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Abstract: Studies on reactions in solutions are often hampered by solvent effects. In addition, detailed investigation on
kinetics is limited to the small temperature regime where the solvent is liquid. Here, we report the in situ spectroscopic
observation of UV-induced photochemical reactions of aryl azides within a crystalline matrix in vacuum. The matrices
are formed by attaching the reactive moieties to ditopic linkers, which are then assembled to yield metal–organic
frameworks (MOFs) and surface-mounted MOFs (SURMOFs). These porous, crystalline frameworks are then used as
model systems to study azide-related chemical processes under ultrahigh vacuum (UHV) conditions, where solvent
effects can be safely excluded and in a large temperature regime. Infrared reflection absorption spectroscopy (IRRAS)
allowed us to monitor the photoreaction of azide in SURMOFs precisely. The in situ IRRAS data, in conjunction with
XRD, MS, and XPS, reveal that illumination with UV light first leads to forming a nitrene intermediate. In the second
step, an intramolecular rearrangement occurs, yielding an indoloindole derivative. These findings unveil a novel pathway
for precisely studying azide-related chemical transformations. Reference experiments carried out for solvent-loaded
SURMOFs reveal a huge diversity of other reaction schemes, thus highlighting the need for model systems studied under
UHV conditions.

Introduction

The exceptional chemical and physical properties of metal–
organic frameworks (MOFs) account for their significant
potential as functional materials for various innovative
applications.[1] These crystalline, porous coordination poly-
mers are assembled with extremely high surface area,
ordered porosity, and customizable organic functions. In the
field of catalysis, the presence of isolated metal cation nodes
in MOFs renders them highly promising as single-site

catalysts.[2] Furthermore, MOF materials offer a versatile
scaffold for embedding diverse functional groups, which can
be precisely anchored at well-defined linker positions and
homogeneously dispersed within the framework. This inher-
ent tunability of MOFs provides a robust platform for
driving a wide range of reactions, including photocatalytic
CO2 reduction[3] and multicomponent organic
photoreactions.[4]

The chemistry of azide groups has garnered growing
attention in recent years due to their versatile applications
as “high-energy” functional groups.[5] Organic azides are
well-recognized as potent precursors that can be trans-
formed through thermal[6] and/or photo-decomposition or
addition reactions into a wide range of valuable molecules,
including amines, isocyanates, and other heterocyclic com-
pounds containing nitrogen.[5] In addition, the photolysis of
aryl azides has also found compelling applications for
photoresists,[7] in which aryl azides are efficiently utilized in
photoaffinity labeling. While the photolysis of matrix-
isolated organic azides has been reported,[8] most studies on
the photochemistry of azides have primarily focused on
solvent-based systems. Given their significance in click
chemistry, diverse organic azides have been integrated into
MOFs, presenting an intriguing avenue for exploration.[9]

However, there is still a lack of fundamental insights into
the microscopic mechanisms of azide photoreactions. Com-
pared to the traditional approach to studying reactions in
solvents or in inert cryogenic matrices,[5,10] the highly
ordered, crystalline, and porous nature of MOFs offers great
potential for an in-depth investigation of organic reaction
mechanisms. In particular, the open structure of the frame-
works allows to add further reactants in a straightforward
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fashion, an option which is difficult to realize in conven-
tional cryogenic matrix isolation spectroscopy.

In comparison to powders, the most common form of
these crystalline coordination networks, surface-mounted
MOF thin films (SURMOFs), grown on solid substrates via
the liquid-phase quasi-epitaxy approach,[11] exhibit low
defect densities[2d] and well-defined morphology. In addition,
surface barriers often limiting the uptake of guest molecules
can be studied and either eliminated or strongly reduced.[12]

As a result, SURMOFs represent an excellent model system
that is well-suited for surface characterizations and funda-
mental investigations.[13]

Herein, we report the synthesis of an azide-containing
Cu-(Da-SBDC) SURMOF. We have established a solvent-
free model system using the azide-SURMOF to study
photochemical reactions of azide employing a multi-techni-
que approach including ultrahigh vacuum infrared reflection
absorption spectroscopy (UHV-IRRAS), X-ray diffraction
(XRD), mass spectrometry (MS), and X-ray photoelectron
spectroscopy (XPS). The comprehensive results obtained
from this study provide detailed insights into the photo-
activation of azide and the reaction mechanism in SUR-
MOFs (Figure 1) while eliminating unwanted effects of the
solvent.

