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The influence of fluorine-functionalization of the rubrene molecule is explored by comparing
rubrene and a fluorinated rubrene (FM-rubrene), adsorbed on a Ag(100) surface. The self-assembly,
studied using scanning tunneling microscopy, reveals highly ordered molecular assemblies at the
monolayer level, that are incompatible with epitaxial growth of rubrene or FM-rubrene ordered
crystals. Moreover, the molecular order has a direct influence on the resulting electronic structure
and energy alignment of the molecular levels with the band edges of Ag(100), measured using UV
and inverse photoemission spectroscopies. A careful comparison of the adsorption of rubrene and
FM-rubrene on Ag(100) enables a fundamental understanding of the molecular-surface and inter-
molecular interactions, as well as their effects on molecular crystal growth and energy alignment
with supporting surfaces.

I. INTRODUCTION

Rubrene (5,6,11,12-tetraphenyltetracene) has at-
tracted considerable attention in the last 20 years as a
benchmark organic semiconductor with an outstanding
hole mobility of 30 cm2 V−1 s−1 in its crystalline form1.
This has led to the fabrication of single crystal organic
field effect transistors (sc-OFETs) with world-record
performance2–6. Such facile charge transport is believed
to arise from favorable overlap of the π-systems on the
tetracene backbones of neighboring molecules7,8. The
electron mobility of rubrene, on the other hand, is rela-
tively low, leading to recent efforts to search for rubrene
derivatives with increased electron mobility and with
a goal of achieving high performance ambipolar charge
transport for switchable OFETS. A promising candidate
that has emerged is bis(trifluoromethyl)-dimethyl-
rubrene, referred to in the literature as FM-rubrene9,10.
In this molecule, phenyls 5 and 11 have methyl pendent
groups in the para position, while phenyls 6 and 12 have
instead para trifluoromethyl groups. The increased hy-
drogen bonding due to the presence of -CF3 groups has
been shown to increase the hole mobility11. Fabricating
a sc-OFET using carbon nanotubes as the electrodes,
has yielded record ambipolar mobilities of 4.8 cm2 V−1

s−1 for hole transport and 4.2 cm2 V−1 s−1 for electron
transport12.

Although there has been a significant effort to study
the charge transport properties in bulk crystals of these
materials, forming interfaces between thin crystalline
films and other materials, such as metals or semicon-

ductors, has been challenging. Rubrene possesses a
flat tetracene backbone in its crystal form. In con-
trast, when rubrene adsorbs on a wide range of sur-
faces, near edge adsorption spectroscopy (NEXAFS) ex-
periments indicate that the molecule adopts a confor-
mation with a twisted tetracene backbone, similar to
its gas phase conformation.13 It was proposed that this
conformational mismatch is the reason why growth of
epitaxial rubrene on top of an adsorbed rubrene mono-
layer is not possible, thus explaining why only polycrys-
talline thin films are obtained on most surfaces.13 Scan-
ning tunneling microscopy studies of rubrene adsorption
hint at similar conclusions, although most studies were
performed at low temperature and sometimes with lim-
ited resolution.14–19 However, progress towards growing
more ordered rubrene thin films has been made using as
substrates organic single crystals20–23, selected organic
buffer layers24–27, hexagonal boron nitride (h-BN)28 or a
Bi(001) surface29. While the understanding of ordered
rubrene growth is limited, even less is known about the
packing of fluorine-functionalized rubrene molecules on
surfaces. In fact, only recently have bulk crystal struc-
tures been determined.9,10 The bulk molecular packing in
single crystals of fluorine functionalized rubrene has been
studied using X-ray diffraction and the tetracene packing
upon molecular functionalization was related to charge
transport properties.9,10 Moreover, previous work with
polyaromatic fluorinated molecules suggests that addi-
tional interactions such as F-H hydrogen bonds will sta-
bilize alternative structures on surfaces.30–32

From an electronic structure point of view, the oc-
cupied band structure of single crystal rubrene has



2

been studied using angle resolved photoemission spec-
troscopy.33,34. The thickness-dependence of the occu-
pied and unoccupied electronic states of rubrene has been
measured for polycrystalline thin films on several metal
surfaces33,35,36, as well as on H-terminated Si(100) and
on a SiO2/Si(100) thin dielectric.35 Emphasis was placed
on measuring work function changes and the interface
dipole that develops upon rubrene deposition.33,35,36 A
comparison of the energy level alignment of hydrogenated
vs. fully or partially fluorinated rubrene monolayers on
the Ag(111) and Au(111) surfaces suggested the possible
influence of the partially fluorinated molecules dipole mo-
ment on the molecular packing at the metal surfaces.37

However, none of these electronic structure studies were
supplemented by local probes or geometric information
about the rubrene/surface interface.

