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ABSTRACT: This work describes the adsorption of pyrene molecules on a Ag(111) surface. We first demonstrate that despite its
high vapor pressure, pyrene molecules can form ordered films under ultrahigh vacuum conditions, presenting a well-contrasted
diffraction pattern. Studies using high-resolution electron energy loss spectroscopy and ultraviolet photoelectron spectroscopy
provide compelling evidence of a physisorbed system where the molecules only weakly interact with the substrate underneath.
Comparisons with theoretical calculations, as well as with data obtained from optical spectroscopies, clearly demonstrate that the
vibrational and electronic properties of the adsorbed molecules are similar to the expected ones for pristine pyrene. Finally, we used
temperature-programmed X-rays photoelectron spectroscopy to study the desorption process of pyrene on the Ag(111) surface and
estimate its activation energy to desorption.

■ INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) correspond to
organic compounds with two or more fused aromatic rings.
They are among the most investigated and interesting
molecules as their studies span from combustion and
astrochemistry to nanotechnology or spintronics. PAHs are
found to be abundant in interstellar space and represent a non-
negligible part of the composition of the dust in the diffuse
interstellar medium.1−4 They thus play an important role in the
chemistry of space, and their contribution to the formation of
H2, the most abundant molecule in space, has been extensively
investigated.4−7 It is therefore of particular interest to carry out
fundamental studies on such molecules as well as their
derivatives, from both a chemical and physical point of view, to
determine their reactivity with surfaces and their behavior
under various conditions such as X-rays or ultraviolet (UV)
irradiations and oxidation or hydrogenation.8−13

On the other hand, hybrid interfaces between conjugated
organic molecules and metals constitute an intensive and vast
field of research and are of great importance for the
performance of organic-based devices in organic electronics,
more particularly, the first interface between an organic
monolayer and a conductive electrode, which is crucial for
charge injection and thus device efficiency.14−16 In this
context, PAHs represent profuse case-school molecules
because of their length, geometry, and reactivity with respect

to the substrate underneath. More recently, in the blooming
field of on-surface synthesis, the adsorption of neutral PAHs,
and their derivatives, is studied as prototypical cases of organic
precursors with the aim to form new architectures with specific
dimensions and geometry, as in the case of the formation of
graphene and graphene-derivated structures.17−19 It has been
shown that the chemistry and reactivity of PAHs are of
valuable interest for the synthesis of graphene sheets of
nanoribbons, which is of particular concern for nanoelectronics
and spintronics.20,21

Finally, PAHs, and more particularly PAHs adsorbed on
relatively inert substrates, constitute template molecules or
systems for the development of theoretical calculations and
more especially in the framework of van der Waals density
functional theory (DFT).22−25

From the above reasons, it appears clearly that under-
standing the reactivity of PAHs and their derivatives, as well as
their on-surface behavior, is of particular importance due to
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their potential implications in astrochemistry, nanoelectronics,
and fundamental sciences.26−28

The presented work reports the study of the adsorption of
pyrene molecules (C16H10), one of the smallest PAHs, on a
Ag(111) surface, combining several surface-sensitive techni-
ques. We demonstrate that pyrene molecules weakly interact
with the Ag underneath, allowing us to determine some of
their characteristic parameters such as their vibrational
properties, ionization energy, and energy of activation to
desorption.

■ METHODS

Most experiments presented in this work were conducted in a
series of interconnected ultrahigh vacuum (UHV) chambers
equipped with standard surface preparation facilities, a low-
energy electron diffraction (LEED) apparatus, a scanning
tunneling microscope, X-rays and ultraviolet photoelectrons
spectroscopy facilities, as well as a high-resolution electron
energy loss spectroscopy (HREELS) analysis. Additional
experiments using optical techniques were carried out under
atmospheric pressure.
The Ag(111) single-crystal surface, from Surface Preparation

Laboratory, was cleaned by several cycles of Ar+ bombardment
at 1500 eV, followed by annealing at around 700 K.
Pyrene molecules were provided by Sigma-Aldrich. They

were evaporated from a well-outgassed quartz-crucible onto an
atomically clean substrate held at room-temperature (RT).
The coverage of the organic layer was estimated to be around
0.4 monolayer from the attenuation of the Ag 3d core levels,
assuming a homogeneous film.
HREELS measurements were carried out using a VSI delta

