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ABSTRACT We discuss some of the most relevant bonding
scenarios for the adsorption of organic molecules on solid
surfaces from the perspective of first-principles calculations.
The adsorption of uracil and phenanthrenequinone on Si(001)
and the adsorption of adenine on Cu(110) and graphite(0001)
surfaces serve as prototypical examples to highlight relevant
molecule—substrate interactions and their consequences for the
properties of the adsystem. Covalent bonds formed during or-
ganic reactions with semiconductor surfaces significantly mod-
ify the structural and electronic properties of both the adsorbed
molecules and the substrate. Organic molecule adsorption on
metals may be driven by mutual polarisation that leads to
substantial charge transfer and rehybridisation, despite small
adsorption energies. Subtle effects related to the lowering of
the kinetic energy of the valence electrons as well as disper-
sion forces, finally, govern the interaction between the organic
molecules and chemically inert substrates such as graphite.

PACS 68.35.Md; 68.43.Bc; 68.43.-h; 73.20.-r; 82.39.Pj

1 Introduction

Organic molecules are very promising building
blocks for electronic devices due to the possibility of tailor-
ing molecules with particular properties, the tunability of their
characteristics and the efficiency and flexibility of deposition
methods. Their functionality with respect to molecular elec-
tronics [1], nanodevices [2] and molecular recognition [3] has
been intensively investigated. For some years already, mo-
lecular materials have been used in solar cells, gas sensors,
heterojunctions and ultra-fast optical switches. Because they
have typically dimensions of a few nanometres, molecules are
the ultimate limit of electronic devices.

Self-organisation of organic molecules appears as one of
the most promising approaches to the further miniaturisation
of electronic devices. This so-called bottom-up approach con-
trasts with the exponentially increasing fabrication costs of
further down-scaling the lithographic processes in the top-
down approach for device manufacturing. The latter approach
already has led to atomic dimensions (the gate oxide thickness
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of the presently produced transistors of the 65-nm generation
amounts to only 1.2 nm, i.e. about 4-5 atomic SiO, layers)
and is bound to lead soon to fundamental physical limits. The
rich variety of living structures that are all based on different
combinations of a few molecular building blocks, i.e. amino
acids, proves the usefulness and robustness of the bottom-up
approach for producing complex structures. However, we are
only beginning to understand how the mechanisms of molecu-
lar recognition and self-assembly could be exploited for actual
device production.

In order to investigate the molecular self-organisation,
suitable model systems need to be found that allow us to study
the molecular interactions reproducibly and with high ac-
curacy. Surface adsorbed molecules are an obvious choice.
They are accessible to sophisticated surface analysis tools
such as scanning tunnelling microscopy (STM) as well as
electron diffraction techniques, infrared and other optical
spectroscopies. However, suitable substrates must be cho-
sen that ensure that the molecule—molecule interactions are
not completely masked by the interactions between the sub-
strate and the molecules. In this context, metal substrates
or graphite are often used as static checkerboards for the
molecules [4, 5]. In particular in the latter case, the substrate-
induced perturbations of the molecular properties are minimal
and the molecule seems to swim freely on the substrate,
as illustrated in Fig. 1 for the case of adenine adsorbed on
graphite(0001) [6]. Highly ordered structures of adenine
are also observed on Cu(111) [7-9] and on Cu(110) sur-
faces [10]. STM images show that in the latter case ordered
one-dimensional molecular chains grow along the lateral
[41, 2] directions (given with respect to [110] and [001]).
Upon increasing the adenine coverage, the chains order into

chiral domains of ! S) periodicity. The interaction of ho-

6
mochiral adenine chains on Cu(110) with inherently chiral
molecules may lead to the formation of diastereoisomers
due to enantiomeric interactions [11]: while co-adsorption of
S-phenylglycine leads to decorations of only those adenine
chains that are oriented along the [1, 2] direction in the surface
plane (see Fig. 2), the separate adsorption of R-phenylglycine
on an adenine-treated Cu surface shows amino acid molecules
now decorating chains aligned along [—1, 2].

While metal and chemically inert surfaces are well suited
for investigating such fundamental aspects of molecular
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FIGURE 1 Isosurfaces of the calculated total valence charge density of
adenine adsorbed on graphite(0001). The positions of the carbon atoms in the
uppermost graphene sheet are indicated

FIGURE 2 Suggested model for the arrangement of S-phenylglycine dimer
rows and adenine chains on the Cu(110) surface superimposed on the meas-
ured STM image. The grey lines indicate the Cu surface periodicity. Data
from [11]

recognition and self-assembly, organic molecule adsorption
on semiconductor surfaces seems now to become more rele-
vant for device applications. In fact, the combination of the
available and highly sophisticated silicon-based integrated-
circuit technology with the rich variety of chemical, electronic
and optical properties that can be realised using tailor-made
organic molecules is very promising for the development of
new semiconductor-based devices [12, 13].

In chemistry, structural theory is an extremely useful
method of classifying the enormous number of organic com-
pounds into smaller, more tractable families. It is based on
the observation that molecules with similar arrangements
of atoms will react similarly. These atomic arrangements
are known as functional groups. Polyfunctional organic
molecules can react with solid surfaces in a variety of ways,
which opens the possibility of purposeful tuning of the sur-
face properties. The adsorption of polyfunctional groups on
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solid surfaces can also be used to form an ordered array of
functional groups available for further reactions [14, 15].