In this paper, we describe a series of scanning tunnel-
ing microscopy (STM), ultraviolet photoemission spec-
troscopy (UPS) and inverse photoemission spectroscopy
(IPS) measurements of monolayers of rubrene and FM-
rubrene on the Ag(100) surface, with emphasis on under-
standing both the rules directing self-assembly of these
molecules on a model surface, and the consequences of
rubrene functionalization on the electronic structure at
the interface. High resolution STM images obtained at
room temperature for a monolayer of these molecules in-
dicate long range molecular order, but with unit cells that
are incompatible with crystalline phase growth. The re-
markable order of the FM-rubrene overlayer, along with
the intrinsic dipole moment of each molecule, leads to
the formation of a dipole layer that shifts the electronic
levels of additional layers upwards in energy by 0.2 eV.

II. EXPERIMENTAL

A. Scanning Tunneling Microscopy.

STM measurements were performed in ultrahigh vac-
uum (UHV) at pressures better than 5×10−10 Torr with
an Omicron variable temperature STM. The STM cham-
ber was equipped with an argon ion sputtering source and
a heater mounted to the manipulator arm in contact with
the sample, permitting in situ preparation of the surface.
Clean and atomically flat Ag(100) single crystal surfaces
were achieved by performing cycles of argon-ion sputter-
ing (3 µA and 1.5 kV for 30 min) and annealing (500 ◦C
for 30 min). The STM tip was electrochemically etched
from tungsten wire. The images presented here were ob-
tained in constant-current mode with the sample at room
temperature. Rubrene molecules [Aldrich, ≥98% purity]
and custom synthesized FM-rubrene molecules9,10 were
deposited by sublimation in the same UHV environment
using a Knudsen cell held around 215 ◦C that was thor-
oughly outgassed prior to deposition. The deposition
rate was determined from the STM measurements, which
were processed using the WSxM software38. In this work,
one monolayer coverage is defined as saturation coverage

of the substrate surface by adsorbed molecules, as viewed
in the STM. Subsequently, XPS measurements (Al K-α,
Phi 15-255G CMA) were performed in the same system,
in order to help calibrating deposition rates in the other
spectroscopic studies.

For the STM measurements, because of a combination
of noise and drift during imaging, the uncertainties were
conservatively estimated to be ±0.1 Å for heigths, ±0.5
Å for lateral distances, and 3◦ for angles.

The STM chamber is also equipped with a low-energy
electron diffraction (LEED) system, with which the sub-
strate surface high-symmetry directions can be deter-
mined. Alternatively, the Ag lattice can be imaged under
particular conditions as explained below. High symme-
try directions were subsequently used to orient molecular
features to the substrate atomic rows.

B. Spectroscopic methods.

The electron spectroscopic measurements presented
herein were obtained using a single UHV experimental
chamber that housed instruments for X-ray and ultravio-
let photoemission spectroscopies (XPS and UPS), as well
as inverse photoemission spectroscopy (IPS), described
in detail elsewhere39. The base pressure of the cham-
ber was less than 5 × 10−10 Torr. Valence band photo-
electrons were excited using a Leybold-Heraeus helium
discharge photon source (HeII: 40.8 eV), and core levels
were probed using the nonmonochromated Al Kα line of
a SPECS XR50 dual anode source. The energy analy-
sis of the emitted electrons was performed in an angle-
integrated mode using a double-pass Phi 15-255G cylin-
drical mirror analyzer (CMA). The axes of the photon
sources and the CMA formed a 90◦angle, and the sample
normal was oriented midway between the two.