0.5 spectrometer. Unless mentioned, all spectra were recorded
with the same incident electron beam energy of 4 eV and with
a typical energetic resolution of about 5 meV, estimated from
the full width at half-maximum (FWHM) of the elastic peak.
Scattering geometry: θi = θs = 67° for specular geometry, θi =
67° and θs = 53° for off-specular conditions.
Ultraviolet photoemission spectroscopy (UPS) measure-

ments were performed using He I (hν = 21.22 eV) and He II
(hν = 40.81 eV) radiation from a HIS13 discharge lamp from
Scienta Omicron. X-ray photoelectron spectroscopy (XPS) was
carried out with the non-monochromatized Mg Kα line (hν =
1254.6 eV) of an X-ray tube. The emitted photoelectrons were
counted using an R3000 analyzer equipped with a micro-
channel plate detector. To measure the onset of photo-
emission, or cut-off of the secondary emission peak, and
determine the work function (W.F.) of the surface, UPS
spectra were collected while biasing the sample at −3 V. The
resolution in UPS measurements, determined from the width
of the Fermi step on the metallic substrates, was 0.15 eV. The
resolution in XPS measurements, determined from the FWHM
of Ag 3d core levels, recorded on the clean surface, was 0.8 eV.
Ultraviolet−visible (UV−vis) data were obtained in cyclo-

hexane with a concentration of 1 μmol·L−1 and measured using
an Agilent Cary 60 UV−vis spectrophotometer in the range
from 210 to 415 nm with a typical resolution of 4 nm.
Infrared measurements were recorded from 600 to 4000

cm−1 using a Bruker IFS 66/S Fourier transform infrared
spectrometer equipped with a HgCdTe detector. The data
were recorded on pyrene powder, in attenuated total reflection
(ATR) mode, using a Ge module and a typical resolution of 1
cm−1.

DFT calculations on isolated pyrene were carried out to
support experimental data. The geometric and vibrational
structures were evaluated using the B3LYP hybrid functional
and the 6-311++g(2d,2p) basis set implemented in Gaussian
16 package.29 To compare the experimental data, a scaling
factor of 0.955 and a rigid shift of −20 cm−1 were applied to
the vibrational frequencies obtained from DFT calculations.

■ RESULTS AND DISCUSSION
Due to its high vapor pressure and weak intermolecular
interaction, the growth of pyrene molecules (Figure 1) on RT

crystal surfaces under UHV conditions is a challenging task.30

Nevertheless, we managed to grow a film of pyrene exhibiting a
well-defined LEED pattern as depicted in Figure 2.

In this image, one can clearly observe that each diffraction
spot of the Ag(111) surface is surrounded by six additional
spots coming from the superstructure formed by the pyrene
molecules. Careful spot analysis demonstrates that the lattice
parameter of the unit cell adopted by the organic compound is
about 3.4 times larger than the surface lattice parameter of the
Ag(111) substrate. This corresponds to a closest neighbor
distance of about 9.8 Å, a value which is, considering the steric
hindrance of the system, consistent with the size of the pyrene
molecule whose length is about 9.2 Å. However, the distance
between two successive diffraction spots along one high

Figure 1. Schematic representation of a pyrene molecule.

Figure 2. LEED pattern recorded at 50 eV. Red and blue arrows
represent the unit vectors of the Ag surface and pyrene superstructure,
respectively. Green arrows indicate the spots due to multiple
diffractions. Top right inset represents the spot (1,0) recorded at
79 eV.
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symmetry direction is not equal. The mismatching, of about
35%, is too high to be attributed to a simple deformation of the
image due to the projection of the Ewald sphere on a flat
screen. To explain the observed LEED pattern, one has to
consider that only the first-order diffraction spots, correspond-
ing to the incommensurate matrix 1, are visible. This
phenomenon can be explained by the fact that molecules,
which weakly interact with each other, are highly mobile on the
surface and thus form well-oriented domains of irregular width,
preventing the observation of high-order diffraction spots, as in
the case of rare gases adsorbed on surfaces, when the LEED
pattern is recorded at high temperature or when domains of
irregular widths are formed.31−35 Unfortunately, we were not
able to record any RT-scanning tunneling microscopy (STM)
image of the adsorbed film possibly because of the high
mobility of the molecules on the surface, supporting the
aforementioned statements. In addition, let us mention that
irregular arrangements of pyrene molecules on surfaces were
already observed by low-temperature STM measurements.30
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where A and B are the basis vectors of the molecular over-layer
and i and j are those of Ag(111).
In order to characterize the adsorption of pyrene on

