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Electronic and vibronic interactions at weakly bound organic interfaces:
The case of pentacene on graphite
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The electronic and vibronic processes at the interface between a pentacene monolayer and a graphite surface
were characterized using a combination of density-functional theory (DFT) and dynamic vibronic coupling
simulations. The electronic interactions were evaluated at the DFT level first between the highest occupied
states of pentacene and the graphite surface, as well as among the pentacene molecules within a monolayer.
The former are found to be ca. four times stronger than the latter for a parallel molecule/surface geometry. A
dynamic vibronic model was used to analyze the interplay between the electronic and electron-vibration
couplings and their effects on spectroscopic characteristics. The agreement between the simulated and experi-
mental photoelectron spectra underlines the importance of weak electronic interactions on the vibronic cou-

pling at the interface.
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Understanding of electronic processes at the interfaces be-
tween conjugated organic compounds and electrically con-
ducting surfaces is of considerable interest in the fields of
organic electronics and optoelectronics."> While chemically
bound interfaces such as those formed by self-assembly of
organic thiolates on the gold surface®* have been studied at
the atomistic level,”” interfaces characterized by weak long-
range attractions between molecules and a surface have not
yet received the attention they deserve from the theoretical
standpoint. Recently, it was shown that the interaction be-
tween an organic monolayer and a substrate can result in a
strong substrate-mediated electronic coupling between the
molecules within the monolayer.® High-resolution ultraviolet
photoelectron spectroscopy (UPS) measurements of penta-
cene molecules physisorbed on the graphite surface reveal
that the monolayer-substrate interactions can also affect the
vibrational structure of the ionization spectrum.’ In this re-
gard, it is useful to recall that the line shape of the first
ionization band can be directly related to the polaron binding
energy (reorganization energy), a key ingredient in the de-
scription of charge transport (hole transfer).!%!> The analysis
of the UPS data suggests an increase of about 20% in the
reorganization energy (hole-vibrational coupling) of penta-
cene at the interface compared with that estimated from the
pentacene gas-phase UPS spectrum.’

In this Rapid Communication, we address the nature of
the electronic and electron-vibration interactions and their
impact on the UPS spectrum and reorganization energy for a
weakly bound interface formed by pentacene molecules phy-
sisorbed on the graphite surface. Our first goal is to develop
a methodology capable of describing electronic coupling in
weakly bound systems, based on a molecular picture. In ad-
dition, we study the interplay between electronic and
electron-vibration interactions as reflected in the vibrational
fine structure of the first ionization. Using our methodology,
we simulate the UPS spectrum for the pentacene/graphite
interface and find excellent agreement with the experimental
data of Yamane et al.’

One of the challenges for structural predictions of weakly
bound systems lies in accounting for long-range electron
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correlation.!>'* High-level correlated methods such as
coupled cluster calculations provide accurate energetics and
geometry for weakly bound systems'> but at a very high
computational cost. Therefore, the use of empirical potentials
derived from applications of such methods to small-size sys-
tems is an efficient means of geometry predictions for the
larger systems of practical interest. Importantly, we note that
while less expensive density-functional theory (DFT) meth-
ods may give inaccurate geometry predictions for weakly
bound complexes, they can provide a reasonable picture re-
garding state mixing and electronic couplings.'?

Structural properties of interfaces formed by pentacene on
various surfaces depend on the surface electronic structure,'®
molecule-surface interactions, thermodynamic conditions,
and amount of pentacene on the surface.!” Here we mimic
the structure of a pentacene monolayer physisorbed on the
graphite surface at low temperatures by using effective inter-
atomic potentials. The graphite surface is simulated by a
single graphene sheet as the topmost graphite layer is mainly
responsible for the electronic effects and binding energy.'*
The total-energy components include: (i) the pentacene-
graphene interactions computed using carbon-carbon poten-
tials Uc_¢ designed for aromatic clusters:'®

(1)

(rec is the carbon-carbon separation in A); (i) the
pentacene-pentacene dispersion interactions using standard
parameterization;'® and (iii) the hard-sphere repulsion of the
hydrogens belonging to neighboring pentacene molecules. A
constrained minimization of the total energy was performed
with the pentacene molecular planes parallel to the graphite
surface, as experimentally determined for pentacene on
graphite at a monolayer coverage and low temperatures.”2%
The resulting arrangement of the molecules on a graphene
sheet is depicted in Fig. 1. The orientation of the pentacene
molecules with respect to graphene is reminiscent of the
ABAB-type stacking of graphene layers in graphite, which is
typical for aromatic clusters'® and was also found for ben-
zene and naphthalene adsorbed on graphene.?' The periodic

Uc.c=34(45.8 exp(—3.3rc.c) — 1//¢c)  [eV],
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FIG. 1. (Color online) Optimized geometry of the pentacene
monolayer physisorbed on a graphene sheet. Nearest-neighbor pen-
tacene molecules are shifted with respect to each other along their
long molecular axes to optimize packing and reduce repulsion
among hydrogen atoms. A rectangular periodic cell is indicated. A
projection on the graphene plane is shown, indicating a conforma-
tion resembling the ABAB-type stacking of graphene layers in the
graphite.

cell shown in Fig. 1 contains two (symmetry) nonequivalent
pentacene molecules, shifted with respect to each other along
their long molecular axes. Such shifts allow closer molecular
packing thus maximizing dispersion energy.