Inverse photoemission spectra were obtained using a
grating spectrometer, described in detail elsewhere40,
that was mounted on the same experimental chamber.
Briefly, a well-collimated, monoenergetic electron beam
(primary energy Ep, of 20.3 eV in this study) was di-
rected toward the sample along the surface normal. The
electrons coupled to high-lying unoccupied states, and a
subset relaxed by way of a direct optical transition to low-
lying unoccupied states in the conduction band, emitting
a photon in the process. The photons were dispersed by
a concave, spherical diffraction grating and detected by
a microchannel plate with a position-sensitive resistive-
anode encoder. With this approach, the intensity of the
photons as a function of photon energy reflects the den-
sity of occupied states in the conduction band. In the
photoemission and inverse photoemission spectra, occu-
pied and unoccupied states were measured with respect
to the Fermi level of the Ag substrate. The overall en-
ergy resolutions [full width at half-maximum (FWHM)]
for the UPS and IPS spectra are estimated to be better
than 0.3 and 0.6 eV, respectively.

In order to prevent electron beam damage, IPS mea-
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surements were recorded while maintaining a small sam-
ple current (0.5-1.0 µA) for a beam size of 1 mm2 and
by sampling several spots on a large 1 cm2 sample with
a short beam exposure (a few minutes). For such elec-
tron doses, no beam damage was observed during IPS or
subsequent UPS and XPS analyses.

Surface adsorbate coverage in the photoemission cham-
ber was determined by comparison with XPS spectra
taken in the STM chamber of monolayer coverage for the
two molecules. The rubrene and FM-rubrene films were
grown starting from a pristine Ag(100) surface (checked
with XPS) for each coverage.

C. Computational methods.

Electronic structure calculations were performed with
the GAMESS(US) software package using the Becke
three-parameter exchange functional and the Lee-Yang-
Parr correlation functional (B3LYP) density functional
theory (DFT) method. Geometries of local minima
on the potential energy surface were calculated with
Pople’s 6-31G basis set for hydrogen, carbon, and flu-
orine. Molecular dimensions are computed from the
largest H-H distance in a particular direction. The den-
sity of states (DOS) was obtained as a sum of individual
electronic states convolved with a 0.7 FWHM Gaussian
function41.

III. RESULTS AND DISCUSSION

A. Surface self-assembly and bulk properties

Although a large body of work has explored the possi-
bility of growing rubrene compounds epitaxially on sur-
faces, using atomic force microscopy or different spec-
troscopic methods13–29, very little information is avail-
able on the detailed self-assembly of rubrene or rubrene-
derivatives at the molecular level at room temperature.

Figure 1 shows STM images of 1 ML film of rubrene ad-
sorbed on the Ag(100) surface, along with a model of the
molecule. Upon deposition at room temperature on this
surface, rubrene assembles into a highly-ordered mono-
layer, characterized by a rhomboid unit cell, as shown in
Figure 1 a). The contribution from individual rubrene
molecules is easily identifiable as seen in Figure 1 b),
and is composed of a vertical elongated center-part corre-
sponding to the tetracene backbone, surrounded by four
protrusions attributed to the phenyl moieties. The con-
trast ammong sub-molecular features can be related to
the molecular conformation illustrated in Figure 1 c).
Naturally occurring rubrene can be found in either of
two symmetries as shown in Figures S1 a) and b) of the
Supplemental Material. In its crystalline form, rubrene
possesses a flat tetracene backbone and offset phenyls
which reduces Coulomb repulsion. In the gas phase, the
tetracene backbone is twisted along its longer dimension,

FIG. 1. a) Room temperature STM image of 1ML rubrene
as deposited on Ag(100), taken at +0.6 V bias, and thus tun-
nelling into unoccupied states. b) Zoomed in view of a single
rubrene molecule depicting intramolecular structure and (c)
a space filling model of the gas-phase rubrene molecule ori-
ented the same way as the molecule in b). Image information:
15 × 15 nm2, I = 0.3 nA.