The deoxyribose nucleic acid (DNA) bases adenine, gua-
nine, cytosine and thymine as well as uracil are polyfunctional
molecules that are particularly amenable to the synthesis
of complex molecular structures, due to their Watson—Crick
complementarity. In this brief review, we use the adsorption of
uracil and phenanthrenequinone on Si(001) as well as the ad-
sorption of adenine on Cu(110) and graphite(0001) surfaces
as prototypical model systems to highlight important aspects
of organic molecule adsorption on solid surfaces.

2 Adsorption on semiconductor surfaces

Some functional groups relevant for molecular ad-
sorption on semiconductor surfaces are shown in Fig. 3. They
are separated into two categories, see also [16]: the bond-
ing functional groups include alkanes, alkenes and alkynes.
Each of these functional groups have all of their valence
electrons paired in bonds between neighbouring atoms. Al-
cohols, amines, carbonyls and nitriles, in contrast, contain
non-bonding valence electrons that are not paired with an
electron from an adjacent atom. These non-bonding electrons
are spin coupled into a single non-bonding orbital also known
as a lone pair. This division of organic molecules allows for
arough classification of organic chemistry at the semiconduc-
tor surface: molecules with bonding functional groups tend
to form pericyclic surface products. The [2 4 2] cycloaddition
reaction of cyclopentene with Si(001) is a well-investigated
example [14, 17, 18]. Molecules with non-bonding groups, on
the other hand, have a significant cloud of electronic charge
that can be donated during electrophilic/nucleophilic reac-
tions, e.g. by forming a dative bond with the ‘down’ Si(001)
surface dimer atom. Often this is the precursor for a subse-
quent proton transfer. The adsorption of pyrrole [19] or bu-
tanediol on Si(001) [20] are examples for the latter class of
reactions. However, there are examples that are not so eas-
ily categorised. Phenanthrenequinone, for example, has two
carbonyl groups that allow for the formation of a [4 + 2] cy-
cloaddition product with the Si(001) surface dimer [21,22].
However, the donation of the O lone-pair electrons into the
empty p, orbital of the Si down dimer atom is the probable
precursor state.

The adsorption in a weakly bound precursor state by dint
of lone-pair donation followed by a proton transfer is reminis-
cent of water adsorption on Si(001) [23, 24]. Upon heating the
substrate to around 600 K, the oxygen of the surface bonded
hydroxyl group can insert into the silicon to form a Si—~O-Si
structure. The pathway to oxidation, however, consists of mul-
tiple activation barriers [25]. Similarly, the adsorption of or-
ganic molecules on the surface may occur in steps, where the
formation of the final structure will depend on the prepar-
ation conditions. Unlike the relatively simple case of water,
however, the complexity of organic molecules allows for ex-
ploiting the activation barriers to tune the surface electronic
and optical properties. This has been investigated by Seino et
al. for the case of uracil adsorption on Si(001) [26, 27] using
density functional theory (DFT) calculations within the gen-
eralised gradient approximation (GGA).
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FIGURE 3 Several (a) bonding and (b) non-
bonding functional groups relevant to molecular
adsorption on semiconductor surfaces
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The adsorption of uracil on Si(001), investigated exper-
imentally by STM and high-resolution electron energy-loss
spectroscopy [28], leads to what can be considered a pro-
totypical interface between a polyfunctional molecule and
a semiconductor surface. The (001) surface of silicon is the
starting point for the fabrication of most microelectronic de-
vices. Uracil (C4H4N>O3) is a small molecule featuring one
C=C double bond, two N-H and two carbonyl groups and
may thus bond to the surface in various ways. In addition, its
tautomerism and electrostatic effects have been found to be
important for the interface formation [28, 29].

From previous total-energy calculations [29] in conjunc-
tion with experimental work [28] it was concluded that uracil
adsorption on Si(001) is governed by the carbonyl groups and
is likely to result in dimer bridging configurations such as
shown in Fig. 4. Starting from a dative-bonded configuration,

Energy [eV]

Energy [eV]

where uracil is attached to the electron-poor ‘down’ Si dimer
atom via one carbonyl group, a relatively low energy barrier
of about 0.3 eV needs to be overcome for hydrogen dissocia-
tion, molecular rotation around the surface normal and tilting
towards the neighbouring Si dimer [29]. This leads to a struc-
ture where uracil binds partially dative, i.e. with one covalent
and one dative bond to the Si surface, bridging two Si dimer
rows (Fig. 4a). An energy barrier larger than 1 eV needs to be
overcome for oxygen insertion into Si dimers, leading to the
covalently bonded interface configuration shown in Fig. 4b.
The formation of this structure therefore requires annealing
at elevated temperatures. The calculated adsorption energies
of the partially dative (D) and covalently bonded interface
models (C) amount to 2.77 and 5.27 eV, respectively. The da-
tive bond in the structure D occurs between the electron-rich
uracil carbonyl group and the electron-poor atom of the clean

FIGURE 4 Left: suggested dative-bonded (a)
and covalently bonded (b) adsorption configura-
tions for uracil/Si(001). Grey, purple, blue, red
and yellow symbols indicate C, N, Si, O and H
atoms, respectively. Middle: surface band struc-
tures for the two interface models. Grey regions
indicate the projected Si bulk bands. Right: the
orbital character of specific states is indicated by
isosurfaces for 0.05 A=3. Data from [27]
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Sidimer. It is about 0.1 A longer than the corresponding cova-
lent Si—O bond [29].