The electronic structure of the pentacene/graphene system
was studied at the DFT level using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional,”? a plane
wave basis set with 300 eV cutoff for the Kohn-Sham states
of the valence electrons, and the projector augmented wave
(PAW) method to describe the valence-core electron
interactions,”>?* as implemented in the Vienna Ab initio
Simulation Package (VASP).>> A repeated slab approach was
used with a thick (~10 10\) vacuum layer above the surface
to complete periodicity in the direction normal to the surface
(z). We note that a trial geometry relaxation performed at the
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FIG. 2. (Color online) Calculated band structure for the
pentacene/graphene interface in the vicinity of the Fermi level
(taken as energy zero). The top-right and bottom-right panels show
the band dispersion fits used to determine the pentacene-graphene
and pentacene-pentacene electronic interactions. Isosurfaces of
electron density for the pentacene HOMO bands at the I" point are
plotted in the insets.
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DFT level resulted in a slight increase of the pentacene-
graphene separation by ca. 0.1 A (not used in further calcu-
lations).

Figure 2 collects the band structure along the surface (xy)
plane of the pentacene/graphene system, calculated along the
k-space path FHX(a—t,O,O)HD(fX,f,O)HY(O,f,O)HF
with the periodic cell dimensions a, and a, in the x and y
directions, respectively. The highly dispersive bands belong
to the graphene sheet; as expected, these bands intersect at
the Fermi point and form a linear density of states near the
Fermi level, giving graphene its semimetal character. The
nearly flat states appearing at ca. —0.45 and +0.6 eV origi-
nate from the highest occupied and lowest unoccupied mo-
lecular orbitals (HOMO and LUMO), respectively, of the
two symmetry nonequivalent pentacene molecules, as veri-
fied from the atom-projected partial density of states analy-
sis. The weak dispersion of the pentacene HOMO states
along the y axis (see Fig. 1) is related to direct pentacene-
pentacene electronic interactions, as confirmed from the
band structure obtained for the periodic system in the ab-
sence of a graphene sheet. This dispersion can be described
within a one-dimensional (1D) tight-binding approximation
with a (fitted) value for the pentacene-pentacene electronic
coupling equal to 11 meV (Fig. 2, bottom right panel).

In the vicinity of the X point, the frontier states of the
pentacene layer are in resonance with the graphene states; as
seen from Fig. 2, the interaction between these states leads to
an avoided crossing pattern. A similar result was observed
for the benzene/graphite system.® The avoided crossing re-
gion is magnified in the top right panel of Fig. 2; there, the
dispersion is plotted for a submonolayer coverage (one mol-
ecule per unit cell of Fig. 1) of pentacene on graphite to
simplify the analysis (in this case, the pentacene molecules
being far from each other interact only with the surface); the
dashed lines represent the case when pentacene is moved far
away (6 A) from the surface (i.e., there are no interactions
neither with the surface nor with nearest neighbors). The
interaction between pentacene and graphene can be derived
from the results of band-structure calculations using the fol-

lowing model:
k) V
H= (81( ) 12 >’ )
Vi, (k)

where V), is the electronic coupling and &,(k), &,(k) are the
energies of the unperturbed states of pentacene and graphene
(dashed lines in Fig. 2). The avoided crossing region of the
band structure is well reproduced by Hamiltonian (2) when
the pentacene-graphene electronic coupling V, is set equal
to 40 meV (this value corresponds to the strongest coupling
in the vicinity of the X point), as shown in Fig. 2. Thus, the
pentacene-graphite electronic interactions (40 meV) are
found to be about four times as large as the pentacene-
pentacene interactions (11 meV).

We now turn to a discussion of the impact of these
molecule-substrate interactions on the pentacene vibrational
pattern and, as a result, on the line shape of the first ioniza-
tion band in the UPS spectrum. Taking into account the weak
interaction between pentacene and graphene, we use a simple
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two-state model where the pentacene HOMO state i is
mixed with an electronic state @, that mimics the average
interaction with the graphene electronic states.

Within ¢, and ¢, electronic bases, the final states contrib-
uting to the first ionization band of the system are described

by the following vibronic Hamiltonian:?’
Hy,+1,0+¢) Vi
H,, = ( 0 (3)
Vi Hiy+150)+e;

where Hy ,=T| +T2+ﬁ(w1Q%+w2Q§)/ 2 is the Hamiltonian of
two harmonic oscillators with the dimensionless coordinates
0, O, and frequencies w;, w,; [; and [, are the linear vi-
bronic coupling (VC) constants, and e‘l), eg denote the elec-
tronic energies.