FIG. 2. Binding model for one monolayer rubrene on Ag(100),
determined from the STM data of Figure 1. The lengths of
the vectors A and B are 12.3 Å and 14.8 Å, respectively.
Green circles represent surface Ag atoms, which have spacing
2.9 Å. a and b are in the direction of vectors [011] and [011̄],
respectively.

and the phenyls have an even a larger offset, as shown in
Figure 3 c) resulting in the opposite phenyls assuming dif-
ferent heights. From these STM measurements, it is clear
that upon adsorption on Ag(100), the opposite phenyls
are significantly offset, as found in the gas phase configu-
ration, suggesting a distorted tetracene backbone, consis-
tent with earlier studies using NEXAFS spectroscopy.13

More information can be gathered by overlaying the
unit cell of the measured rubrene array onto the Ag(100)
lattice, as shown in Figure 2. The orientation of the
substrate lattice was determined two ways: by imaging
the Ag(100) substrate below the rubrene overlayer at low
enough biases so as to avoid molecular states (as shown in
Figure S3 of the Supplemental Materials), and by means
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of low energy electron diffraction. Knowing the low in-
dex directions of the underlying surface, we can measure
an angle of 12◦ between the long axis of the tetracene
backbone and the [011] direction of the Ag surface. The
molecular lattice, defined by the vectors A and B is de-
scribed by the matrix equation(

A
B

)
=

(
3 −3
5 1

)(
a
b

)
(1)

where the a and b vectors are in the [011] and [011̄] direc-
tions, respectively. As the exact position of the rubrene
molecule with respect to the Ag lattice was not resolved
experimentally, rubrene molecules tentatively have been
centered on Ag atop sites. Propagating the rubrene over-
layer unit cell over the Ag(100) lattice leads to all rubrene
molecules centered on atop sites, as seen in Figure 2.
The dimensions for A and B are, 12.3 Å and 14.8 Å,
respectively, leading to a surface area for the unit cell of
151.4 Å2. The resulting packing density for this bind-
ing model is 6.6 × 1013 molecules per cm2. Note that,
given the packing density of the rubrene overlayer, indi-
vidual molecules would overlap if they were to lie flat on
the surface. Rather, they are tilted with respect to the
surface plane, with one side of the tetracene backbone
raised above the Ag surface as shown in Figure 2. This
geometry is supported in part by STM images obtained
at different biases, as shown in Figure S4 of the Sup-
plemental Material, which indicate a clear asymmetry
of the tetracene backbone, with one end elevated with
respect to the other. The adsorption geometry deter-
mined for rubrene on Ag(100), will be further compared
to single crystal rubrene properties in the following sec-
tion. It is important to point out that, while molecular
multilayers would form at room temperature, it was not
possible to obtain stable STM images for molecular ex-
posures greater than one monolayer, implying a lack of
order and high molecular mobility for molecules above
the first monolayer.

As expected, partial fluorination of rubrene, drasti-
cally influences the molecular arrangement upon self-
assembly. Figure 3 shows STM images and a model of
the molecule for a monolayer of FM-rubrene adsorbed on
the Ag(100) surface. As shown in Figure 3 a), the molec-
ular layer has a nearly rectangular unit cell containing
two molecules. Here again, contributions from individ-
ual FM-rubrene molecules can be isolated as shown in
Figure 3 b), and compared to the gas phase model for
FM-rubrene of Figure 3 c). Note that in both the gas
phase and in crystalline form, an FM-rubrene conforma-
tion where its tetracene backbone is planar, as shown in
Figure S1, is energetically favored. In Figure 3 b) the
tetracene backbone is nearly aligned with [011] direction
of the Ag(100) surface, and is surrounded by two large
protrusions and two smaller features, on opposite sides
on the tetracene backbone, attributed to the phenyl-CF3

groups and phenyl-CH3 moieties, respectively. When
considering the molecular ordering of Figure 3 a), one
can observe that all molecules are oriented in the same

FIG. 3. (a) Room temperature STM image of an FM-rubrene
monolayer as deposited on Ag(100), taken at 2.0 V bias. (b)
Zoomed in image of a single FM-rubrene molecule showing
three bright spots corresponding to the -CF3 on both sides
of the tetracene backbone and (c) a space-filling model of the
gas phase FM-rubrene molecule in oriented identically to (b).
Image information: 15 × 15 nm2, I = 0.3 nA.

direction, leading to an alternation of the -CF3 and -
CH3 groups. This arrangement minimizes the electro-
static energy of the positively charged -CH3 and nega-
tively charged -CF3 groups.