The surface band structures calculated for the structural
models discussed above can be clear-cut classified. Model C,
where exclusively covalent bonds occur, leads to a perfect sur-
face passivation, as shown in Fig. 4b. The Si-dimer-related
Dy, and Dyown bands characteristic for the clean Si(001) sur-
face [30] disappear, due to the formation of Si—O and Si-C o
bonds, which lie energetically below the bulk Si valence-band
edge. The corresponding antibonding ¢* combinations occur
above the Si conduction-band edge. No molecular electronic
states exist in the energy region of the Si fundamental gap. The
highest occupied and lowest unoccupied molecule states, Vi
and Cy, respectively, occur below and above the bulk valence
and conduction-band edges.

The situation is very different for the partially dative-
bonded model D. We find two prominent surface states, S
and S, in the energy region of the Si bulk band gap (cf.
Fig. 4a). At least within the DFT-GGA, which usually suf-
fers from an underestimation of excitation energies [31], these
two states give rise to a semimetallic band structure and pin
the Fermi level. The orbital character of S) is very similar
to the surface state localised at the “‘up’ dimer atom of the
clean Si(001) surface [30]. The dispersion of S| perpendicu-
lar to the dimer row direction is very small, whereas a large
dispersion is calculated for the direction parallel to the dimer
rows. The S, state is uracil derived. It is mainly formed by
non-bonding carbon and nitrogen p orbitals. Again, due to the
interaction between neighbouring molecules, a strong disper-
sion for the direction parallel to the dimer rows is predicted.
The electronic structure calculated for the D interface seems
to indicate one-dimensional metallic character, i.e. conductiv-
ity along the dimer row direction. From STM it is known that
the uracil molecules indeed form lines parallel to the Si dimer
rows [28]. There are, however, two possible orientations: the
molecules may either arrange in a (4 x 1) translational sym-
metry, or every second molecule can be rotated by 180°, form-
ing a (4 x 2) surface. The calculated total energies [27] show
that the latter case is energetically slightly preferred, by tenths
of an eV. The alternating arrangement of the uracil molecules
(and, consequently, hydrogen atoms) leads to a much reduced
energy dispersion of the S| and S, surface states and thus to
the opening of a small energy gap.

The ionisation energy (or photoelectric threshold) of a sur-
face is given by the energy difference between the vacuum
level and the valence-band maximum. It can be calculated
by combining bulk and surface calculations [32, 33]. The cal-
culations predict a drastic reduction of the ionisation energy
by more than two eV for the D interface model. After the
formation of covalent bonds, i.e. for the structure C, the ioni-
sation energy becomes closer to the value of the clean surface.
Clean Si(001) surfaces experience a reduction of the ionisa-
tion energy by about 0.35 eV upon exposure to atomic hydro-
gen. This is explained by the hydrogen-induced conversion
of tilted into untilted dimers, neutralising the electric dou-
ble layer formed by filled and empty Si dimer atom dangling
bonds [34]. The effect found here is much stronger and not
correlated to the tilting of the Si surface dimers. In order to ex-
plore the uracil-induced changes of the electronic structure in
more detail, the charge difference
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Ao(r) = ouysi(r) — osi(r) — ou(r) , D

was computed, where oy/s; is the (negative) electron density
calculated for the slab describing the uracil-adsorbed Si(001)
surface, gs; is that for the clean relaxed Si(001) surface and
ou is that for a gas-phase uracil molecule in the (possibly dis-
sociated) configuration assumed for the respective bonding
geometry. The positive and negative charge differences allow
us to calculate the average adsorption-induced dipole charge
Q* and the dipole length projected onto the surface normal,
d.,

0F = drao(r), )
Ao(r)20
1 1
d; = o+ f drAo(r)z— o- f drao(n)z. 3)
Ao(r)>0 Ao(r)<0

In order to determine the charge transferred parallel to the
surface normal, Qﬁc, and its separation, d,;, we start from the
charge difference averaged over the surface unit cell

1
AQ(Z)=AfdxdyAQ(r), 4)
A

and proceed in analogy to (2) and (3).

The calculated values for these quantities are compiled in
Table 1. Obviously, the overall uracil-induced charge transfer
is rather large, with Q% values of 5-8 electrons. This is sim-
ply due to the substantial rebonding processes taking place
upon molecule adsorption. For model C already about 50%
of the charge transfer is due to the breaking of Si dimers.
Only 1-3 electrons are transferred parallel to the surface nor-
mal, with a charge separation of 1.5-2.4 A (cf. Table 1). These
values are of similar magnitude to the ones calculated for the
Cs/GaAs interface [35]. The electrons forming the bonds be-
tween uracil and the substrate originate from the substrate
rather than from the molecule. There is even a slight accu-
mulation of additional charge at the adsorbed molecule, as
shown in Fig. 5 for the dative-bonded interface. This is plau-
sible, giving the high electronegativity of carbon (2.55), nitro-
gen (3.04) and oxygen (3.44) compared to the one of silicon
(1.9). However, the net electron transfer from the substrate
towards the molecule seemingly contradicts the calculated de-
crease of the ionisation energy by up to 2.4 eV. Rather, an
increase of the ionisation energy would be expected, such
as for example found upon chlorine adsorption on semicon-
ductor surfaces [34]. The apparent contradiction is due to
the dipole moments of the uracil molecules themselves, that
form the outermost layer of the adsorbate system. The uracil