Ag(111), we studied the system by means of HREELS and
compared the obtained data with measurements collected by
ATR−Fourier-transform infrared (FTIR) and UV−vis spec-
troscopy. Figure 3 shows the HREELS data together with
ATR−FTIR spectrum as well as the infrared active vibrational
modes obtained by DFT calculations.
On the HREELS data recorded in specular geometry, we

observed, besides the elastic peak centered at 0 meV, four
features located at 26 (210), 59 (476), 89 (718), and 104
(839) meV (cm−1). Comparison with the infrared as well as
the theoretical data allow us to conclude that these modes are
characteristic of pristine pyrene. They can be respectively
attributed to out-of-plane deformation of the macrocycle for
the two lowest ones and out-of-plane bending modes of the

C−H bonds for the two highest losses. Interestingly, around
375 meV (3025 cm−1), a region corresponding to the C−H
stretching modes of the molecule, no peak was perceived in
specular conditions, while a clear component can be observed
in off-specular geometry. Considering that in off-specular
conditions the impact scattering regime is dominating as
compared to the dipolar scattering regime governing the
interaction in specular geometry, we could deduce that in the
latter case, the created active dipole is no longer active because
of its screening image in the metallic surface.36 We could thus
conclude that the molecules are adsorbed with their macro-
cycle parallel to the surface plane.
A tentative model, deduced from the LEED and HREELS

measurements, of the adsorption of the pyrene molecules on
the substrate is proposed in Figure 4. In the image, the red and
blue arrows, respectively, represent the basis vectors of the
Ag(111) and pyrene superstructure unit cells, in the real space.
Since no image of the surface was obtained by STM, the
azimuthal orientation of the molecules and their respective
position with the Ag atoms underneath have been arbitrarily
attributed.

Figure 3. (a) Vertical sticks represent the theoretical vibrational modes of pyrene. (b) Full-line curve represents the ATR−FTIR measurement of
pyrene powder. (c) Open-circle and (d) dashed-line spectra correspond to HREELS data of pyrene/Ag(111), recorded at 4 eV of primary energy,
in specular and off-specular geometry, respectively.

Figure 4. Graphical representation of a tentative adsorption model of
pyrene molecules on a Ag(111) surface. The red and blue arrows,
respectively, represent basis vectors of the Ag(111) and the molecular
superstructure.
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Looking now at higher energy losses, one could access
information related to the electronic excitations, such as
transitions between occupied and unoccupied electronic states.
Figure 5 displays the HREELS spectra, recorded in specular

geometry with a primary kinetic energy of 20 eV, of the clean
Ag(111) and pyrene adsorbed on Ag(111) and the UV−vis
spectrum of pyrene molecules dissolved in cyclohexane
solution. The HREELS signal of pyrene on Ag(111) is
dominated by an intense peak located at about 3.85 eV and
corresponds to the excitation of the surface plasmon of
Ag(111) as evidenced by the spectrum recorded on the clean
surface. However, the spectrum measured after pyrene
adsorption exhibits a softer slope of the left wing of the
plasmon’s peak and presents two additional shoulders around
4.5 and 5.2 eV. As indicated by the UV−vis spectrum of pyrene
in solution, this is consistent with the position of the most
intense absorption lines of pyrene observed in the UV−vis
spectrum, as well as from pyrene in the gas phase.37 The first of
them, at about 3.8 eV, corresponds to the electronic transition
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital. This demonstrates
again that the molecules remain in their pristine state after
adsorption and thus they are only physisorbed on the surface.
Let us also note that the loss spectrum exhibits a feature
around 6.8 eV, corresponding to a high energetic transition not
achievable by classical optical spectroscopy.
To further describe the adsorption of pyrene on the Ag(111)