Placing the FM-rubrene overlayer in registry with the
Ag(100) lattice, it is found that each tetracene backbone
makes an angle of 7◦ with respect to the [011] crystal-
lographic direction of Ag(100), and that the molecular
unit cell depicted in Figure 4, can be described with the
vectors A and B’, such as:(

A
B’

)
=

(
5 −2
6 8

)(
a
b

)
, (2)

where a and b are in the [011] and [011̄] directions, re-
spectively. A and B’ have for dimensions 15.6 Å and 29.0
Å, respectively. In the absence of information regarding
exact adsorption sites, if the center of tetracene is placed
on a top site of the Ag(100) surface, each FM-rubrene
molecules have a similar top adsorption site. This ad-
sorption model for FM-rubrene, with two molecules per
unit cell and a cell area of 434.3 Å2, leads to a pack-
ing density of 4.6 × 1013 molecules per cm2, which, as
expected for the larger molecule, is smaller than that ob-
tained for rubrene. Here again, no STM stable images
were obtained beyond one monolayer for this system.

Comparing the geometries that rubrene and FM-
rubrene molecules assume when they self-assemble on the
Ag(100) surface to that of their bulk crystalline struc-
tures can aid in understanding why epitaxial growth has
never been achieved on such surfaces, and what might
need be improved to realize epitaxial growth. Both
rubrene and FM-rubrene crystallize in the orthorhombic
crystal structure, the unit cell for which the rubrene is
shown in Figure 5 a). Considering the (a,b) plane high-
lighted in Figure 5 a), and shown in detail in Figure 5 b),
one can select a few relevant parameters to compare the
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FIG. 4. Binding model for one monolayer FM-rubrene on
Ag(100), determined from the STM data in figure 3. The
lengths of the vectors A and B’ are 15.6 Å and 29.0 Å, re-
spectively. Green circles represent surface Ag atoms, which
have spacing 2.9 Å. a and b are in the direction of vectors
[011] and [011̄], respectively.

STM results from both molecules with their bulk prop-
erties as measured using XRD9. Three points of com-
parison are chosen: the lengths of the unit cell vectors
A and B (as well as B’=2B), the angle θ between the
vectors A and B, and the azimuthal angle φ defined as
the angle between the axis of the tetracene backbone and
the line bissecting A and B. These values are tabulated
in Figure 5 c).

In the rubrene monolayer, the measured lengths of A
and B are about 12% smaller and 6% longer, respec-
tively, than the single crystal values. In the FM-rubrene
film, the length of 2B has been compared to B’, which
is defined as twice the corresponding length in the sin-
gle crystal to account for the two molecules in the unit
cell. The STM measurements of the lengths of A and B’
are about 10% smaller and 17% longer, respectively, than
the FM-rubrene single crystal values. Next, the angle θ
between the two unit cell vectors is 56◦ for the rubrene
monolayer vs. 29.82◦ for the rubrene crystal, and 74◦ for
the FM-rubrene monolayer vs. 23.62◦ for the correspond-
ing crystal. Finally, the azimuthal angle φ was found to
be slightly increased for the rubrene monolayer (95◦) with
respect to single crystal rubrene (90.00◦), while it is found
slightly decreased for the FM-rubrene monolayer (85◦) in
comparison to its corresponding value in the crystal form
(90.00◦).

From these results, it can be seen that the tetracene
twisting, typically pointed to in order to explain a lack
of crystalline order in rubrene thin films, is not the only
parameter preventing epitaxial growth of rubrene. The
unit cell of the adsorbed rubrene is very different from
its bulk counterpart. This is underscored by the behavior
of the FM-rubrene monolayer. The molecules, similar to
the gas phase, have a planar tetracene backbone, but the
unit cell of the monolayer is so distinct from that of the
bulk that epitaxial growth cannot take place.