d, dy10%] 10l p.=10%Ixd; Al
D —-0.6 24 4.8 1.3 —14.6 —24
C -05 —15 7.6 2.5 —-17.9 —0.5
TABLE 1 Dipole lengths d; and d)| (in A), dipole charges OF and O (in

e), dipole moment p, (in Debye) and changes of the ionisation energy A/ due
to uracil adsorption (in €V)
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FIGURE 5 Calculated electron density differences Ao(r) for the D inter-
face model of uracil adsorbed on Si(001). Green and orange isosurfaces for
+0.03 A3 indicate electron gain and loss. Data from [27]

dipole moment is mainly carbonyl group related, and there-
fore depends strongly on the specific tautomer. For gas-phase
molecules it may reach 7.5 Debye [36]. The molecular dipole
points away from the carbonyl groups and thus along the sur-
face normal in the adsorption configurations studied here.

Altogether, we find that the electronic properties of the
uracil/Si(001) interface depend strongly on the details of the
chemical bonding and adsorption geometry. Dative-bonded
interfaces are characterised by a high density of states in the
energy region of the fundamental gap and a very strong reduc-
tion of the ionisation energy. The formation of covalent bonds
at the interface accompanied by a transfer of protons from the
molecule to the semiconductor surface leads to an electroni-
cally passivated surface with an ionisation energy close to the
value of the clean surface.

The adsorption of uracil on Si(001) is an illustrative ex-
ample that highlights the impact of thin organic layers on
semiconductor surface properties. However, the adsorption
also strongly modifies the molecular electronic structure, even
if the functional groups bonding the molecule to the sub-
strate are well separated from the rest of the molecule. The
adsorption of 9,10-phenanthrenequinone (PQ, C140,Hs) on
Si(001) may serve as a prototypical process of such kind. It
was investigated by various experimental techniques probing
structural, electronic and optical properties of the adsorbed
layer [21, 37]. PQ has two highly reactive carbonyl groups that
realise the bonding to the surface as well as a delocalised 7
electron system that remains intact upon adsorption: in the
most favoured adsorption geometry PQ sits atop the Si dimer,
forming a [4 + 2]-cycloaddition product [22,38], as shown
in Fig. 6.

Hacker and Hamers [21] studied the optical anisotropy of
PQ adsorbed on Si(001) as a prototype for a m-conjugated
overlayer system. A pronounced anisotropy was found for a
photon energy of 5.2 eV and related to intramolecular w—7*
transitions. Detailed DFT-GGA calculations by Hermann et
al. [38] showed, however, that this feature is rather due to
adsorption-induced distortions of the substrate with contribu-
tions from both the adsorption-induced strain in the silicon
lattice and the formation of Si—O bonds. The intramolecu-

+ e \ /
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N

FIGURE 6 Proposed bonding mechanism for the chemisorption of 9,10-
phenanthrenequinone on Si(001)

i

lar optical transitions, instead, strongly change in magnitude
and energy position upon bonding to the Si(001) surface. In
order to study this effect in detail, Hermann et al. [22] consid-
ered a PQ + SipHy cluster, where PQ bonds via the carbonyl
groups to a hydrogen-saturated Si dimer. In the left-hand part
of Fig. 7 the energy shifts of the highest occupied (HOMO)
and lowest unoccupied (LUMO) orbitals when going from the
free PQ molecule to the PQ + SipHy cluster and the signifi-
cant changes of the most relevant gas-phase optical transitions
M2-MS5 to the admolecule transitions M1-M3 are illustrated.
The charge-density distributions of the orbitals involved in the
transitions M1-M3 are shown in the right-hand part of Fig. 7.
Upon bonding to the Si dimer, the PQ LUMO, which is mainly
the C=C double bond of the carbonyl groups’ C atoms, be-
comes populated and forms the new PQ + Si;Hys HOMO; the
PQ’s 7w and 7r* orbitals are shifted upwards and two new Si-Si
bond localised unoccupied states s; and s, show up. The tran-
sition M1 appears only due to formation of the new HOMO,
the transitions M2 and M3 are shifted in energy and M4 and
M35 disappear by losing almost all of their oscillator strength.
Although spatially decoupled, the interaction between the car-
bonyl groups and the molecular w-electron system leads to
strongly altered electronic and optical properties after adsorp-
tion on the substrate. The occurrence of strong changes in
the PQ molecular electronic structure has recently been con-
firmed by time-dependent density functional theory [39].

The examples discussed above highlight the strong mod-
ifications of both the semiconductor and the molecular elec-
tronic structure due to the chemisorption. Results obtained
for different adsorption configurations of the same molecular
species on Si suggest the tailoring of surface electronic prop-
erties by means of choosing suitable preparation conditions,
such as temperature, or by chemically protecting or activat-
ing specific molecular functional groups, thus controlling the
molecular bonding and orientation with respect to the sub-
strate. However, the changes of the molecular properties upon
attachment to the surface may be considerable.