surface, we have undertaken photoemission spectroscopy
measurements using a UV source. Figure 6 represents He I
spectra showing the secondary electron cut-off (SECO) region
as well as the valence band (VB) and the region close to the
Fermi level.
From the onset observed in Figure 6a prior to adsorption,

we could determine the work function of the clean Ag(111) at
4.54 ± 0.05 eV. After pyrene adsorption, the sample’s work
function decreases to 3.98 ± 0.05 eV. These work function
values are deduced from the numerical difference between the

photon energy and the absolute value of the binding energy
(BE) at which the onset of the SECO appears. Such decrease
of the work function after adsorption of an organic compound
on a surface is a well-known effect, named “Pillow-effect”, and
is due to the repealing of the metal electronic tail because of
the presence of adsorbed molecules and yield to a potential
drop at the interface. Such phenomenon is characteristic of
physisorbed systems and has been thoroughly described in the
literature.38−42 Figure 6b represents the evolution of the Ag 4d
levels prior and after adsorption together with the Ag 4d levels
of a clean amorphous Ag using the He I line of the UV source.
Before pyrene evaporation, the UPS spectrum mainly exhibits
four components of which the two lowest BE ones (at −5 eV)
are much more intense than the two highest BE ones (around
−5.5 and −6 eV). Subsequently to pyrene deposition, the
overall shape of the Ag 4d is changed. First of all, the ratio
between the two lowest BE components and the two highest
BE ones is strongly modified. In addition, a new feature
revealed by a shoulder around −6.8 eV appears. A first guess
would be thinking that this new electronic structure could be
attributed to the electronic level of the pyrene molecules.
However, comparing the spectrum of the Ag 4d of the
Ag(111) after adsorption with the one of a clean polycrystal-
line Ag, the aforementioned hypothesis is not that straightfor-
ward. Indeed, the VB of clean polycrystalline Ag also presents
shoulders around −6.8 eV. It is known that the interpretation
of UPS spectra can be misleading because of photoelectron
diffraction effects at the organic−inorganic interfaces. Indeed,
interface scattering of substrate photoelectrons from the bulk,
like surface-umklapp process or backfolding of substrate bands,
may affect the energy distribution curves when organic
molecules are adsorbed on single-crystal surfaces of noble
metals. In the case of Ag(111), it has been already
demonstrated that the Ag 4d spectrum becomes close to that
of a polycrystalline sample upon adsorption of large π-

Figure 5. HREELS data recorded at 20 eV of primary energy, in
specular condition, of the clean Ag(111) [full-circle curve, (a)] and
pyrene on Ag(111) [open-circle curve, (c)] together with data
obtained by UV−vis absorption spectroscopy of pyrene in cyclo-
hexane [full-line curve, (b)]. The vertical ticks indicate the position of
some features further discussed in the article.