The geometry assumed by the molecules in a self-
assembled organic monolayer is often a fine balance
between molecule/molecule and molecule/surface inter-
actions. For the two molecules studied here, disper-
sion forces with the substrate favor tetracene backbones
aligned parallel to the surface, but this is counteracted
by the bulkiness of the phenyl units. Therefore, only
adsorption modes resembling the stacking of the (a,b)
plane of the bulk crystal will be realized on surfaces with
high polarizability. Vertical stacking of the tetracene has
been observed only on ordered molecular layers, in part
because the layers were C-H terminated, thereby reduc-
ing the backbone-surface dispersion forces in favor of the
intermolecular dispersion forces. In some cases, the cor-
rugation of the organic substrate was thought to provide
additional stability. Therefore, stacking that exposes a
(b,c) plane can be obtained. These observations high-
light several considerations that could be exploited to
select a particular molecular orientations with respect to
the underlying surface, and tune the monolayers unit cells
to promote epitaxial growth in a desired orientation on a
metallic or semiconductor substrate. For example, using
a textured surface, such as a Au(100) or rutile TiO2(110),
could be used as a template, directing the order of the
initial rubrene layer.42 Moreover, molecule-surface dis-
persion forces could be reduced by terminating a surface
with C-F groups of very low polarizability, and there-
fore allow intermolecular forces to dominate the molecu-
lar self-assembly process.

B. Electronic structure and energy alignment

In this section, both the electronic structure and the
energy alignment of rubrene and FM-rubrene on Ag(100)
will be compared. As a reference point, however, it is
useful to consider first the electronic structure of thick
multilayers, measured in occupied and unoccupied states,
and shown in Figure 6.

The solid curves of Figures 6 a) and b) are the sec-
ondary electron cut off (SECO) obtained from UPS, as
well as the VB and CB measured using UPS and IPS,
respectively, for a thick layer of rubrene molecules grown
on Ag(100). For these spectra, the zero of energy is taken
as the measured Fermi level and the occupied and unoc-
cupied states are assigned negative and positive energies,
respectively. For such thickness, characteristic features of
the silver surface are no longer visible so that the spectra
are representative of the molecular electronic structure,
and compare well to the DOS calculated for a gas phase
rubrene molecule, shown as the dotted line in Figure 6 b).
The occupied and unoccupied states of the calculated
DOS have been rigidly shifted in energy to align with
their experimental counterparts. Thus the highest occu-
pied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) can be easily found at
-2.3 eV and +2.0 eV, respectively, resulting in a HOMO-
LUMO gap, often considered the transport gap, of 4.3 eV.
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FIG. 5. Schematic representation of our comparison of STM results with literature XRD data9. (a) Unit cell of single crystal
rubrene (and FM-rubrene, not shown) with the a-b plane indicated for clarity. (b) Two dimensional slice of an a-b plane used
for comparison, with the compared surface lattice vectors, A and B labelled. (c) Table of relevant lengths and angles used.

FIG. 6. (a) and (c) Secondary electron cutoffs (SECO); (b)
and (d) UPS and IPS spectra (solid curves) of thick films of
rubrene (b) and FM-rubrene (d) on Ag(100), each compared
to the calculated DOS (dotted curves).

As shown in Figure S2, the rubrene frontier orbitals are
centered on the tetracene backbone, while phenyl-related
states are found at energies below the HOMO and above
the LUMO. By measuring the width of the photoemis-
sion spectrum and comparing to the photon energy, an
electron affinity of 1.1 eV is determined for a rubrene
thick film.

A similar analysis can be performed on the spectra
of Figure 6 c) and d), where the SECO, VB and CB

have been measured from a thick layer of FM-rubrene.
Both occupied and unoccupied states are in good agree-
ment with the adjusted DOS calculated for a gas phase
FM-molecule shown as a dotted line, except for the -12
to -10 eV region, where the large cross section of the
F 2p states is not taken into account in the DOS. The
HOMO and LUMO for FM-rubrene are also measured
at -2.3 eV and +2.0 eV, respectively, resulting in a gap
of 4.3 eV. That rubrene and FM-rubrene have the same
HOMO-LUMO gap should not be surprising, as the fron-
tier orbitals for FM-rubrene are also found localized on
its tetracene backbone as indicated in Figure S2. While
the absolute energy of the HOMO and LUMO may be af-
fected, their relative energy is not. For example, our cal-
culations indicate a global shift of the HOMO and LUMO
of FM-rubrene of ∼ 0.2 eV to lower energies, compared to
rubrene. This is not observed here, for a reason that will
be explained later. Finally, from these measurements, an
electron affinity of 1.5 eV is determined for FM-rubrene.
These results are also in good agreement with reported
cyclic voltammetry data.9

