-surface azo-dimer synthesis.

1. INTRODUCTION

On-surface synthesis, a bottom-up strategy for the fabrication
of extended covalent surface-confined molecular frameworks,
aims at conferring self-assembly structures the required
stability for their real applications.1−3 Its immense potential
has spurred considerable research interest in investigating what
classes of organic bond-forming reactions can be realized with
reactants adsorbed on well-defined surfaces under ultrahigh
vacuum (UHV) conditions. To date, a cornucopia of classic
reactions, such as Ullmann coupling,4,5 Sonogashira cou-
pling,6,7 azide−alkyne cycloaddition,8,9 etc. has been scruti-
nized experimentally using a surface science approach.
Nevertheless, generation of NN bond rendering aromatic
azo compounds (azoarenes ArNNAr) directly on a metal
surface, key to functionalization of surfaces with molecular
switches10−15 or incorporation of these motifs into more
complex systems,16 has yet to emerge. It is well-known that
singlet nitrenes (1NAr), resulting from the pyrolysis or
photolysis of aryl azides (N3Ar) with N2 as a stoichiometric
byproduct, can either undergo ring expansion to ketenimines
or competing relaxation through intersystem crossing (ISC) to
triplet nitrenes (3NAr) which then dimerize by NN coupling to
form azoarenes in solution or matrices.17−22 In contrast,
transition metal catalysis normally offers a conduit to achieve
selective NN coupling via the intermediacy of metal-stabilized
nitrene/imide. Studies have shown that transition metal
complexes are particularly useful vehicles for the homogeneous
catalytic azoarene synthesis from aryl azides. Intriguingly, a
variety of possible pathways responsible for the ArNNAr
formation have been demonstrated, including (1) bimolecular
coupling of a metal nitrene/imide (MNAr)23−25 or a dinuclear
bridging imido (μ-NAr) moiety,26 (2) external attack of a

metal nitrene/imide species by the parent aryl azide resulting
in a metal-tetrazene type of intermediate or transition state that
releases azoarene after N2 extrusion (MNAr + N3Ar →
M(N4Ar2) → ArNNAr + N2),

27 and (3) rapid recombina-
tion of discrete aryl nitrenes that escaped from the metal
centers.28−30 Possible analogies between the chemistry on
metal surfaces and that of organometallic complexes prompted
us to look into the heterogeneous version of the azido-to-azo
transformation on a single-crystal surface in a UHV environ-
ment. Herein we report an investigation of the thermal and
photochemical reactions of adsorbed 4-methoxyphenyl azide
(4-MPA) on a copper (100) surface. Selection of a substituted
aryl azide (nonexplosive and easy to make) in conjunction with
a coinage metal might yield a metal/nitrene species that would
retain some stability for characterization, yet also exhibits N
N bond-forming reactivity. We used reflection−absorption
infrared spectroscopy (RAIRS) to search for surface inter-
mediates, and thermal desorption (TD) mass spectrometry to
survey gas-phase products.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. General. Experiments were performed in a UHV