3 Adsorption on metal surfaces

Similarly to the case of organic molecule adsorp-
tion on semiconductors, the interaction of simple unsatu-
rated hydrocarbons such as ethylene and benzene with metal
surfaces has been explained in terms of covalent-bond for-
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FIGURE 7 Left: shift of PQ orbitals and intramolecular transitions upon binding to SioHy cluster. Right: charge-density isosurface plots of occupied and

unoccupied orbitals involved in transitions M1-M3. Data from [22]

mation. The description of bonding in these systems was
originally developed by Dewar, Chatt and Duncanson (DCD
model) [40,41] and views the interaction in terms of a do-
nation of charge from the highest occupied 7 orbital into
the metal and a subsequent back-donation from filled metal
states into the lowest unoccupied 7* orbital. An alternative
description of bonding — yielding the same final charge dis-
tribution as predicted by the DCD model — is given by the
‘spin-uncoupling’ mechanism [42], where the bonding is de-
scribed as a bond preparation through excitation of w elec-
trons into the molecular 7* orbital, producing the molecular
state that can bond to the surface. The advantage of the latter
description is that it provides an estimate of the energy cost
of the rehybridisation required for adsorption and thus an in-
tuitive approach to the activation barrier. The spin-uncoupling
or DCD models have been shown to describe the adsorption of
a number of small unsaturated hydrocarbons fairly well [43].
The interaction between saturated hydrocarbons and metal
surfaces is less well understood. Woll et al. analysed in detail
the bonding of cyclopropane (C3Hg) on Cu(111) [44]. While
essentially no bonding was found on the Hartree—Fock level
of theory, a clear minimum of the potential energy curve was
obtained using Mgller—Plesset perturbation theory to second
order (MP2). This indicates the importance of dispersion-type
interactions. Also, some back-donation of charge from occu-
pied metal orbitals to empty C3Hg states of Rydberg character
was noticed. More recent MP2 calculations [45] on cyclo-
hexane (C¢Hj,) adsorbed on Cu(111) confirm the picture of
a balance between attractive dispersion forces and a repul-
sive Pauli barrier. In addition, some polarisation was noticed.
A strong electron sharing between the adsorbate and metal
surface was found for the adsorption of octane on Cu(110)
and Ni(110) [46]. Here the position of the metal d band with
respect to the energy of the hybrid molecular-metal states
was found to be important for the bond strength. It should be
mentioned, however, that the calculations in [46] to some ex-

tent rest on experimental input data — a comparison between
calculated and simulated X-ray adsorption spectra — and are
therefore not ab initio in a strict sense.

The interaction of larger and more complex organic
molecules with metal surfaces gives rise to fascinating phe-
nomena of molecular recognition and self-assembly (see e.g.
Fig. 2) that are basically not understood. Already the interac-
tion of single polyfunctional molecules with metal substrates
raises a number of interesting questions. The complex in-
terplay and mutual influence between the surface—molecule
bonds and intramolecular bonds found already for simple
hydrocarbons adsorbed on metals may be substantially en-
hanced by the existence of various functional groups [47-51].
Nevertheless, using the adsorption of adenine on Cu(110) as
an example, Preuss et al. [52] have recently shown that at least
in this case the interaction of a polyfunctional molecule with
a metal substrate can seemingly be rationalised in a simple
and intuitive picture. The adsorption of adenine on Cu(110) is
well characterised by STM, low-energy electron diffraction,
electron energy-loss spectroscopy as well as cluster calcula-
tions and serves as a case study for enantiomeric interactions
on solid surfaces [10, 11].

The full geometry optimisation starting with the adenine
molecule (Fig. 8a) lying flat above the Cu(110) surface with
a vertical distance of 2.0 A results in the structure schemat-
ically shown in Fig. 8b. The potential energy surface (PES,
Fig. 8c) shows significant structures. For adenine the copper
rows are separated by an energy barrier of about 0.5 eV, and
the most favourable bonding position is reached when the
amino-group nitrogen is directly above a copper atom. The
N-Cu bonding direction has an off-axis angle of 2.9° with re-
spect to the surface normal.

From Fig. 8b it can also be seen that the adsorbed ade-
nine molecule in equilibrium position is noticeably deformed
with respect to its nearly planar gas-phase structure [53, 54].
Upon bonding to Cu(110) the molecule assumes a strongly
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(a) Sketch of the adenine molecule and (b) the optimised adsorption geometry of adenine on Cu(110). Blue (dark grey, light grey, golden) spheres

correspond to N (C, H, Cu) atoms. (¢) The potential energy surface experienced by the adsorbed adenine molecule (blue/red indicate favourable /unfavourable
adsorption sites). The Cu positions of the surface unit cell are indicated. Data from [52]

tilted geometry with the amino group NH; bent by 17.7° and
the rest of the molecule [55] by 26.4° with respect to the
surface plane. In contrast to gas-phase adenine, the amino-
group nitrogen is nearly tetrahedrally coordinated with angles
ranging from 112.6° to 113.4°. This is typical for sp* hy-
bridised atoms. Indeed, the wave-function analysis for nitro-
gen indicates nearly sp® hybridisation (x; = 0.31, x,,, = 0.23,
Xp, = 0.22, . = 0.24). The computational results concern-
ing the molecule tilting agree with the interpretation of vi-
brational spectroscopy experiments [10]. There are also small
structural changes in the substrate: the Cu atom that bonds to
the amino group moves out of the surface plane by 0.15 A.

