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Controlling On-Surface Photoactivity: The Impact of π-Conjugation
in Anhydride-Functionalized Molecules on a Semiconductor Surface
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Qifan Chen, Christian Wäckerlin, Karl-Heinz Ernst, Matthias Muntwiler, Nicola Zema,
Marco Di Giovannantonio,* Dana Nachtigallová,* and Pavel Jelínek*

Abstract: On-surface synthesis has become a prominent method for growing low-dimensional carbon-based nano-
materials on metal surfaces. However, the necessity of decoupling organic nanostructures from metal substrates to
exploit their properties requires either transfer methods or new strategies to perform reactions directly on inert surfaces.
The use of on-surface light-induced reactions directly on semiconductor/insulating surfaces represents an alternative
approach to address these challenges. Here, exploring the photochemical activity of different organic molecules on a
SnSe semiconductor surface under ultra-high vacuum, we present a novel on-surface light-induced reaction. The selective
photodissociation of the anhydride group is observed, releasing CO and CO2. Moreover, we rationalize the relationship
between the photochemical activity and the π-conjugation of the molecular core. The different experimental behaviour
of two model anhydrides was elucidated by theoretical calculations, showing how the molecular structure influences the
distribution of the excited states. Our findings open new pathways for on-surface synthesis directly on technologically
relevant substrates.

Introduction

The on-surface synthesis (OSS) method is nowadays widely
used to grow low-dimensional carbon-based nanomaterials.
Several 0D, 1D and 2D covalently bonded molecular
architectures have been synthetized and characterized at the
atomic scale.[1–3] In the OSS context, most of the reactions
are thermally induced on coinage metal surfaces under
ultra-high vacuum (UHV) conditions, where the important
catalytic role of metallic substrates opens new reaction
pathways during thermal activation.[4–6] However, in order to

fully exploit the properties of the organic products in view
of applications, non-metallic substrates must be considered.
In the last years a few nanostructures, in particular graphene
nanoribbons, were successfully integrated into electronic
devices such as field-effect transistors.[7,8] Different strategies
are available to transfer organic nanostructures from the
metal surface and deposit them on technologically relevant
substrates.[9] However, they often consist of complex
procedures that do not always fully preserve the structural
integrity and properties of the material, in addition to the
difficult scalability of the process. Hence, the development
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of new strategies for the OSS of nanostructures directly on
semiconducting or insulating substrates is desirable in view
of prototypical device fabrication for future applications in
organic electronics. Few efforts have been devoted to the
synthesis of carbon nanostructures directly on bulk insulator
surfaces, such as TiO2 or calcite.

[10,11] One of the main
limitations of this approach in the case of thermally
activated reactions is the likely desorption of the precursors
before any reaction is initiated, due to their low adsorption
energy and the lack of catalytic activity from the
substrate.[12,13]

In view of these restrictions, on-surface photochemistry
offers a valid solution to promote chemical processes on
non-metallic substrates, even in mild reaction conditions.
Photons can both form and break bonds, and their energy,
intensity, and polarization can easily be tuned. While tradi-
tional organic photochemistry is a mature field whose
origins trace more than a hundred years back,[14] its on-
surface counterpart remains still largely unexplored. On-
surface photochemistry permits to carry on reactions on
inert surfaces and on large areas, opening reaction pathways
that are not thermally accessible.[15] While some examples of
light-induced reactions on surfaces have been reported, such

as diacetylene polymerization,[16,17] carbon-halogen
activation,[18–21] alkyne coupling[22,23] and [4+4]
cycloaddition,[24] the synthesis of nanostructures directly on
semiconducting or insulating surfaces is still challenging.[25–28]

The selective photolysis and pyrolysis of anhydrides has
proven to be a suitable approach for the formation of
arynes, as schematically shown in Figure 1a for the case of
the phthalic anhydride (PhA).[29–34] Many organic synthesis
experiments have been carried out in solution, gas-phase
and in inert gas matrices at cryogenic temperature. Several
phthalic anhydride derivatives were demonstrated to be
photochemically active upon UV light irradiation inducing
the dissociation of the anhydride group and leading to the
loss of CO and CO2, forming highly reactive arynes that can
occasionally di- or trimerize. Cycloaddition reactions involv-
ing arynes are widely used for the synthesis of a large variety
of nanographenes.[35] Thus, the possibility of generating
reactive arynes intermediates via on-surface photodissocia-
tion of the anhydride group offers a convenient strategy for
the synthesis of polycyclic aromatic compounds on surfaces,
through a convenient design of the precursor.