chamber evacuated by ion and turbomolecular pumps. The
ultimate pressure below 2.0 × 10−10 Torr was reached after
baking. The chamber was equipped with an ion sputtering gun
for surface cleaning, a triple-filter quadrupole mass spectrom-
eter (QMS) for detecting residual gases as well as desorbing
species from the surface, RAIRS for collecting surface
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vibrational spectra, and low energy electron diffraction
(LEED) optics. The Cu(100) single-crystal sample is a 2
mm thick disk with a diameter of 12.5 mm, which was attached
to a heating element on a manipulator with capabilities for
resistive heating to 1100 K and active cooling to 100 K by
liquid nitrogen. A K-type thermocouple with its junction
wedged into a hole on the perimeter of the crystal enabled the
measurement of surface temperature. Programmed heating was
conducted by a PID controller to ramp the temperature in a
regulated fashion. Normal TD experiments were started by
exposing the Cu(100) to the vapors of the aryl azide
compound at the desired surface temperature (100 or 250
K), and then the sample was positioned ∼1 cm from the
apertured entrance of the QMS (enclosed in a differentially
pumped housing with a pinhole to avoid collecting species
from the sample holder) in a line-of-sight configuration. The
surface was elevated to 800 K with a linear rate of 1.5 K/s.
Upon heating, multiple-ion signals and temperatures were
collected synchronously. RAIRS was performed by taking the
infrared beam from a commercial FTIR spectrometer and
focusing it at grazing incidence (85°) through a ZnSe wire-grid
polarizer and a differentially pumped, O-ring sealed KBr
window onto the copper surface in the UHV chamber. The
reflected IR beam was passed through an exit KBr window and
refocused on a liquid nitrogen-cooled HgCdTe detector to
collect spectra between 650 and 4000 cm−1. Each spectrum
was obtained with 512 scans at 4 cm−1 resolution and ratioed
against the background spectra from the clean surface. A clean
and well-orderd Cu(100) surface was achieved by cycles of
bombardment of Ar+ ions and annealing at 850 K and
confirmed by its sharp LEED pattern. Gas exposures were
quoted as Langmuirs (1 Langmuir = 1 L = 10−6 Torr s),
uncorrected for ionization gauge sensitivity and collimator gain
factor.
2.2. Photochemical. Two light-emitting diode (LED)

sources (Dr. Honle AG UV Technology, Germany) were
employed, and they provided photons in the spectral region of
the stated 365 ± 10 and 405 ± 10 nm ranges. The LED head
was mounted on a fused silica re-entrant viewport of the
chamber to bring it to a suitable focusing distance (38 mm)
with a photon peak intensity estimated to be ∼750 mW/cm2

for the 365 nm LED and ∼1500 mW/cm2 for the 405 nm
LED. The light directly shined through the window to give an
irradiation spot of ∼20 mm in diameter which covers the
whole surface area. No obvious temperature rise was registered
when the sample was irradiated at 100 K. Postirradiation TD
measurements or mass response as a function of irradiation
time was conducted by positioning the sample face normal to
the QMS aperture and 45° to the light source.
2.3. Sample Preparation. 4-Methoxyphenyl azide (4-

MPA) and 2,6-difluorophenyl azide (2,6-DFPA) were
synthesized according to the literature procedures31 and
purified by silica gel column chromatography with an ethyl
acetate/hexane system. These azides were stored at −40 °C
until immediately prior to use. During experiments the solid
azide samples were processed in a gas-handling manifold
pumped by diffusion and rotary vane pumps, and were
sublimed directly from a sample tube at room temperature
under 10−5 Torr vacuum. A tubular doser connected to a
precision leak valve can accurately control the vapor exposures
of azides. Mass spectra were routinely measured while dosing.
After comparing them with the mass spectra documented in
the Chemistry Webbook from NIST, the purity of the reagents

was verified (see the data in Figure S1 for 4-MPA in
Supporting Information).

2.4. Computational. The calculations, including structure
optimization and vibrational frequency analysis, were per-
formed with the density functional theory (DFT) method at
the restricted and unrestricted B3LYP level of theory as
implemented in Gaussian 09 program package.32 We employed
the 6-31G(d) + LANL2DZ mixed basis set that utilizes the Los
Alamos Effective Core Potential on the transition metal, while
utilizing a Pople-type basis set on all other atoms. A more
sophisticated Stuttgart−Dresden ECP D-basis set (SDD) was
tested, and there was not a big advantage to using SDD in
terms of accuracy; therefore, we decide to stick with
LANL2DZ for the sake of computation speed. The Cu(100)
surface was mainly modeled by a 5 × 5 single-layer Cu25 cluster
(25 represents the number of the surface atoms). The number
of surface layer and overall cluster size were a compromise
between accuracy and cost in modeling all the adsorbate/
surface complexes involved. The surface-bound aryl azides, aryl
nitrenes, and azoarenes were attached to the Cu cluster with its
Cu−Cu distance fixed at 2.556 Å, while the C, N, O, F, and H
atoms were unconstrained and allowed to optimize. All
geometries were optimized fully without symmetry constraints.
Frequency calculations were performed to confirm the nature
of the stationary points and to obtain zero-point energies. The
frequencies given were scaled by a factor of 0.961 to
compensate for the absence of anharmonicity in this type of
computation.33 The GaussView visualization program was used
to picture the normal modes for vibration assignments. We
calculated the total energy of the free neutral N3Ar moelcule at
its optimized geometry and the energy of the radical anion by
adding one electron to the neutral (changing the net charge to
−1) and the spin multiplicity (2S + 1 = 2 for a doublet) with
the same method/basis set at the optimized geometry of the
neutral, and then subtracting the two energies to obtain the
gas-phase vertical electron affinity (VEA).