The calculated Cu-N distance of 2.32 A is consistent with
the bond lengths in organometallic Cu—N complexes [56] and
slightly larger than the length of 2.10-2.13 A reported for
the respective bond of glycine adsorbed on Cu(110) [57, 58].
It certainly exceeds, however, the sum of the covalent radii
of Cu and N of about 1.8 A. Therefore, the bond is un-
likely to be dominantly covalent. This is corroborated by the
wave-function analysis which shows no interface orbitals with
clear-cut bonding or antibonding character. Consistent with
the large Cu—N distance, a relatively small adsorption energy
of 0.34 eV was calculated. This seems to indicate physisorp-
tion rather than chemisorption. There are presently no experi-
mental data available on the adsorption energy. We expect,
however, the actual adsorption energy to be somewhat higher
than the value calculated here: the non-locality of the van der
Waals (vdW) or dispersive interaction between the electrons
cannot be captured using a local functional for the exchange
and correlation effects as done in the present DFT-GGA cal-
culations. We will come back to that issue below.

Preuss et al. [52] rationalised the bonding in terms of the
Coulomb interaction between molecule and substrate that are
treated as virtual subsystems. The dividing plane is placed
half-way between Cu and N atoms. The adsorption-induced
charge redistributions within the molecule and the substrate
are illustrated in Fig. 9a and b, respectively. The division
of the adsystem into subsystems allows for quantifying the

adsorption-induced charge transfer between molecule and
substrate as well as the charge redistribution of the molecule
and substrate. The electrostatic interactions between the
molecule and the substrate can thus be calculated from a se-
ries of multipole terms. Since the bonding of adenine on
Cu(110) is the result of a complex interplay between struc-
tural changes and charge transfer within the constituents, one
also has to bear in mind the deformation energies. They re-
duce the energy gain due to electrostatic interactions. This has
been pointed out already for various hydrocarbons adsorbed
on metal substrates; see e.g. [42,43]. In the equilibrium pos-
ition it costs about Egy,in = 0.65 €V strain energy to deform
the ideal constituents into the final bonding geometry. To-
gether with the electrostatic attraction of Ec = —1.23¢eV,
this results in a total energy gain upon adsorption of Ec +

a

FIGURE 9 Charge-density difference with regions of electron accumu-
lation/depletion displayed in blue/red illustrating the dipole accompanying
the structural changes of the molecule (a) and in the substrate (b)
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FIGURE 10 Negative adsorption energy (circles), strain energy (red trian-
gles), Coulomb energy (blue squares) and sum of the latter (green triangles
pointing down) for adenine adsorbed on Cu(110) as a function of the Cu-N
distance. The inset shows the negative adsorption energy compared to the
variation of the GGA exchange and correlation energy (yellow diamonds).
Solid lines are guides to the eye. Data from [52]

Erain = —0.58 eV. This value is of the same order of magni-
tude as the (negative) adsorption energy calculated from first
principles.

Figure 10 shows the reaction pathway of adsorption,
obtained by a series of constrained-dynamics calculations
with increasing molecule—substrate distance, together with
the aforementioned energy contributions. The reaction co-
ordinate corresponds to the Cu—N distance. If the molecule
approaches the surface from infinity, there is a very small
energy barrier that can easily be overcome at room tempera-
ture. Starting at about 5 A, the amino group and the metal
start to polarise each other, causing an attractive potential
the molecule is subject to. As seen in Fig. 10, the sum of
the attractive Coulomb interaction and the energy required
to deform the molecule and the substrate accounts surpris-
ingly well for the total (negative) adsorption energy until the
equilibrium bonding distance is reached. Obviously, the de-
scription of the chemical bonding in terms of such purely
classical contributions cannot capture the complete physics
of the interactions. This is illustrated in the inset of Fig. 10,
where the difference of the GGA exchange and correlation
energy relative to the isolated constituents is shown versus
the bonding distance. We find a repulsive energy contribu-
tion for bonding distances larger than 3.5 A and an attractive
interaction for smaller distances. The magnitude, however,
is clearly smaller than that of the Coulomb contribution dis-
cussed above. On the basis of the calculated charge-transfer
characteristics the bonding can thus be explained as resulting
from the combined effects of electrostatic and strain contribu-
tions. It seems very likely that the combination of attractive
image forces with repulsive deformation energies is charac-
teristic for many more organic molecules adsorbed on metal
surfaces. Thus a weak bond does not imply a weak interac-
tion, but a small resulting net energy gain, as also discussed by
Nilsson and Pettersson [43].

4 Adsorption on inert surfaces

Due to the very weak, mainly dispersive, interac-
tions between admolecules and substrate, molecular adsorp-

Applied Physics A — Materials Science & Processing

tion on inert surfaces provides an excellent model to probe
single molecules and intermolecular interactions. On the other
hand, the accurate description of the molecule—substrate inter-
actions is particularly challenging in this case. Charge transfer
and chemical bonds are, in most cases, well described within
DFT with either the local-density approximation (LDA) or
the GGA to account for the exchange and correlation (XC)
energy of the electrons. This does not hold for dispersion or
van der Waals (vdW) forces. Local (LDA) or semilocal XC
functionals (GGA) fail to correctly describe the non-classical
electronic interactions across regions of very sparse elec-
tron densities [59,60]. Such regions between, for example,
molecular layers and graphene sheets, enhance the relative
importance of vdW coupling for the adsorption. Its calcula-
tion from first principles requires the self-consistent evalua-
tion of the screening [61, 62], which — due to its non-locality
and energy dependence — exceeds the limits of what can
presently be handled numerically for complex systems, de-
spite encouraging attempts to employ models for the screen-
ing response [60, 63].