Figure 6. UPS spectra of pyrene on Ag(111) representing the (a)
SECO region, (b) VB, and (c) region close to the Fermi level
recorded using the He I emission line of the UV source, in normal
emission. Open-circle and full-circle curves, respectively, correspond
to pyrene/Ag(111) and clean Ag(111). Full-line curve on figure (b)
corresponds to polycrystalline Ag. The arrows on figure (a) show the
position of the onset of the SECO.
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conjugated molecules.43 Thus, photoelectron diffraction effect
is most probably at the origin of the modification of the
intensity ratio of the Ag 4d spectrum. In contrast to the
adsorption of zinc phthalocyanine on Ag(111), the closeness of
the Ag 4d spectrum of pyrene on Ag(111) with the one of
polycrystalline Ag is less clear. This is likely due to the fact that
pyrene molecules do not form long-range order superstructures
and that they are highly mobile on the surface. Therefore, the
observed spectrum of the Ag 4d is somewhere in between that
of the clean Ag(111) and the clean polycrystalline. Considering
this point, it is difficult to attribute the physical origin of the
shoulder at −6.8 eV. It can either be due to the presence of
some density of states (DOS) of the molecules as well as to
some photoelectron diffraction effects since a shoulder is also
observed in this region in the case of polycrystalline Ag or
both. Concerning the component at −7.9 eV, it cannot be
explained by the diffraction effect, as it is not present on the
polycrystalline Ag spectrum, and thus attributed to an
occupied molecular orbital of the pyrene molecules. Finally,
some structures located at −3 eV BE can be observed on all
spectra. In our case, considering that our UV source is not
monochromatized, as well as the intensity ratio between these
features and the Ag VB, we can mainly attribute these
components to the signal from the Ag 4d levels excited by the
satellite lines (referred to as He I − β and He I − γ) of the
main He I line (He I − α). Since in the case of pyrene on
Ag(111), this peak can also be due to some molecular DOS
and further description of this region will be given using the
He II line, as described below. Nevertheless, the effect of these
satellite lines does not affect the close vicinity of the Fermi
level (EF). As depicted in Figure 6c, on the clean Ag(111), a
clear peak, attributed to the Ag(111) surface-state, is observed
close to EF, while it is no longer the case after adsorption of
pyrene, as in the case of a rare gas or molecules adsorbed on
Ag(111) and other noble metals.44−50 This can actually be
explained in terms of an energetic shift toward lower BE that is,
closer to the EF, of the surface-state caused by Pauli repulsion
between the π-electrons of the molecules and the Shockley-
state wave function out of the crystal. In the case of Ag(111),
since the surface-state is already very close to the Fermi level, it
even shifts above it, becoming completely unoccupied and thus
not observable by UPS.
As mentioned earlier, since our UV source is not

monochromatic, the inspection of the VB at about 2−4 eV
from the Fermi level using the He I line is not suitable because
of the contribution of the satellite lines. Therefore, to provide a
cautious determination of the electronic properties of pyrene
molecules on Ag(111), we have undertaken similar measure-
ments using the He II line. Moreover, using He II allows much
more surface sensitivity, thus limiting the side effects due to
photoelectron diffraction at the interface. Figure 7a represents
the UPS spectrum in the same BE range as the one taken using
He I, and Figure 7b corresponds to a zoom-in of the region
close to the Fermi level.
After pyrene evaporation, the spectrum exhibits new features

around −7.9, −3.3, and −2.5 eV from the Fermi level, together
with a reinforcement of the shoulder at −6.8 eV. The two
highest BE features at −7.9 and −6.8 eV, already measured
using He I, can thus be attributed to molecular electronic levels
and no longer to the photoelectron diffraction effect. The two
structures detected close to the Fermi level, that were not
clearly revealed using He I because of the satellite lines, can
now be seen as representative of the electronic properties of

the molecules. To have a better picture of the DOS of pyrene,
we display, in Figure 8, a comparison between the theoretical

calculation and experimental data obtained by subtracting the
spectrum of the clean Ag(111) from the one recorded after
adsorption using the He II emission line.
The overall position of the calculated peaks match fairly well

the theoretical ones, demonstrating once more that pyrene
molecules are still in their pristine state even after adsorption,
confirming that they poorly interact with the surface
underneath, as expected from a physisorbed system. From
the onset on the lowest BE feature, situated about −2.1 eV
from the Fermi level, we have estimated the value of the
ionization energy (I.E.) of the pyrene molecules to be around
6.1 ± 0.1 eV (I.E. = W.F.sample + |HOMOonset|). This value is, as
expected, smaller than the value of the ionization energy
measured in the gas phase, that is, around 7.4 eV as measured
by photoemission, and consistent with the value of 5.8 eV
obtained in a condensed phase.51−54 The energy difference
between the values obtained in gas and solid phases arises from
polarization effects due to different screening of the existing
charges created by the surrounding medium during the
photoemission process.55−57 In our case, the polarization
energy, obtained from the difference between the I.E. of pyrene

Figure 7. UPS spectra of pyrene on Ag(111) representing the (a) VB
and (b) region close to the Fermi level recorded using the He II
emission line of the UV source, in normal emission. Open-and full-
circle curves, respectively, correspond to pyrene/Ag(111) and clean
Ag(111). The vertical ticks indicate the position of some features
further discussed in the article.