To explore both the effect of rubrene functionalization
and the effect of layer thickness on the molecular orbitals
alignment with respect to the substrate band structure,
the SECO, VB and CB were measured on a clean Ag(100)
surface and for varying thicknesses of rubrene and FM-
rubrene on Ag(100) as shown in Figure 7 and Figure 8.
VB and CB spectra have been normalized in intensity to
the Fermi edge of Ag. As slight electron beam damage
was observed during IPS, each molecular film was freshly
grown on top of a clean Ag surface for a given thickness.

As seen in Figure 7 and Figure 8, the electronic struc-
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FIG. 7. a) SECO, b) UPS c) IPS spectra of the combined
rubrene on Ag(100) system at varying coverages. Spectra
normalized to the Ag(100) Fermi level at 0 eV. d) Zoomed-in
region of the HOMO.

ture of Ag(100) is characterized by Ag 4d states found
between -8 eV and - 4 eV, and by a well-defined Fermi
edge, both in occupied and unoccupied states, set at 0
eV. The SECO of the clean surface is found at -17.0 eV,
resulting in a work function for Ag(100) or 4.2 eV, in
agreement with previous work.43

After deposition of 1 ML of rubrene on the Ag sur-
face, molecular features resembling those measured on
the thick rubrene layer are observed in both the occupied
and unoccupied states. This indicates, consistent with
our STM images, that rubrene adsorbs non-dissociatively
on Ag(100). The HOMO and LUMO of 1ML rubrene are
measured at -1.8 eV and 1.1 eV, respectively, resulting
in a molecular gap of 2.9 eV. Upon adsorption an inter-
face dipole of 0.7 eV develops between rubrene and the
Ag surface, in good agreement with previous work.33,36

When further rubrene is added, the occupied molecular
states (respectively, unoccupied states) are slowly pushed
to more negative energies (respectively, to more positive
energies), until they stabilize to the values obtained for
the thick multilayer of Figure 7. The representative evo-
lution of the HOMO is shown in the inset of Figure 7.
This behavior is typical for metal surfaces, where the
molecules in the first layer experience greater final state
screening of the VB hole created in UPS or added elec-
tron in IPS. The energy alignment diagrams for rubrene
on Ag(100), for 1 ML and for a thick multilayer, are given
in Figure 9.

Qualitatively similar results are obtained for FM-
rubrene deposited on Ag(100), as seen in Figure 8. The
HOMO and LUMO of 1ML rubrene are measured at -
2.0 eV and +0.9 eV, respectively, resulting in a molec-
ular gap of 2.9 eV. Again, the molecular gap of FM-
rubrene is similar to that of rubrene for 1ML. Assuming a
molecule/surface interaction similar in magnitude to that
of the rubene/surface system, finding the FM-rubrene
molecular orbitals slightly lower in energy is compatible

FIG. 8. a) SECO, b) UPS c) IPS spectra of the combined FM-
rubrene on Ag(100) system at varying coverages. All spectra
normalized to the Ag(100) Fermi level at 0 eV. d) Zoomed-in
region of the HOMO.

with the calculated DOS of Figure S2. Concomitantly,
an interface dipole of 0.5 eV develops between 1ML FM-
rubrene and Ag(100). However, for 1.2 ML coverage, the
molecular orbitals are found pushed to more positive en-
ergies by about 0.2 eV as shown in Figure 8 d). Only
after that, for increasing thicknesses, the occupied and
unoccupied states start shifting slowly to more negative
energies due to loss of substrate screening, reaching the
values obtained for a thick molecular layer. The energy
alignment of 1ML and of a thick layer of FM-rubrene is
summarized in Figure 9.