3. RESULTS AND DISCUSSION
3.1. Thermal Chemistry. When 4-MPA was deposited

onto a Cu(100) surface held at 250 K, a species having intense
IR bands at 1595, 1489, 1290, and 1250 cm−1 can be readily
assigned to a high coordination aryl nitrene in the 4-fold
hollow site (see Figure 1a) based on the excellent spectral
agreement with the results from DFT calculations using the
single-layer Cu25 model (Figure 2a,b). The observed and
computed frequencies in conjunction with mode assignments
are summarized in Table 1. A two-layer cluster model

Figure 1. DFT optimized geometric structures of a single 4-
methoxyphenyl nitrene unit on top of Cu(100)-like single-layer
Cu25 (a) and two-layer Cu(32,25) clusters (b).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.8b12373
J. Phys. Chem. C 2019, 123, 12195−12202

12196

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.8b12373/suppl_file/jp8b12373_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.8b12373


containing 57 Cu atoms (32 and 25 on the first and second
layer, respectively) denoted as Cu(32,25) adopted in a study by
Piantek et al.34 for a similar copper-surface-bound aryl nitrene
unit was also put to a test. We managed to optimize a
geometry, displayed in Figure 1b, using crude convergence
criteria conver = 5 in the Gaussian 09 package. The proclivity
for the 4-methoxyphenyl nitrene moiety bound to the metal
framework in a multinuclear fashion is confirmed by both the
single- and two-layer cluster models, thus duplicating the
preferred adsorption site in the previous work.34 Tighter
convergence criteria were attempted, but convergence of the
wave functions for such a large system was slow (costly as
well). A more refined structure and the resulting frequency
calculations are unsuccessful at the present time. The same
surface-bonded species can be reproduced experimentally by

exposing Cu(100) to 1 L 4-MPA at 100 K followed by
annealing to 250 K. Here, 1 L was our highest exposure to
render a single molecular desorption peak (see Figure S2 for
the coverage-dependent TD spectra), and saturation of the
monolayer evidently occurred between 1 and 2 L. As illustrated
in the difference spectrum (Figure 2c), the downward bands,
especially the strong asymmetric N3 stretching mode at 2112/
2130 cm−1 (split due to a Fermi resonance), are indicative of
the depletion of parent 4-MPA by heat. Four major upward
peaks are concomitantly observed; their positions and shapes
are identical to those in Figure 2a. Figure 2d demonstrates that
the resultant multinuclear copper/nitrene complex (CuNAr,
Ar = 4-MeOC6H4) as suggested by the theory remains
thermally stable up to 500 K; however, further heating must
trigger successive reactions to dispose of the vibration features
of the entire spectrum (see Figure 2e taken after the 650 K
anneal). TD measurements (Figure 3) showed desorption of

intact molecules characterized by m/z 149 (parent ion of 4-
MPA, N3Ar) near 220 K, but some azides underwent ArN−N2
bond scission to extrude N2, as evidenced by its m/z 28 and 14
fragment ion signals. The lack of desorption feature at m/z 242
(parent ion of ArNNAr) is noteworthy, suggesting that
azoarene was not the fate of CuNAr. Instead, as revealed by the
m/z 123 TD profile at 570 K, aniline (ArNH2) was produced,
presumably via H atom abstraction from the phenyl ring of a
neighboring metal/nitrene counterpart (see Scheme 1a).35

Dissociative adsorption of the background H2 is highly
activated on copper surfaces and will not serve as the source
of H atoms. The failure to discover the formation of azo
compound indicates that metal/nitrenes are not labile enough
to undergo NN coupling.