Figure 8. Comparison between the DOS obtained from DFT
calculations (full-line) with the experimental DOS (open-circle curve)
extracted by subtracting the contribution of the clean silver to the VB
spectrum of pyrene/Ag(111) using the He II emission line.
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in the gas phase and its I.E. measured in this work, is about 1.3
eV ± 0.1 eV, a value which is consistent but slightly below the
value of 1.6 eV reported by Sato and co-workers as well as with
the common value of 1.7 eV reported for most of the planar
PAHs in the condensed phase.54 The fact that we got a smaller
polarization energy value is most probably related to the small
molecular density on the Ag(111) surface, as compared to
denser organic solids.
Finally, using temperature-programmed XPS (TP-XPS), we

studied the desorption of pyrene on Ag(111) upon annealing.
With such an aim, we have recorded the evolution of the C 1s
core level of the pyrene molecules as a function of the sample
temperature from RT up to 650 K using three different linear
ramps of 0.09, 0.35, and 0.8 K·s−1. Figure 9a represents the C
1s core level region prior to and after adsorption. Figure 9b
displays a 2D map representing the evolution of the C 1s
spectrum region as a function of the sample temperature. In
the image, it can be observed that the amplitude of the C 1s
signal decreased as the temperature increased. This behavior is
properly illustrated in Figure 9c.
With the aim to interpret the TP-XPS data and to determine

the desorption parameters, that is, the activation energy and
pre-exponential frequency factor, we used the following
Polanyi−Wigner equation, commonly employed to describe
the desorption of adsorbates from surfaces58,59
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where Θ represents the instantaneous pyrene coverage, ν is the
pre-exponential frequency factor, Ea is the activation energy to
desorption, T0 is the initial temperature set at RT, β is the
linear heating ramp, and n is the order of the desorption
kinetics, set to 1, considering the weak intermolecular
interactions, the weak molecule−substrate interactions, and
the relatively low molecular density.
It is not trivial and straightforward to have a good estimation

of both the activation energy to desorption and the pre-
exponential frequency factor, for which several papers have
shown that it depends on the adsorbate and can vary over

several orders of magnitude.60−65 Therefore, we decide to
present and discuss different results using two different values
of ν.
We have first simply interpreted the pre-exponential factor

as a typical surface phonon frequency, which corresponds to a
value in the range of 1013 s−1. Such a value is the “typical”
frequency factor used in thermal desorption experiments for
atoms and small molecules but also for tetracene and
pentacene, which are two PAHs relatively close to pyrene in
terms of the number of benzene rings.61,63,66−68 It was also
used by Günther et al. for an even larger molecule.69 Then, we
have exploited a value of ν = 5.5 × 1018 s−1 obtained from the
transition state theory (TST) that considers changes in the
entropy going from adsorbed to transition states.64,70,71 The
description of the determination of the pre-exponential factor
using the TST is given in the Supporting Information.
A first-kinetics desorption model using the aforementioned

Polanyi−Wigner equation and pre-exponential frequency
factors allows us to obtain two different values of the activation
energy to desorption, summarized in Table 1.

Let us first note that the value obtained using the lowest
frequency factor is consistent with the value obtained for
tetracene and pentacene on Ag(111) using a similar frequency
factor and agrees with the theoretical values from Björk et al.
on graphene.18,66,68 If the similarity between the adsorption
energy for these three molecules on Ag(111) is not surprising
given their closeness, the fact that they also agree on the data
on graphene is more questionable. Indeed, graphene and its
derivative highly oriented pyrolytic graphite (HOPG) are

Figure 9. (a) C 1s core level region/red open-circle and blue closed-circle curves, respectively, correspond to pyrene/Ag(111) and clean Ag(111).
(b) 2D map representing the evolution of the C 1s of the pyrene as a function of time and annealing temperature. (c) Integrated C 1s signal as a
function of the temperature.