In order to study molecular adsorption on inert surfaces
computationally, a numerically tractable approach to estimate
the impact of dispersive interactions needs to be devised. Ort-
mann et al. [64] implemented a modified London dispersion
formula [65] to account for the vdW forces in DFT-GGA cal-
culations and applied this methodology to the adsorption of
adenine on graphite(0001) [6]. The adsorption of adenine on
graphite has been intensively investigated in the context of
the origin of life research: the self-assembly of DNA bases on
template surfaces is assumed to play an essential role for the
emergence of life under prebiotic conditions [66].

The London dispersion formula [65]

3 Ot,'Olein

EXVYr) =
i 0= "0 4

®)
approximates the vdW interaction within pairs of atomic con-
stituents 7, j from their respective polarisabilities & and ion-
isation energies / for large atomic distances r. In order to
avoid the r~% singularity, and because the short-range corre-
lations are already contained in the GGA, Ortmann et al. [64]
quenched the interaction for distances below the sum of the
covalent radii r;; of atoms i and j by using a cutoff function

8
f(r):l—exp|:—)»<r> :| .
r,j

The above description of the vdW interaction contains a sin-
gle fit parameter . This parameter is obtained once from the
requirement that f(r) EI.V/dW (r) leads to the measured graphite
c lattice constant, see Fig. 11. Graphite is a prominent ex-
ample highlighting the failure of GGA and LDA to account
for dispersive interactions. Its structural properties are for-
tuitously well described within LDA, even if the interlayer
binding energy is underestimated [67]. This underestimation
becomes critical within GGA that fails to account for the in-
terlayer binding [60, 68], see Fig. 11. The bonding between
the graphene sheets, however, is recovered when the vdW in-
teraction according to (5) and (6) is added to the XC energy
within the GGA, yielding a longitudinal optical phonon mode

(6)
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FIGURE 11 Bonding energy of graphene sheets in graphite calculated
within GGA and within GGA + vdW according to (5) and (6) for varying
sheet separations. The inset illustrates the rapid decay of the valence charge
density between the sheets as calculated with DFT-GGA. Contours are loga-
rithmically spaced from 2! to 275 A3

parallel to the [0001] direction with a frequency of 17.0 meV,
close to the experimental value of 15.6 meV [69]. Ortmann
et al. applied this simple scheme to a wide range of solids
and molecular systems with covalent, heteropolar and vdW
bonds [64]. These tests suggest the London dispersion for-
mula as a simple, but reasonably accurate tool to supplement
the GGA in systems that can be considered to be assembled
from single polarisable entities for interaction distances that
are clearly beyond covalent-bond lengths. Similar approxima-
tions were proposed by other authors; see e.g. [67, 70].

The corrugation of the PES experienced by adenine ad-
sorbed on graphite is small, but depends strongly on the
modelling of the dispersive forces: maximum values of 0.08
and 0.01 eV are obtained within GGA + vdW and GGA, re-
spectively. In the ground state, the molecule adapts a planar
geometry, parallel to the graphite surface. The deviations of
the molecular structure from the gas-phase geometry [53]
are negligible. The lateral position of the pyrimidine ring of
adsorbed adenine is reminiscent of Bernal’s AB stacking of
graphite (see inset of Fig. 15). The lateral position of the
molecule does not depend on the choice of the XC func-
tional; there is, however, a significant influence on the verti-
cal position. The substrate—-molecule separation amounts to
3.4 and 4.0 A within GGA 4+ vdW and GGA, respectively.
Atomic force microscopy [71] found the thickness of ade-
nine monolayers on graphite to be about 3 A, i.e. close to
the GGA + vdW result. The adsorption energy is 1.09 and
0.07 eV within GGA + vdW and GGA, respectively. Again,
the GGA + vdW value is close to the energy of 1.01 eV ex-
tracted from thermal desorption spectroscopy [72].

The adsorption energy is of similar magnitude as dis-
cussed above for adenine adsorbed on Cu(110). In this case,
the adsorption was traced back to the mutual polarisation of
molecule and substrate. As shown in Fig. 12, the adsorption
also causes some charge redistribution in the present case.
However, the electron transfer is three orders of magnitude
smaller than for adenine on copper. Since the orbitals of the
heterocyclic molecule are more easily polarised than the de-
localised graphite electronic states, the charge redistribution
mainly occurs within the molecule. Moreover, it basically oc-
curs within the molecular plane, i.e. it does not lead to a net

FIGURE 12 Calculated electron density changes upon adenine adsorptlon
on graphite. Isodensity surfaces for electron gain/loss of +2 x 1075 A=3 are
shown in blue/red. Data from [6]

force along the surface normal. For that reason the mutual
polarisation of molecule and graphite makes no noticeable
contribution to the molecule—surface attraction.