3.2. Photochemistry. Control experiments demonstrated
that photons were required for making azoarenes. The
photochemical processes were conveniently enabled by using
UV−vis light-emitting diodes (LEDs). Irradiation of the 100 K
physisorbed 4-MPA at 405 or 365 nm for 10 min resulted in
RAIR spectra (Figure 4b,c) that are fairly different from the
one without UV exposure (Figure 4a). Photolysis was readily
inferred by the diminished (405 nm) or vanished (365 nm) N3
azido vibration features near 2100 cm−1. To diagnose the
possible light-induced ejection of species, line-of-sight mass
spectrometer response as a function of irradiation time was
monitored. Figure 5a,b exhibits the rise-and-fall pattern of m/z
28 corresponding to the N2 appearance and disappearance

Figure 2. (a) RAIR spectrum of surface species isolated by exposing
Cu(100) to 1 L 4-MPA at 250 K. (b) DFT calculated spectrum from
the modeled complex in Figure 1a. (c) Difference spectrum showing
the thermolysis of 4-MPA (negative peaks) upon 250 K annealing and
the resultant CuNAr intermediate (positive peaks). (d, e) Spectra
obtained by further annealing to the indicated temperatures.

Table 1. Observed and Calculated IR Frequencies (cm−1)
for CuNAr, Ar = 4-MeOC6H4

modea on Cu(100) on Cu25 cluster by DFTb

ring CC str; CH3 sym def 1595 1582
CH ip bend; CH3 asym def 1489 1472
CH ip bend; CH3 asym def 1440 1439
ring CO str; CH ip bend 1290 1274
ring CO str; CH ip bend 1250 1244
ring CN str; CH ip bend 1200 1172, 1145
O−CH3 str 1034 1036

aDefinite individual assignments are difficult because of mode
coupling: str = stretch; sym = symmetric; def = deformation; asym
= asymmetric; ip = in plane. bScaled by 0.961.

Figure 3. Multiplex TD spectra after adsorption of 1 L 4-MPA on
Cu(100) at 100 K.
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upon turning the LED on and off. The relatively flat decay
profile at 405 nm implies a slower reaction rate and explains
why the photodissociation of 4-MPA at 405 nm was not quite
complete, as displayed by the residual N3 signals in RAIRS
(Figure 4b). Following N2 split-off by photolysis at 365 nm,
there are in fact two surface species present in the
postirradiation spectrum (Figure 4c) bearing rather broad IR
features. One of them survived the 500 K anneal giving rise to

a spectrum (Figure 4d) which resembles Figure 2d quite
closely; therefore, it can be unequivocally attributed to the
aforementioned CuNAr. The identity of the other species can
be uncovered by taking a difference spectrum between Figure
4d,c. Bands pointing downward in the resulting spectrum
(Figure 4e) stand for the photoproduct that escaped from
Cu(100) during annealing, and all of them correlate reasonably
well with the spectrum (Figure 4f) calculated for flat-lying
trans-azoarene bound to a Cu25 cluster (Figure 6). The
observed and computed frequencies along with mode assign-
ments are listed in Table 2. Even so, we cannot entirely exclude
the possibility that some cis-azoarenes also exist (see data in
Table S1 of Supporting Information for comparison). We
made an effort to synthesize the authentic ArNNAr which
was not easily sublimed; thus, acquisition of the RAIR
spectrum directly from adsorbed azo molecules was
unsuccessful. Postirradiation TD (PITD) measurements,
Figure 7, indeed observed the evolution of ArNNAr (m/z
242) near 300 K along with the self-hydrogenated product (m/
z 123 for ArNH2) at ∼570 K (Scheme 1b). The absence of m/
z 149 (N3Ar) and 28 and 14 (N2) corroborates that adsorbed
4-MPA thoroughly dissociates under irradiation.
Although resistant to NN coupling, copper/nitrene might

still interact with unreacted aryl azide to form a metal tetrazine
complex which rapidly denitrogenates to yield the azo-dimer
photochemically. We view this as an example of the 1,3-dipolar
cycloaddition of an organic azide to an unsaturated metal−
nitrogen bond (Scheme 1c). Several precedents for such
reactions were found in the literature.27,36,37 To test this route,
we contrived a crossover experiment involving a separate aryl