The goal of this work is to expand the toolbox of OSS
presenting a new light-induced reaction on a non-metallic

Figure 1. Chemical sketches of a) the previously reported photolysis or pyrolysis of PhA,[29,30] and b) the photolysis of TPPA on the SnSe surface
reported in this work and the unsuccessful reaction of BPA.
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surface. To this aim, we investigated the photoactivity of
two different precursors equipped with the anhydride group
on a semiconductor surface by means of low-temperature
scanning tunneling microscopy (LT-STM), non-contact
atomic force microscopy (nc-AFM) and X-ray photoelectron
spectroscopy (XPS), supported by quantum-chemical calcu-
lations. Figure 1b summarizes the photolysis reactions
reported in this work. The tetraphenylphthalic anhydride
(TPPA) precursor consists in a phthalic anhydride backbone
with four phenyl substituents, that increase the molecular
weight helping the adsorption on the surface. Conversely,
benzo[ghi]perylene-1,2-dicarboxylic anhydride (BPA) is a
planar molecule presenting a polycyclic aromatic hydro-
carbon (PAH) core. Here, we experimentally revealed the
selective photodissociation of the anhydride group from the
precursor TPPA on the semiconductor SnSe surface under
UHV conditions. On the contrary, we observed the lack of

photoactivity in the case of the BPA precursor presenting a
π-conjugated core. We rationalized the experimental find-
ings by theoretical simulations predicting a first excited state
with strong dissociative character for the TPPA. In the case
of BPA, the higher delocalization of the π-conjugated core
has a direct impact on the order of the excited states and
hence on its photochemical behaviour.

Results and Discussion

We employed semiconducting SnSe thin films epitaxially
grown on Au(111) as an inert surface, which contain very
low number of native defects as previously reported.[36]

TPPA molecules were initially sublimed onto the SnSe
surface kept at room temperature (RT). Figure 2a shows an
overview STM image where the SnSe surface is partially

Figure 2. STM overview images of a) the pristine TPPA deposited on SnSe/Au(111) (V=2 V, I=20 pA, scale bar=20 nm) and b) the sample after
UV irradiation at RT (V=2 V, I=10 pA, scale bar=20 nm). Insets show high resolution STM images (V= � 2 V, I=20 pA, 8×8 nm2 for both
images) and the self-assembly unit cell. c,d,e,f) Normalized high-resolution XPS spectra acquired using synchrotron radiation with photon energy
of 650 eV and 425 eV for O 1s and C 1s, respectively. O 1s and C 1s core levels are shown c,e) before and d,f) after UV irradiation at RT. Colored
dots in the Scheme highlight carbon atoms in different chemical environments, and their colors correspond to those of the fitting components
(see Table S1 for the fitting parameters).
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covered by TPPA molecules forming well-ordered self-
assembled islands. The molecules tend to adsorb onto the
lower SnSe layer, and some clean upper layer SnSe islands
are also visible.. The adsorption energy of TPPA on SnSe is
limited and complete molecular desorption is observed after
annealing at 150 °C. The inset of Figure 2a presents a
zoomed-in STM image on the molecular self-assembly
acquired at negative bias from which we can infer the
rectangular unit cell parameters a=3.3 nm, b=1.1 nm, α=

90°. In the TPPA molecule, the phenyl groups are usually
twisted respect to the plane of the central ring due to the
steric repulsion, thus adopting a “propeller” configuration in
crystals.[37] Density functional theory (DFT) simulations of a
single TPPA molecule on the SnSe surface show how the
propeller configuration, with the phenyl groups almost
perpendicular to the surface plane, is retained also on the
surface. The relaxed TPPA structure is shown in Figure S1,
together with experimental and simulated STM/nc-AFM
images.

The sample was then irradiated for 15 hours with λ=

280 nm at RT using a UV LED (details about the
illumination setup in the SI). It is worth mentioning that no
thermal heating was detected due to the illumination, so we
could rule out any temperature-induced process. After
illumination, the molecules were still found arranged in a
striped self-assembly (see STM overview in Figure 2b) but
presented a completely different appearance compared to
the pristine TPPA molecule. The STM image in the inset of
Figure 2b, acquired at negative bias, reveals a new contrast
consisting in many lobe-like features and an oblique unit cell
with a’=2.2 nm, b’=2.0 nm and α’=68°. After illumination
most of the molecules on the sample display this new
appearance in STM, which we tentatively assigned to the
presence of a chemically different species induced by UV
irradiation. Thus, we assigned this change in STM appear-
ance to the presence of a chemically different species
induced by UV irradiation, as corroborated by nc-AFM
measurements (Figure S2). As anticipated in Figure 1, the
illumination of anhydrides induces the loss of CO and CO2

molecules and the photogeneration of arynes. For direct
comparison between pristine TPPA and the photoactivated
product we illuminated a new TPPA on SnSe sample for
3 hours at 280 nm (see Figure S3). In this case, the coex-
istence of the two chemical species can be recognized, where
some small molecular islands are photoactivated, while the
large islands remain unreacted, suggesting a cooperative
effect, containing some single molecules photoactivated in
the TPPA assembly (see Figure S3c and d).