Results and Discussion

Highly oriented and crystalline Cu-(Da-SBDC) SURMOFs
were grown on -COOH functionalized gold surfaces via a
layer-by-layer deposition (CCDC-2264560).[14] The corre-
sponding XRD results confirmed that the obtained structure
of the SURMOFs was highly crystalline, with the (001)
crystallographic direction oriented normal to the substrate
(Figure S1).[14] Scanning electron microscope (SEM) images
revealed the thin film’s flat and smooth surface morphology
(Figure S2). The IRRAS data exhibited the characteristic
vibrational band at 2127 cm� 1 corresponding to the azide
group stretching mode ν(N3) (Figure S4). Additional IR
bands at 1602 and 1428 cm� 1 are ascribed to the carboxylate-
related vibrations νas(OCO) and νs(OCO), respectively. The
1558 cm� 1 band is indicative of the stretching vibration

ν(C� C) from the phenyl ring. These vibrational bands
confirmed the structure of the Da-SBDC linker, as depicted
in Figure 2d. With Cu� Cu paddle wheels as the metal node
and Da-SBDC as the linker, the Cu� (Da� SBDC) MOF
structure exhibits the same topology as SURMOF-2.[15]

The photochemistry of azides was characterized in situ
using a proprietary multipurpose UHV apparatus dedicated
to IRRAS measurements with monolayer sensitivity.[16] Fig-
ure 2 shows the time-resolved UHV-IRRAS data obtained
under UV irradiation of Cu-(Da-SBDC) SURMOF. Upon
illumination with UV light at 298 K, the azide ν(N3) band at
2127 cm� 1 gradually decreased in intensity (Figure 2a).
Similarly, the band at 3058 cm� 1, assigned to the stretching
vibration of C� H groups in � HC=CH� (see Figure 2d), also
showed a gradual attenuation in intensity. Notably, the
benzene ring ν(C� H) vibrations at 2925 and 2855 cm� 1, as
well as the ν(C� C) vibration at 1558 cm� 1, remained
unchanged in intensity (Figures 2a, S5). Importantly, the UV
illumination led to the appearance of one new vibrational
band at 1250 cm� 1 (Figure S5). As discussed below, we
assign this peak to the stretching mode ν(C� N) in the
pyrrole-containing indoloindole rings formed during the
photochemical reaction. This assignment follows the pre-
vious observation.[17]

Based on a quantitative analysis, the time dependence of
the ν(N3) band intensity at different temperatures, as shown
in Figure 2b, reveals a continuous decrease under UV
irradiation at 298 K, with the band almost completely
disappearing after 20 min. At lower temperatures, the
decrease is slighter. The reaction rates, shown in Figure 2c,
exhibit an initial increase followed by a steep decrease, with
the highest reaction rates observed at 298 K. In Figure 2d–f,
the different vibrational bands are shown in more detail.
The decreasing intensity for the ν(C� H) band at 3058 cm� 1

in � HC=CH� showed a similar trend to the ν(N3) band at
2127 cm-1. The consumption rate of both bands increases
initially for the first 2.5 minutes, reaching their maximum,
then decreases after that. This finding indicated an addition
reaction between the two groups in MOF, � HC=CH�
(3058 cm� 1) and activated azide (2127 cm� 1). Importantly,
the attenuation of both bands is accompanied by a gradual
increase in the intensity of the ν(C� N) mode at 1250 cm-1 in
the indoloindole group (Figure S5), providing further evi-
dence for the subsequent reaction with the adjacent
� HC=CH� groups after photoactivation of the azide groups.