Scheme 1. On-Surface Reaction Scenarios: (a, b) Outcome
of Thermal and Photochemical Reactions and (c, d) Two
Viable Pathways To Forge NN Bond, but the Former Was
Discounted Experimentally (see Figure 8)

Figure 4. (a) RAIR spectrum of 1 L physisorbed 4-MPA at 100 K. (b,
c) Spectra measured after photoirradiation with UV−vis LEDs. (d)
Postirradiation spectrum (c) subjected to 500 K anneal. (e)
Difference spectrum showing the escaped photolysis product
(negative peaks) by annealing. (f) Calculated spectrum from DFT
optimized Cu25/trans-azoarene structure (see Figure 6).

Figure 5. QMS responses of N2 ejection as a function of irradiation
time obtained during the photolysis at (a) 365 nm (photon flux ∼1.38
× 1019 photons/s cm2) and (b) 405 nm (photon flux ∼3.05 × 1019

photons/s cm2). The sharp rise is due to switching the irradiation on.
The repetitive rise-and-fall pattern in part a corresponding to
intentionally turning the LED on and off every 15 s confirms that
the decay profile is a result of light exposure rather than background
pressure change. The intensity scales in parts a and b are the same.
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azide; hence, 2,6-difluorophenyl azide (2,6-DFPA, N3Ar′, Ar′ =
2,6-C6H3F2) was synthesized for this purpose. First, a control
experiment, in which a 0.5 L/0.5 L mixture of 4-MPA and 2,6-
DFPA was deposited on Cu(100) at 100 K followed by 10 min
of 365 nm UV illumination, was performed. PITD detected a
mixture of ArNNAr/Ar′NNAr/Ar′NNAr′ according to
their parent m/z 242, 248, and 254 ion signals, respectively
(Figure 8a). Next, CuNAr was isolated in advance by dosing
0.5 L N3Ar onto the copper surface held at 250 K, which was

succeeded by coadsorption of N3Ar′ as well as 10 min of UV
exposure at 100 K. If 1,3-dipolar addition was truly attributable
to azoarene formation, the hetero Ar′NNAr would be
observable to some extent in the PITD spectra. It turned out
that only one homocoupled azoarene Ar′NNAr′ was
discovered in Figure 8b (symmetric ArNNAr should not
be expected). As the order of coadsorption was reversed, the
results were essentially the same; namely, Ar′NNAr was also
not accessible (Figure 8c). We thus discounted the pathway in
Scheme 1c that entails a reactive metallacyle intermediate/
transition state.
The third alternative to the mechanistic scenario would be

the facile recombination of nascent aryl nitrenes by photolysis
(Scheme 1d). It is well-established that triplet aryl nitrenes
react with themselves to yield azoarenes. The consensus is that
this reactivity (behaving like 1,1-diradicals) is unique to the
triplet state.38 If singlet nitrene is released, it would undergo
ISC to triplet nitrene.39,40 In this case, ISC would have to be
accelerated by the influence of nearby surface metal centers
because metal coordination imparting internal heavy atoms
carrying large orbital angular momentum facilitates ground
triplet state production.41 This formal nitrene−nitrene
coupling route not only explains the outcome that a mixture
of three distinct azoarenes was created upon UV irradiation of
the composite containing two different physisorbed aryl azides
at 100 K (Figure 8a), but also circumvents the involvement of
chemisorbed CuNAr.

3.3. Photodissociation Processes. Photodissociation
must involve electronic transitions that sever bonding between
the nitrogen proximal to the aromatic ring and a distal N2

Figure 6. DFT optimized geometric structure of Cu25/trans-azoarene.

Table 2. Observed and Calculated IR Frequencies (cm−1)
for trans-ArNNAr, Ar = 4-MeOC6H4

modea on Cu(100) on Cu25 cluster by DFTb

ring CC str 1603 1588
CH ip bend; CH3 sym def 1514 1492
ring CO str; ring breath 1255 1253
CH ip bend 1151 1134
O−CH3 str 1036 1029
CH op bend 845 824

aDefinite individual assignments are difficult because of mode
coupling: str = stretch; sym = symmetric; def = deformation; ip =
in plane; op= out of plane. bScaled by 0.961.