Although the molecular orbitals of 1ML FM-rubrene
are found lower in energy than those of rubrene, for
higher coverages, the frontier orbitals of both molecules
are found at the same position. This can be explained
as follows: FM-rubrene possesses an intrinsic dipole aris-
ing from charge transfer from the -CH3 groups to the -
CF3 groups. Assuming that FM-rubrene adsorbs nearly-
rigidly on the Ag surface and due to the larger size of
-CF3 with respect to -CH3, the molecular dipole makes
and angle of ∼45◦ with respect to the surface normal,
resulting in a small dipolar contribution along the sur-
face normal. The long range order observed in STM,
and the strict alternation of -CH3 and -CF3 groups,
can give rise to an homogeneous dipolar contribution in
the first molecular layer. Using the molecular density,
n = 4.6 × 1013 molecules per cm2, obtained from STM,
the potential energy arising from the molecular dipole
layer can be estimated from the formula

V (1 ML) =
np sin(α)

ε0
≈ 0.2 eV, (3)

where p is the magnitude of the intrinsic dipole moment,
2.14 D, making an angle α with the surface normal, and
where α is estimated to be ∼45◦.

It can be argued that FM-rubrene adsorbed on weakly
interacting surfaces, as long as they are smooth enough,
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FIG. 9. Energy level alignment diagram for rubrene on
Ag(100) (top) and FM-rubrene on Ag(100) (bottom). Fermi
level (F.L) and vacuum level (V.L.) are indicated for Ag(100),
one monolayer coverage, and multilayer coverage, whereas
HOMO and LUMO positions are indicated for monolayer and
multilayer coverage.

will tends to always reproduce such -CH3 and -CF3

groups alternation, and therefore will most-likely give rise
to a dipole layer. As a result, additional molecular lay-

ers should be affected by the presence of such dipole,
and have their electronic structure rigidly shifted in en-
ergy. In particular, one can imagine a geometry where
the tetracene angle with the surface plane is increased,
resulting in an even stronger dipole layer. Moreover, the
energy shift is present even for the disordered, multi-
layer FM-rubrene films measured here. This implies that
the initial FM-rubrene monolayer in contact with the Ag
surface remains stable and the shift it induces does not
require further epitaxy. Therefore, it may be used as an
interface dipole layer to shift the energy level alignment
of other organic molecular layers that are subsequently
deposited.

IV. CONCLUSION

The self-assembly of rubrene and FM-rubrene on
Ag(100), studied at room temperature using STM, in-
dicates long range order for monolayer coverages, with a
surface packing resembling that of the (a,b) plane of sin-
gle crystals. Rubrene and FM-rubrene particular geome-
tries on Ag(100), are favored by strong dispersion forces
between the polarizable metal surface and the tetracene
backbones, leading to a flat adsorption of the tetracenes
mitigated by the bulkiness of the pendant phenyl groups.
In such configurations, both for rubrene and FM-rubrene,
distortions of the unit cell prevent the epitaxial growth
of additional layers. It is proposed that surface pas-
sivation with weakly polarizable groups could reduce
molecule/surface interaction, favor molecule/molecule in-
teractions, and lead to more bulk-like geometries.

In the case of FM-rubrene, the strict alternation of the
-CH3 and -CF3 groups within the molecular layer and
the presence of an intrinsic molecular dipole, lead to an
homogeneous dipole layer at the surface of Ag(100). Con-
sequently, the energy levels of additional molecular layers
are shifted in energy by 0.2 eV. As the dipole strength
depends on the position of electron donating and elec-
tron withdrawing groups, and on the resulting adsorp-
tion geometry, larger dipoles could be achieved for other
fluorine-functionalized rubrene molecules.
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15 M.-C. Blüm, M. Pivetta, F. Patthey, and W.-D. Schneider,
Physical Review B 73, 195409 (2006).
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J. M. Rojo, O. S. Hernán, A. L. V. de Parga, and R. Mi-
randa, 58, 1169 (1998).

43 M. Chelvayohan and C. Mee, Journal of Physics C: Solid
State Physics 15, 2305 (1982).