The dipole character of azides makes them capable of
undergoing cycloaddition reactions with alkenes. However,
the possibility of the formation of dihydroazepine with the
insertion of the N atom into the aryl ring can be ruled out in
the present work, as dihydroazepine motifs would exhibit
very strong vibrational peaks around 1890 cm� 1 if they were
present.[18] In our case, however, no obvious peaks were
present at 1890 cm� 1, nor was the change in the 1558 cm� 1

band from the phenyl ring’s (ν(C� C) vibration. This
indicates that a rearrangement of aryl nitrenes[19] did not
occur in this system. Additionally, in the presence of water,
alkenyl aryl azide could provide access to substituted
azepinones by ring expansion. While under UHV conditions

Figure 1. Schematic illustration of intramolecular photoreactions of
azide in metal–organic frameworks. Red square: Cu paddle wheels;
Yellow hexagon: benzene ring; Blue dot: nitrogen atom; Gray bar:
carbon bond.
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at ~1×10� 10 mbar, water’s influence could also be elimi-
nated.

The loss of nitrogen from organic azides results in
uncharged monovalent nitrene intermediates, which have a
short lifetime (only several microseconds) with activation
energies for nitrogen elimination on the order of � 40 kcal/
mol.[20] Under UV irradiation, azide group photolysis may
result in N atom insertion into the phenyl ring motif,
generating an azepine.[19] The solution-phase photochemistry
of phenyl azide is reported to be temperature dependent.[21]

For example, the photolysis of phenyl azide in the presence
of diethylamine at ambient temperature yields azepine, but
lowering the temperature suppresses the yield of azepine,
and at temperatures below 160 K, azobenzene, the product
of triplet nitrene dimerization, is produced.

In this study, photoreaction experiments were conducted
at different temperatures (298, 240, and 118 K) on the
solvent-free azide-SURMOFs, and it was found that UV
irradiation at lower temperatures leads to slower trans-
formation but still follows the same trend of evolution as
shown in Figure 2b, c, and Figure S6. In addition, comparing
the IRRAS spectra acquired in the ambient atmosphere

(Figure S7), no obvious differences were observed except
that there was much more noise in the latter. This also
indicates that O2 and moisture are not involved in the
reaction pathway. These findings reveal that the solvent-free
photochemical reactions of azides in MOFs differ from those
in solutions. In the well-designed azide-SURMOFs used in
this study, organic linkers serve as isolated functional groups
for intramolecular reactions, while intermolecular side
reactions such as the formation of azo benzenes are avoided.

The photochemical reactions of azides in SURMOFs
were further characterized by recording X-ray photoelectron
spectra before and after UV illumination. Figure 3a shows a
doublet in the N 1s region at 403.6 and 400.2 eV, attributed
to the central electron-deficient nitrogen species and two
lateral nitrogen atoms, respectively.[22] The relative peak
area ratio of the two N components is close to 1 :2, as
expected. In the deconvoluted spectrum, a weak signal was
resolved at 398.9 eV, which is ascribed to a small fraction of
decomposed azide. After UV illumination, the bands at
403.6 and 400.2 eV could no longer be detected (Figure 3a),
indicating a complete transformation of azide groups. A
quantitative analysis yields a loss of about 60% of the

Figure 2. In situ UHV-IRRAS results of photoreactions. a) Time-resolved full range IRRAS data under UV illumination (254 nm) at 298 K. b)
Intensity evolution of the 2127 cm� 1 band at different temperatures (298, 240 and 118 K) as function of UV irradiation time. c) Consumption rate of
the 2127 cm� 1 band at different temperatures (298, 240 and 118 K) as function of UV irradiation time. d) UV-induced spectral evolution of the
ν(C� H) and ν(N3) vibrations in IRRA difference spectra at 298 K. e) UV-induced intensity and rate (dI/dt) evolution of the ν(C� H) vibration at
298 K. f ) UV-induced intensity and rate (dI/dt) evolution of the ν(N3) vibration at 298 K.
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nitrogen atoms, in agreement with the UV-induced decom-
position of the azide (� N3) into gaseous N2 and a remaining
N species.