Are weak covalent interactions responsible for the ade-
nine—graphene bonding? We compared the orbital energies of
adsorbed and gas-phase molecules. Indeed, we find some in-
stances of small energy shifts. The most pronounced example
is shown in Fig. 13: the molecular and graphite 7 orbitals
about 7 eV below the graphite Fermi energy rehybridise to
form the bonding and antibonding combinations shown in
Fig. 14. The rehybridisation-related charge-density changes
are extremely small. This is also reflected in the small en-
ergy changes of the orbitals. The splitting amounts to 0.3 eV
only. Moreover, because both bonding and antibonding com-
binations are occupied, the rehybridisation does not lead to an
energy gain. Rather, it acts as a repulsive Pauli barrier.

What causes the attractive molecule—substrate interaction
despite a vanishing ionic contribution and a repulsive Pauli
barrier? For adenine adsorbed on Cu, the XC effects in the
electronic system were found to lower the adsystem energy by
nearly 0.4 eV compared to the isolated systems, see Fig. 10.
In that case it is only a minor contribution to the bonding. In
order to study the influence of similar effects for adenine ad-
sorbed on graphite, the XC energy for the isolated and bonded
systems for different molecule—graphene distances was cal-
culated. Indeed, a distinctly stabilising effect due to the XC
energy of the inhomogeneous electron gas within the GGA
and the GGA + vdW is observed, see Fig. 15. Moreover, the
total bonding energy for distances beyond the equilibrium
bonding distance, where the Pauli barrier becomes noticeable,
follows remarkably closely the XC energy of the adenine—
graphene electron gas in the GGA + vdW case. A close in-
spection of the XC and total-energy curves in Fig. 15 shows,
however, that the XC energy is not the only cause of attrac-
tion: somewhat beyond the equilibrium bonding distances,
the relative GGA/GGA + vdW XC energy is higher than the
corresponding relative total energy. Analysing the remaining
contributions to the energy functional shows that the kinetic
energy calculated from the single-particle Kohn—Sham or-
bitals of the adsystem is lower than that of non-interacting
adenine and graphene, due to the delocalisation of the elec-
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FIGURE 13 Calculated molecular energy levels
of gas-phase adenine (left), the graphite surface
projected bulk band structure (right) and selected
energy levels of the adsorbed molecule (middle).
Data from [6]
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FIGURE 14 Isodensity surfaces illustrating (a) the molecular (blue/red
107%/=5 A=3) and (b) graphite 7 states (1076 A=3) that hybridise to form
the (c¢) bonding and (d) antibonding combinations s and s*, respectively
(blue/red 10-%/~3 A=3). See Fig. 13
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FIGURE 15 Relative total (black triangles), XC (red squares) and kinetic
energy (of the Kohn—Sham particles; blue diamonds) of adenine adsorbed on

graphene calculated as a function of the molecule—surface distance. The inset
shows the lateral equilibrium position of adenine on graphite. Data from [6]
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tronic wave functions. For distances around the respective
equilibrium bonding position, however, electron XC effects
are clearly responsible for the attraction: the kinetic energy of
the valence electrons behaves repulsively.

While dispersive forces are obviously the dominant cause
of adsorption for adenine adsorbed on graphite, they may also
play an important role in instances of molecular adsorption
where chemical interactions dominate: the magnitude of the
vdW coupling calculated above is suitable to explain, for ex-
ample, the discrepancy between the calculated small adsorp-
tion energy for adenine adsorbed on Cu(110) (see Sect. 3) and
the thermal stability of this adsystem [11].

5 Conclusions and outlook

Using a few prototypical examples, some import-
ant aspects of molecule interactions with solid substrates were
highlighted in this brief review.

A variety of surface reactions like nucleophilic/electro-
philic, pericyclic and dissociative bonding schemes may
occur during organic reactions with semiconductor surfaces.
Often they pass through a dative-bonded precursor state. The
diversity of these reactions is determined by thermodynam-
ics and kinetics. It allows — in conjunction with the large
variety of properties that can be realised with tailor-made
molecules — for tuning the semiconductor surface functional-
ity over an extremely wide range. This requires us, however,
to accurately control competition and selectivity in the surface
reactions. In addition, the structural and electronic properties
of surface-bonded molecules may deviate substantially from
their behaviour in gas phase.

In addition to covalent attachment schemes, mutual polari-
sation and image forces play a decisive role for the attachment
of organic molecules to metal surfaces. Even in the absence of
covalent interactions, strong charge redistribution within the
molecule accompanied by structural distortions and charge
transfer across the interface can occur. Thus, a weak bond-
ing does not necessarily imply a weak interaction, but may as
well result from a subtle balance between bonding forces and
repulsive strain interactions.
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Dispersive forces between organic molecules and chem-
ically inert surfaces can lead to relatively large adsorption
energies in excess of 1 eV. Combined with the repulsive Pauli
interaction between substrate and molecule, energy barriers of
up to one-tenth of an eV may hinder the lateral movement of
the molecules. This comes close to the strength of intermo-
lecular hydrogen bonds. There is thus a noticeable influence
of the substrate on the molecular mobility. This needs to be
taken into account when one extracts molecular interaction
parameters from surface-adsorbed species.

The examples discussed here — the adsorption of uracil and
phenanthrenequinone on Si(001) as well as the adsorption of
adenine on copper and graphite — show the large amount of
detailed information about the substrate—molecule interaction
that can nowadays be obtained from first-principles calcula-
tions. The unveiling of this information, however, is only the
first step towards understanding and predicting the complex
and multifarious interplay of forces leading to such beautiful
structures as shown in Fig. 2.
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