In order to confirm the chemical composition of the
TPPA precursor and its photochemical transformation, we
performed high resolution X-ray photoelectron spectroscopy
(HR-XPS) experiments using synchrotron radiation as the
photon source. Figure 2c,d,e,f shows the normalized photo-
emission spectra for the O 1s and C 1s core levels of the
TPPA molecules on SnSe/Au(111) before and after the UV
irradiation at RT. The insets show the molecular structures
of precursor and product, highlighting the chemically
inequivalent atoms with different colours, the same of the
respective peaks in the fits. In the case of the pristine TPPA,

the O 1s peak (Figure 2c) can be fitted with two components
with binding energies (BE) of 532.0 eV and 533.3 eV in a
2 :1 ratio, as expected for the two chemically different
oxygen atoms in the anhydride group.[38] The C 1s spectrum
(Figure 2e) presents an intense peak around 283.8 eV, a
shoulder at 285.1 eV, and a minor signal at higher BE,
magnified in the inset. The main peak can be deconvoluted
into two components, corresponding to the sp2 carbon atoms
in C� H and C� C form, located at 283.6 eV and 284.0 eV,
respectively (dark and light blue peaks). The shoulder at
285.1 eV (green peak) likely arises from the two carbon
atoms adjacent to the anhydride, which have a different
chemical environment. We assign the high BE component
(288.7 eV, violet) to the two carboxylic carbon atoms in the
anhydride group.[39] The fit was carried out fixing the ratio
between the contributions from the chemically different
carbon atoms (all the fit parameters are reported in
Table S1). This analysis thus demonstrates that the TPPA is
intact on the SnSe surface. After illumination, the intensity
of the O 1s signal drops visibly. However, it can still be fitted
with the same two components in a 2 :1 ratio. This points to
the loss of CO and CO2 from the TPPA precursor and
subsequent desorption from the SnSe surface, while the
remaining molecules stay in their intact, pristine form. From
the variation of the O/C ratio before and after light
exposure, we estimated that 60% of the molecules have
reacted. In an analogous experiment in our in-house XPS
setup, we demonstrated that the reaction can reach a
conversion as high as 91% after 16 hours (Figure S4).
Although we cannot exclude that the reaction would
proceed further with longer light exposure time, the photo-
conversion from XPS experiment agrees with the STM data
in Figure S4 and it is also in agreement with the yield of
other on-surface photoinduced reactions.[24] To carry out the
fit of the C 1s spectrum after irradiation (Figure 2f), we
considered the presence of 40% of intact molecules on the
surface, as derived from the O 1s signal. In addition to the
signals related to the intact molecules, the fit shows the
appearance of two new components (red and yellow peaks)
at 283.8 eV and 284.2 eV respectively, which account for the
C� H and C� C carbon atoms in the final product. Here, the
peak ratio is 11 :4, as expected for tetraphenylbenzene
(TPBE). The C 1s area increases after the illumination by
5%. This increase can be attributed to two main factors, (i)
a small contamination of the sample from other sources in
the analysis chamber (e.g. hot filaments) and (ii) inequiva-
lent photoelectron diffraction effects for the two molecular
species. Altogether, XPS measurements point to the for-
mation of TPBE as the final product, after the successful
photolysis of the anhydride group.

Once the photolysis of the anhydrides has been con-
firmed by XPS and STM measurements, we performed
additional experiments to get more insight into the mecha-
nism. First, we investigated the response to different wave-
lengths (see Figure S5). After illumination at 450 nm and
360 nm the TPPA molecules remain unreacted, suggesting
that the photoactivation process consists of a purely intra-
molecular excitation mechanism. Nevertheless, we cannot
disregard the plausible contribution of substrate-mediated
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photoactivation. Then, a control experiment on the bare
Au(111) (see Figure S6) shows how TPPA does not preserve
its structural stability at RT after 15 hours in dark con-
ditions, highlighting the importance of employing inert
surfaces.