One of the unique advantages of SURMOFs is their high
crystallinity, which allows for detailed characterization of
structural changes. The XRD results recorded before and
after UV illumination (Figure 3b) provided information on
the length changes of the azide-containing organic linkers.
The out-of-plane and in-plane XRD patterns revealed the
presence of well-defined diffraction peaks, indicating that
the crystallinity of azide-SURMOFs was largely preserved
during the photochemical reaction. Importantly, the XRD
peak positions shifted to higher angles for the (001) peak
from 5.1 to 5.8 degrees (Figure 3b). This shift directly

implies a shortening of the organic linkers upon UV
illumination. The second and third-order peaks (002) and
(003) almost disappeared, which can be explained by the
gradual tilting away of the surface normal direction of the
(001) plane from the direction of the scattering vector H001

based on the Laue equation. More ring strain would be
imposed on the structure when cycloaddition reactions
happened in MOFs under UV light.[23] As discussed above,
the IR spectral evolution observed for azide groups as well
as C=C and C� N vibrations (Figure 2) reveals the addition
reaction between the azide and the C=C groups and the
compressing effect of the strain imposed by the lattice
distortion. The corresponding SEM images (Figure S3)
showed no obvious variation, supporting structural stability.

Figure 3. Chemical and structural properties of azide-SURMOF characterized by XPS and in situ XRD. a) XPS N 1s spectra before and after UV
illumination (298 K, 60 min). b) Out-of-plane and in-plane XRD patterns recorded before and after UV illumination (298 K, 60 min). c) In situ XRD
of Cu(Da-SBDC) SURMOF under UV illumination at 298 K. d) Evolution of the d-spacing of the (001) plane (d(001)) and the rate (d(001)/dt) as
function of UV irradiation time. e) Simulated XRD patterns before and after UV illumination. f ) Simulated structural changes of azide-SURMOFs
before and after UV illumination.
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In situ XRD experiments were performed to investigate
the time-resolved evolution of the azide-SURMOF structure
(Figure 3c). We note that weaker UV light intensity was
required to slow down the photo reaction, thus enabling the
viable collection of XRD patterns. The intensity of (001)
plane decreased in the first 200 min. Then it maintained
almost unchanged when the azide groups were exhausted,
consistent with the ambient IRRAS data in Figure S7. As
shown in Figure S8, 60% of the intensity remained in the
next 400 min, indicating the structural changes and proper
stability during the photochemical reaction. The (001)
diffraction peak shifted gradually from 5.2 to 5.5 degrees in
a 600 min in situ observation, with the calculated lattice
spacing decreased from 17.161 to 16.434 Å (Figure 3d). We
suggest that the distortion of the lattice due to the shrinking
of MOF linkers leads to a significant reaction rate increase
for azide. This is further supported by the time evolution of
the (001) peak shifting rate under UV illumination and the
change of the stress/strain parameter Δd/d (Figure S9). We
note that the ring strain was proved to accelerate azide-
alkyne cycloaddition.[24] Upon forming a cyclization struc-
ture between one of the two azide groups in the Da-SBDC
linker and the adjacent C=C double bond, the other azide
group could be promoted to react with another neighboring
C=C group. This finding is also consistent with those
observed in IRRAS, in which the consuming rates of the
ν(N3) band at 2127 cm� 1 and the ν(C� H) band in � HC=CH�
at 3058 cm� 1 followed the same trend (Figure 2e, f).

The simulated XRD patterns (Figure 3e) for these
structures agreed well with the experimental findings for
both samples before and after UV illumination (CCDC-
2264561).[14] The simulated lattice spacing decreased from
17.684 to 16.662 Å (Figure 3f), in line with the observed
structural changes during the photochemical reaction.

Based on these observations, it is proposed that an
indole component was formed in the SURMOF along with
the UV illumination. Indole motifs are important moieties
in the pharmaceutical industry. They can be synthesized
through various metal-catalyzed and photochemical meth-
ods, such as irradiation of vinyl and aryl azides with visible
light in the presence of Ru photocatalysts or from dienyl
azides at room temperature catalysed by ZnI2 or Rh2-
(O2CC3F7)4.

[25] In addition, the thermal conversion of
stilbene bisazides to indoloindoles has also been reported.[26]

Notably, these experiments were performed in the organic
solvents. In our case, UV light is the only intriguing factor in
boosting indole formation without catalysts and solvents.