Table 1. Activation Energy to Desorption (Ea) Extracted
from the Fitting Procedure as a Function of the Pre-
exponential Frequency Faction (ν), Together with the
Energy per Carbon Atom

ν (s−1) Ea (eV) Ea (kJ·mol−1) energy per C atom (meV)

1 × 1013 1.38 ± 0.04 133 ± 4 86
5.5 × 1018 1.90 ± 0.10 184 ± 10 119

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c01350
J. Phys. Chem. C 2021, 125, 11166−11174

11171

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c01350/suppl_file/jp1c01350_si_001.zip
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01350?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01350?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01350?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01350?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01350?rel=cite-as&ref=PDF&jav=VoR


known to be relatively inert with respect to organic molecules,
while it has been shown that Ag(111) can be more reactive,
even with PAHs, involving charge transfer between the
molecules and the substrate.23,72,73 Thus, one might expect a
higher desorption energy value, at least at monolayer coverage,
as in the work of Tao et al. for tetracene on Ag(110), in which
they obtained a theoretical adsorption energy value of about
2.05 ± 0.25 eV.74 Also, a recent work from Morbec and
Kratzer, including van der Waals (vdW) interactions in their
DFT calculations of pentacene on Ag(111), found, for flat-
lying molecules, an average value of the adsorption energy of
about 2.2 eV,24 a value much higher than the one obtained
considering the pre-exponential factor in the 1013 s−1 range.
Interestingly, for the latter system, Kafer et al. have
experimentally determined an activation energy to desorption
of 2.14 eV by thermal desorption spectroscopy but using a pre-
exponential factor of 1.6 × 1019 s−1, a value quite close to the
one obtained using the TST (∼ 2 × 1019 s−1).73,75 This value
of the energy to desorption is actually in good agreement with
previous values of pentacene adsorbed on Au and Cu
substrates.76 This actually demonstrates that for large
molecules restricting the pre-exponential factor to the typical
surface phonon frequency is probably not correct and leads to
underestimated values of the adsorption energy. Hence, we
performed a similar analysis of our experimental data using the
value of the frequency factor obtained from the TST (ν = 5.5
× 1018 s−1). This yields an activation energy to desorption of
1.9 eV, corresponding to an energy per carbon atom of about
119 meV. Unsurprisingly, this value is much higher than the
previous one and those from the literature for PAHs of similar
size18,59,77 adsorbed on graphene of HOPG. They are mainly
two reasons for such a difference. On the one hand, and as
discussed before, Ag(111) is known to be more reactive than
graphene and its derivatives and thus its interaction with PAHs
is higher than that of graphene-based substrates. On the other
hand, most of the values reported in the literature have been
obtained using lower frequency factors, undeniably leading to
lower desorption energies. Let us note that our finding is
consistent with the value obtained by Kafer for pentacene of
Ag(111)75 when using a frequency factor similar to the one
obtained from TST. In the light of the work of Morbec and
Kratzer, we demonstrate here that even if only weak
molecules−substrate interactions, such as van der Waals type
interactions, are involved, while they do not modify the
vibrational nor the electronic properties of the adsorbed
molecules with respect to their pristine state, they may have
important influence on the desorption energy, especially for
flat-lying molecules.24 Thus, even if we cannot compare the
desorption values obtained by TP-XPS with other experimental
or theoretical data, we suggest that in the case of large
molecules, adsorbed on surfaces, up to the monolayer
coverage, the most rigorous way to determine their desorption
energy is to use a pre-exponential frequency factor derived
from the TST.

■ CONCLUSIONS
In summary, we have studied the adsorption, under UHV
conditions and at RT, of pyrene molecules on a Ag(111)
single-crystal, combining various surface-sensitive techniques.
We demonstrated that even if this represents a challenging task
because of the relatively high vapor pressure of pyrene, the
molecules can form a superstructure of small size presenting a
3.4 times periodicity with the substrate underneath. As

expected, molecules weakly interact with the substrate and
both their vibrational and electronic properties are similar to
those of pristine molecules. Finally, we have estimated the
activation energy to desorption of pyrene on Ag(111) from
temperature-programmed XPS measurements following the
evolution of the C 1s component as a function of the sample
temperature. A comparison with a first-kinetics order
desorption model allowed us to determine its value around
1.9 eV (184 kJ·mol−1).
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