Interestingly, the photolysis of TPPA and generation of
TPBE can also be achieved following a stepwise process by
irradiation at low temperature and subsequent annealing to
RT, as illustrated in Figure S7. We monitored the process by
STM and XPS measurements at each reaction step. After
LT irradiation using a laser source, we already observed a
change in STM contrast, assigned to the formation of the
intermediate tetraphenyl benzyne (TPBY) after the loss of
the anhydride group as CO and CO2 molecules. Arynes
generation by local tip manipulation has already been
demonstrated on the NaCl surface at cryogenic temper-
atures and under UHV conditions.[40] We also note the
presence of some mobile species on the surface, visible in
the STM images as fuzzy lines (Figure S7e), which can be
explained with the presence of CO and CO2 molecules
adsorbed on the surface while the sample is kept at LT.
Deconvolution of the O 1s spectrum in Figure S3b, supports
the presence of co-adsorbed CO and CO2 after LED
irradiation (and dissociation) at LT. These species desorb
from the surface when the sample is annealed to RT and
only the components of the intact TPPA leftover is seen in
the XPS signal (Figure S7c). In agreement with our inter-
pretation, STM images acquired after annealing the sample
to RT for 30 minutes only show TPBE islands (Figure S7f),
formed after the hydrogenation of TPBY due to the
presence of residual hydrogen in the UHV chamber.[41,42]

Next, we investigated the BPA precursor, also equipped
with the same anhydride group, and containing the PAH

core with a higher degree of π-conjugation compared to
TPPA. We deposited the BPA molecules onto the SnSe
surface, obtaining ordered self-assembled molecular islands.
STM and nc-AFM images (Figure S8) show a regular
arrangement in rows and the planar molecular geometry
allows bond-resolved imaging revealing a head-to-tail con-
figuration. Nevertheless, RT illumination at 280 nm or
350 nm for several hours (calculated BPA absorption
spectrum in Table S3) did not lead to any apparent
structural or chemical change, showing no photoactivity of
the BPA molecule.

Although the photochemical activity of anhydrides has
been proven during the last century, and here it is also
demonstrated on an inert surface by the TPPA precursor,
the lack of photochemical activity of the BPA precursor
anticipates some limitations. To rationalize the experimental
findings and clarify the difference in photochemical activity
between TPPA and BPA, we performed theoretical calcu-
lations. Namely, we employed the second-order algebraic-
diagrammatic construction (ADC(2)) method with cc-
pVDZ basis set.[43,44] Due to the considerable computational
demands of the ADC(2) method, making the calculations of
the original systems intractable, we used model systems with
simplified chemical structures. All calculations were per-
formed in the gas phase. For TPPA, we employed the
phthalic anhydride (PhA) molecule representing the core of
the TPPA molecule (see Figure S9). To mimic BPA, we
selected pyrene anhydride (PyA), as a minimalistic repre-
sentation of the π-conjugated unit (see Figure S10). The
validity of this approximation is confirmed by the similarity
in character and ordering of the lowest excited states of the
experimentally studied molecules and their models, Figure 3
and Tables S2,3.

Figure 3. Potential energy surfaces calculated at the optimized ground-state geometries, while scanning along C� O bond RC� O, of a) TPPA, b) PhA,
c) BPA and d) PyA. The energies and electronic transitions of the excited states are obtained at the relevant S0 geometries. The dissociative
character of the nπ* state is indicated by the red bold line and the other excited states (indicated in gray) are mostly due to the transitions within
the π frame. The molecular orbitals involved in the electronic transitions of nπ* states are also pictured at the bottom panel.
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Tables S2,3 summarize the character of the excited states
for the optimized geometries in the ground states. Our
investigation revealed that for TPPA and PhA molecules,
the S1 state corresponds to a spectroscopically dark n!π*
state that results from the transition of the electron from
lone pair orbitals localized on the oxygen atoms to an
unoccupied π* molecular orbital. The following two excited
states S2 and S3 correspond to the transition between π!π*
states involving transitions from HOMO and HOMO-1,
localized on phenyl rings, to LUMO, mainly localized on the
maleic anhydride fragment (molecular orbitals are shown in
Figure S9). The S2 and S3 states exhibit considerable
oscillator strengths and are most likely involved in the
excitation following illumination at 280 nm, in line with the
experimentally observed photodissociation process in the
TPPA molecule. On the contrary, BPA and PyA show quite
different characteristics of the excitation spectra. The lowest
excitation S1 and S2 states have π!π* character followed by
a dark n!π* state (S3), see Table S3. Note that our
calculations did not consider the triplet states. The singlet-
triplet transitions operate on longer timescales, and we
assumed that such processes are unlikely to compete with
relaxations that occur on the timescale of a few picoseconds.