Formal insertion into C(sp2)� H bonds is a frequently
used reaction that partly follows the cycloaddition principle.
Thus indoles, carbazoles and other heterocycles can be
formed. Again, here in our systems, the photochemical
reactions of azide occur in activated SURMOFs, in which
the solvent effects and any side reactions are avoided. To
illustrate this important point, the impact of diverse solvents
on the photolysis of azides in SURMOFs has been
investigated (see Figure S10). After the reactions for each
solvent, in some cases new features were observed in the IR
data (Figure 4). However, the effect of the solvent is not
limited to yielding different products originating from the

reaction of the intermediate nitrene with different mole-
cules, but also the initial photolysis of azide to form nitrene
is affected. This is evidenced by the inset in Figure 4, which
shows that the intensity decrease of the azide band at
2129 cm� 1 is much slower in heptane and cyclohexane than
in UHV (and the other solvents). The origin of this decrease
might be intermolecular interactions (including the forma-
tion of hydrogen bonds) between the solvent and the
nonpolar azide moiety. In addition, in case of water and
ethanol a hydrogen transfer might occur as reported
previously for similar systems.[27] Certainly, for the solvents
the products are different from that obtained under UHV
conditions, e.g. inter- and intramolecular CH activation or
ring expansion to yield azepinones might take place.

Overall, the comprehensive results provided insights into
the photoreaction mechanism of azide in the Cu(Da-SBDC)
SURMOF. In the first step, the photoreaction of azide
occurs immediately upon UV illumination, forming nitrene
species. In the second step, the nitrene species reacts with
adjacent C=C groups in the MOF, forming an indole
component through intramolecular amination. To further
verify this conclusion, mass spectrometry (MS) data were
obtained to study the transformation of organic linkers. As
illustrated in Figure S11, compounds with a molecular
weight of 349 dominated before UV illumination, while
compounds with a molecular weight of 293 increased
significantly after UV illumination. This indicates the
structural change of MOF linkers and the formation of a
pyrrole-containing indolo[3,2-b] indole[28] in the photoreac-
tion process.

Figure 4. Comparison of azide photolysis in UHV and solvents. IRRAS
data of azide-SURMOFs after UV illumination (254 nm) at 298 K for
50 min in UHV and various solvents including H2O, tetrahydrofuran
(THF), ethanol (EtOH), cyclohexane, and heptane. The inset shows the
concentration of remaining azide based on a quantitative analysis of
the azide ν(N3) band intensity at 2129 cm� 1.
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Conclusion

In summary, we have provided direct evidence for the
structural and chemical changes during photoreactions of
azide in crystal-stable Cu(Da-SBDC) SURMOFs by apply-
ing UHV-IRRAS. The crystalline structure acts as a scaffold
where photochemical reactions occur, and the functionalized
organic linkers are targeted as probe molecules to inves-
tigate the reaction mechanism. After forming radical nitrene
under UV irradiation, an addition reaction occurs between
the nitrene and adjacent C=C double bonds instead of ring
expansion between the nitrene and phenyl ring. During this
reaction, O2 and moisture are not involved whenever testing
in an atmosphere or UHV. The proposed mechanism
involving the reaction between an azide and C=C double
bonds is further supported by in situ XRD, XPS, and MS.
As a result of the interplay between addition reaction and
lattice strains, the photoreaction proceeds gradually faster
and then slowing down. This work provides a novel strategy
to characterize SURMOFs and to understand in-depth
organic reaction mechanisms without any solvent effect. It is
possible to use the structure–reactivity data to qualitatively
predict the behavior of the compounds produced upon
photolysis of azide. Additionally, a UV-activated route
offers an alternative post-synthetic modification because the
target function is added after the MOF lattice is formed
without altering the topology of the parent material. Here it
also showed that the pore control of MOF is viable via a
simple illumination treatment, which opens the gate to the
successful MOF application in controllable sensors, adsorp-
tion, and separation.
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MOF Films

J. Song, X. Yu, A. Nefedov, P. G. Weidler,
S. Grosjean, S. Bräse, Y. Wang,*
C. Wöll* e202306155

Metal-Organic Framework Thin Films as
Ideal Matrices for Azide Photolysis in
Vacuum

In the photo-mediated reactions of
azides in well-designed Cu-(Da-SBDC)
SURMOF matrices using a solvent-free
approach the initial formation of the
nitrene intermediate is shown to be
followed by an intramolecular amination
yielding an indoloindole. This work
offers a novel strategy for precisely
controlled chemical transformations of
matrix-isolated azides in crystalline sur-
face-mounted MOFs (SURMOFs).
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