The solutions of the vibronic Hamiltonian, Eq. (3), are
obtained numerically by using a variational ansatz in which
the vibrational part of eigenfunctions is expanded in terms of
a direct-product basis of the harmonic-oscillator functions

Xj(Ql) and Xk(Q2)127’28

®,(9,0,,0,) = e/nE an/(Ql X(Q>)

+ %E CRXA0Dx(0y), (4
J.k

where ¢ denotes electronic coordinates. By limiting the total
number of vibrational quanta in this expansion to a finite but
large value, the solutions of this dynamic vibronic problem
could be obtained with any arbitrary accuracy.

We now apply this methodology to the pentacene/graphite
system and focus on the vibronic transitions that accompany
photoionization in order to understand the characteristics of
the experimental UPS spectrum.’ Taking into account only
the transition from the ground vibrational state to the mani-
fold (4) of final vibronic states ®, with energies E,, the
spectral function I(E) describing the first ionization peak is
given in the framework of the Fermi golden rule by*

I(E) = 2 (Cludy + Cdy)*S(E - E,). (5)

n

Here d, and d, are the electronic transition matrix elements
associated with the ionization of the electronic states ¢, and
1,.2% In the present calculations we neglect the contributions
proportional to d,. This is justified by the following: (a) the
intensity of the first photoelectron transition of the pentacene
is much higher than that of the graphite in the same energy
region, and (b) according to our calculations, in the case of
the most important lowest vibronic states, the coefficients
Cg)lo)m are much larger than C(%),n. In the limit of d,>d,, the
relative intensities of transitions to vibronic states @, are

I,= [Coo 11]2 (6)

The progression given by Eq. (6) turns into the standard
Poisson distribution in the case of noninteracting electronic
states (V;,=0).

The extent to which a given vibrational mode is coupled
to the electronic state under consideration is described by the
linear vibronic constant for that mode which, in turn, is re-
lated to the Huang—Rhys factor. According to our previous
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FIG. 3. (Color online) Simulated (solid line) and experimental
(open circles, recorded at 49 K) (Ref 9) UPS spectra for the first
ionization peak of pentacene in the pentacene/graphite system. En-
ergy is given with respect to the 0-0 peak (E,), and intensity is
normalized on the peak value. A gas-phase pentacene spectrum
(solid circles, 507 K) (Ref. 30) is included for comparison. The
inset shows the simulated first ionization band of pentacene based
on the normal-mode frequencies and Huang—Rhys factors derived
from DFT calculations (Ref. 30).

DFT calculations,® the shape of the fist ionization band of
pentacene in the gas-phase (see inset in Fig. 3) results from
the interaction with several vibrational modes in the region
of 1200-1600 cm™!. In the present dynamic vibronic calcu-
lations, we approximated the overall effect of these modes by
an effective vibrational mode with w;=1500 cm™' (186
meV) and a corresponding value of the Huang-Rhys factor
$,=0.093.3% Since optical phonons in graphite have a signifi-
cant density of states in the range of 1500—1600 cm™' 332
we used the same value of 1500 cm™! for both w; and w, for
the sake of simplicity. The linear coupling constant [, was
obtained from the best fit of the simulated spectrum to the
experimental photoionization band.

Two separate cases were considered by taking as Vi, in
the Hamiltonian (3) either the pentacene-pentacene or the
pentacene-graphene electronic couplings evaluated above.
While the pentacene-pentacene electronic coupling within
the monolayer is too small to induce noticeable changes in
the vibronic progression, incorporation of the (~4 times
stronger) pentacene-graphene coupling in the dynamic simu-
lations modifies the vibronic progression significantly. When
keeping the pentacene-graphene electronic coupling and the
pentacene vibronic constant fixed while adjusting the value
of the graphene vibronic constant (which weakly affects the
vibronic progression of pentacene), we were able to achieve
a very good agreement between the calculated and experi-
mental UPS spectra presented in Fig. 3. The gas-phase spec-
trum of pentacene is included for comparison; it displays
markedly different peak ratios in the vibronic structure. This
difference highlights the importance of VC at weakly bound
interfaces and the impact of electronic interactions even
when comparatively small (V,/fw=40/186<1).

To summarize, we have developed a methodology to de-
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scribe the electronic properties of a pentacene monolayer
weakly bound to the graphite surface and to evaluate the
dynamic vibronic coupling effects at the resulting interface.
The parallel geometry for pentacene monolayer on the
graphene sheet, preferable at low temperatures, results in the
pentacene-graphene electronic coupling being much stronger
than the pentacene-pentacene coupling within the monolayer.
Using a vibronic coupling model along with electronic inter-
actions evaluated at the DFT level, we have achieved quan-
titative agreement with the experimental photoelectron spec-
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tra. Thus, the combination of periodic DFT calculations with
dynamic VC simulations provides a useful framework to un-
derstand electronic processes at weakly bound interfaces.
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