According to Kasha’s rule,[45] we assumed fast internal
energy conversion processes from higher absorbing excited
states to the lowest excited state. Thus, the character of the
lowest excited state determines the response of the system
upon the photoexcitation. Figure 3a,b compare the excita-
tion energies of S1–S4 states calculated at the ground state
optimized structures of TPPA and PhA while scanning the
dissociation along C� O bond (RC� O), i.e., increasing RC� O

bond length and keeping it fixed while optimizing all other
parameters. In both cases, the S1 state (red bold curve)
maintains n!π* character along the entire scan, with
descending energy values for increasing RC� O, showing a
dissociative character. In the case of BPA/PyA, we observe
an entirely different scenario, as shown in Figure 3c,d. The
energy of the π!π* S1 and S2 states increases as RC� O

elongates, which inhibits a spontaneous rupture of the C� O
bond. Note that S1 adopts n!π* character only at large RC� O

values (about 1.8 Å for PyA and 2.0 Å for BPA).
The optimization of S1 state of PhA spontaneously led to

the structure in which the five-membered ring opens due to
a dissociation of RC� O. Note that the resulting minimum is
characterized by a negative excitation energy which indi-
cates the existence of conical intersections. In such scenario,
the applicability of the single-reference-based ADC(2)
method becomes limited. Therefore, to validate the dissocia-
tive character of the n!π* state (S1), the geometry of PhA
was optimized on the S1 potential energy surface (PES)
while scanning along RC� O bond. Figure 4a shows that the
energy of S1 state gradually decreases approaching the
energy of the ground state (black curve) and indicating the
opening of the five-membered ring by a dissociation of the
C� O bond. The changes in the character of S1–S4 electronic
transitions are illustrated in more detail in Figure S11a,
where the electronic transitions while scanning along RC� O

are represented.

Contrary to PhA, the optimization of the S1–S4 excited
states of PyA always led to stable minima without any
indication of a possible dissociation. This stability persists
even in the case where the RC� O bond has been extended by
0.1 Å. Additionally, we optimized the PyA on the S1 PES,
while performing the scan along the RC� O bond. The S1
excited state of PyA (see Figure 4b) is of π!π* character
(blue line in Fig S11) and its energy increases slightly during
the first stages of elongation (up to RC� O of about 1.7 Å),
where it crosses with dissociative n!π* state (red line). The
ascending character of the S1 state at the first stages of
elongation makes the dissociation process unlikely. Further-
more, the trend of the S1 state towards lower energies for
larger π-conjugated systems observed in the comparison
between Figure 3c and d, anticipates that this activation
barrier will become larger for extended π-conjugated
systems. Therefore, we may conclude that the electronic
delocalization in the π-conjugated PyA system, along with
the ordering of the excited states are responsible for differ-
ent photochemical behaviour of the anhydride group. Over-
all, the extension of π-conjugation influences the ordering of

Figure 4. Potential energy surfaces calculated at the optimized geo-
metries of S1 states, while scanning along RC� O, of a) PhA and b) PyA.
The energies of the ground (GS) and excited states are obtained at the
relevant S1 geometries. The dissociative character of the nπ* state is
represented by the red bold line.
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the excited states and the presence of a dissociative n!π*
excited state as a first one (S1) for TPPA makes its C� O
dissociation energetically feasible. On the contrary, the
existence of low lying stable π!π*, placed energetically
below n!π* states, hinders the analogous reaction for BPA.

Conclusion

In conclusion, we reported a new light-induced reaction on a
semiconductor surface that paves the way for the on-surface
synthesis of novel nanomaterials with readily available
technological prospects. The experimental validation of the
reaction steps is accompanied by the rationalization of the
relationship between π-conjugation and photochemical re-
activity. We showed the light-induced decarboxylation and
decarbonylation of TPPA on a semiconductor surface and
the lack of response in the BPA. The presence of a π-
conjugated core in the latter case alters the energy
distribution of the excited states and reduces the likeliness
of bond dissociation upon light irradiation. Our findings
demonstrate the link between molecular structure, π-con-
jugation, and photochemical reactivity, offering insights into
the design principles for light-induced reactions on surfaces.
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Supporting Information.[43,44,46–63]
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This work presents the on-surface reac-
tion of anhydride-functionalized mole-
cules as precursors on a SnSe surface
investigated by SPM and XPS techni-
ques. Quantum chemical calculations
demonstrate how their photoactivity can
be controlled by modulating the π-
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