Figure 7. The 365 nm postirradiation multiplex TD spectra following
1 L 4-MPA adsorption at 100 K.

Figure 8. (a) Postirradiation TD spectra of three possible azoarenes
taken after coadsorption of 0.5 L 4-MPA and 0.5 L 2,6-DFPA on
Cu(100) at 100 K. (b) Postirradiation TD spectra of self-coupled and
cross-coupled azoarenes taken after sequential adsorption of 0.5 L 4-
MPA at 250 K and 0.5 L 2,6-DFPA at 100 K on Cu(100). (c) Same as
part b, except that the order of the adspecies was reversed.
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moiety. Recently McMahon et al. reported that irradiation of
4-MPA in an argon matrix at 10 K with light of λ = 365 nm can
lead to formation of triplet nitrene which was unstable upon
further irradiation (λ = 313 or >415 nm).22 However, the
reactivity dependence on the photon energy was not discussed.
We considered two possible courses: in one path, the photon is
deposited directly within the weakly bound adsorbate and
triggers an electronic transition to its excited π* state where
the electron density is found to be localized in the N3 unit (see
the calculated LUMO orbital in Figure S4). It was deemed
advisible to examine the optical absorption spectrum of 4-MPA
(Figure S5) which exhibits two components: a strong band
(λmax = 252 nm) and a weak long wavelength shoulder band at
290 nm. Therefore, the photon energies utilized (365 or 405
nm) are clearly not sufficient to induce an intra-adsorbate
excitation unless the energy levels of azide were significantly
shifted due to adsorption. As the IR spectrum of monolayer 4-
MPA on Cu(100) taken at the photolysis temperature was
found to coincide well with that of the bulk sample, we do not
expect interaction with the solid to be substantial. The energy
levels of the adsorbate should be relatively unperturbed so that
direct photon absorption is not the operative mechanism.
The second model is based on a substrate-mediated electron

transfer process whereby photoexcited hot electrons in the Cu
subvacuum continuum lead to a transient negative ion
(attachment of an electron to the adsorbate LUMO affinity
level) that is unstable toward dissociation.42 To determine the
amount of excitation above the Fermi level one needs for
resonant attachment, the position of LUMO is an important
factor. First, it is assumed that the vacuum levels (Ev) of two
materials in contact (adsorbate/substrate) align, as shown in
Figure 9a. We begin by using the computationally determined
vertical electron affinity (VEA(g) = −1.29 eV, see data in
Table S1) to position the LUMO level of the gas-phase N3Ar
with respect to the Ev of the system.43 The negative sign
implies that the molecule is less stable with the electron
attached; therefore, the LUMO of the isolated molecule lies
above the vacuum level. Harrison et al.44 have argued that the
unoccupied affinity level for physically adsorbed molecules
would be subjected to image charge attraction in front of a
conductor and electronic polarization of the surrounding
adspecies. Both effects translate into a downshift of the energy
level. The image charge stabilization energy is Eim = e2/4z =
(3.6/z) eV, where z is the distance between the adsorbate and
the metal surface expressed in angstroms. For z = 3.7 Å (from
the calculated structure of 4-MPA/Cu25 in Table S1), one finds
Eim is about 0.97 eV. The polarization energy Epol = (e2/2r)(1
− 1/ε) depends on the dielectric constant (ε) and varies
inversely with the size of the adsorbate (r). Given ε = 8.84
(using the value of 4-methoxy aniline instead) and r = 5.12 Å,
Epol is crudely estimated to be 1.25 eV for a monolayer of 4-
MPA. The combined influences of Eim and Epol thus bring the
LUMO back to about 0.93 eV below the vacuum level. The
work function of a clean Cu(100) is 4.59 eV,45 but the work
function change by a monolayer 4-MPA on Cu(100) is not
known. An estimate of −1.0 eV was taken from the case of
benzene on Cu(111) because the rings of 4-MPA and benzene
all adopt the similar flat-lying mode of adsorption.46 Then, the
work function of Cu(100) covered by a monolayer of 4-MPA
is assumed to be 3.59 eV. As depicted in Figure 9a, we expect
to find the affinity level that is situated at about 2.66 eV above
the Fermi level (EF). This is within the reach of the 365 nm
(3.38 eV) and 405 nm (3.05 eV) photons which promote the

electrons from the Fermi level and below to energies in the
range required for resonant attachment. In fact, Germer et al.
calculated the hot electron energy distribution of the joint
density of states D(E, hν) created by 578 nm (2.14 eV) and
289 nm (4.29 eV) on Cu(100) from the copper band
structure.47 According to their results, 4.29 eV photons can
generate a significant number of hot electrons up to 2.7 eV
above EF from a filled d to empty sp band transition.
Therefore, photon energies in the vicinity of 3 eV are needed
to create a substantial amount of nascent electrons at energies
near the LUMO. Especially 365 nm (3.38 eV), photons should
produce a hot electron distribution that is better matched to
the unoccupied adsorbate state than 405 nm (3.05 eV)
photons. This wavelength-dependent argument is clearly
reflected in an elevated photolysis rate at 365 nm compared
to that at 405 nm (see the decay curves in Figure 5), despite
the fact that the 365 nm LED provided a somewhat lower
photon flux (see Figure 5 caption). The photochemical events
continue to unfold along the potential energy (PE) curves for
the N2−N bond dissociation process as shown in Figure 9b.
Upon attachment, transitory aryl azide radical anions (N3Ar

•−)

Figure 9. (a) Schematic diagram illustrating photon-induced electron
attachment process between metal substrate and adsorbate. The
electron affinity level (LUMO) position is estimated for its
accessibility. (b) Schematic PE curves for intra-adsorbate bond
dissociation coupled to those for trapping and chemisorption of the
photoproducts.
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are created. The captured electron occupies the antibonding
orbital (LUMO), and the [N2−NAr]•− interaction is often
repulsive. Consequently, the N2 and NAr•− (aryl nitrene
radical anion) start to move apart on the upper PE curve and
eventually dissociate to liberate nitrogen and form the
adsorbed aryl nitrene radical anion. Yet, it is quite unlikely
that NAr•−(ad) undergoes NN coupling to give azoarene, due
to the severe energetic penalty for paring up anionic species. A
more plausible scenario is that, after a nuclear motion of [N2−
NAr]•− on a time scale of the radical anion lifetime, quenching
brings it back to the ground neutral N2−NAr PE surface. If the
amount of kinetic energy Ek gained on the excited PE surface is
higher than Ea, crossover of the vibrationally excited N2−NAr
to a trapped triplet nitrene 3NAr(ad) and chemisorbed CuNAr
may occur even at the 100 K photolysis temperature. The
active nitrenes can readily recombine to afford ArN
NAr(ad).

4. CONCLUSIONS
In summary, the work herein adds to the repertoire of on-
surface synthesis of covalent bonds and showcases the first
realization of photochemical activation of adsorbed aryl azides
to achieve the selective NN bond formation producing
azoarenes on a two-dimensional confined metal surface under
UHV conditions. Although both thermolysis and photolysis of
a surface-bound aryl azide can lead to the isolation of a stable
and spectroscopically identifiable copper/nitrene moiety, NN
coupling mechanisms involving the interactions between this
intermediate and itself or a parent aryl azide via 1,3-dipolar
cycloaddition have been ruled out. Instead, highly reactive
triplet aryl nitrenes are invoked, and rapid dimerization at the
site of their generation delivers azoarenes. Photodissociation is
indirectly induced by hot electron (generated in the substrate
by photons) attachment to form temporary anions prone to
the N2−N bond dissociation. After a short lifetime the
electrons decay back to metal while the adsorbates return to a
vibrationally hot ground-state and easily surmount the barrier
into the dissociatively trapped/chemisorbed states. Photo-
irradiation is mandatory to make NN covalent bonds;
therefore, harnessing the power of near-field optical probes to
enable direct writing or nanopatterning of azobenzene-type
molecular switches on surfaces is envisaged.
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