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A key element of functionalizing nanocrystals with organic molecules is the nontemplated selective
adsorption of different molecules on different facets. Here we report scanning-tunneling-microscopy
images of perylene-3,4,9,10-tetracarboxylic-dianhydride and 2,5-dimethyl-N,N0-dicyanoquinonediimine
on silver, demonstrating selective adsorption on different facets. We also report first-principles calcu-
lations that account for the data and show that bonding, which controls selectivity, occurs via the end
atoms, while the molecule’s midregion arches away from the substrate. The results are also consistent with
data that have been interpreted in terms of bonding via the midregion.
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Many nanocrystal applications require adsorption of
organic molecules [1–6]. Controlled selective adsorption
of different molecules on different facets would enhance
significantly the design of functionality [7–9]. As a result,
the adsorption of organic molecules on crystal surfaces has
been investigated extensively, leading to several conclu-
sions about bonding mechanisms [10–13]. A prototype
system is perylene-3,4,9,10-tetracarboxylic-dianhydride
(PTCDA), which forms an ordered monolayer on
Ag(111) surfaces [13,14]. PTCDA consists of seven ben-
zene rings with H terminators at the long sides and O
terminators at the short sides [Fig. 2(a)]. Experimental
data and theoretical calculations have led to the conclusion
that PTCDA and similar molecules bond to the substrate
primarily via the midregion �-electron system [15–20].

In this Letter, we report the results of experiments that
were designed to probe the selective adsorption of PTCDA
and 2,5-dimethyl-N,N0-dicyanoquinonediimine (DMe-
DCNQI) on (111) and (221) facets of a single Ag(775)
substrate. We show that, upon annealing, PTCDA adsorbs
preferentially on the (111) facet, while DMe-DCNQI ad-
sorbs preferentially on the (221) facet. By varying the
relative amounts, the sequence of deposition, and anneal-
ing, it is possible to get each molecule to form an ordered
structure exclusively on its preferred facet. We also report
first-principles density-functional calculations of PTCDA,
DMe-DCNQI, and other similar molecules on facets with
varying terrace widths and step heights. We find that the
binding energy of PTCDA is larger on the flat (111) facet,
whereas the binding energy of DMe-DCNQI is larger on
the stepped (221) facet, in agreement with observations.
The results of the calculations elucidate the bonding
mechanisms and lead to simple rules that govern the se-

lective adsorption. In all cases, bonding occurs through
only the end atoms, while the midregion benzene rings
arch away from the substrate (if the end O are removed,
the molecule flattens and stabilizes at a larger molecule-
substrate distance). By the same token, the availability of a
step of appropriate height may enhance the bonding by
lifting one end and flattening the molecule, but only if
the terrace is wide enough to accommodate the length of
the molecule. These results contrast with the conclusions
reached in prior work that aromatic molecules bond to the
substrate primarily through their midregion �-electron
system [15–20]. We reexamine the evidence that led to
those conclusions and show that it can be reinterpreted in
terms of the new results.

Experiments were carried out on a Ag(775) substrate,
which displays two distinct types of facets, flat (111) facets
and stepped (221) facets. The substrate was oriented by a
Laue back-reflection pattern and polished. It was subse-
quently cleaned by cycles of Ar� sputtering for 20 min at
500 eV and annealed up to 700 K in the UHV chamber.
Crystallographic order and cleanliness of the substrate
were checked by low energy electron diffraction (LEED)
and x-ray photoelectron spectroscopy. The molecules were
deposited in an ultrahigh-vacuum chamber outfitted with a
molecular beam epitaxy and low energy electron diffrac-
tion analytical capabilities. Two different sequences were
executed. First, PTCDA was deposited at room tempera-
ture. Molecules were adsorbed on both facets, but LEED
analysis revealed an ordered structure on only the (221)
facet. Subsequent deposition of DMe-DCNQI led to a
disappearance of the ordered structure. Finally, annealing
at 330 K resulted in only PTCDA on the (111) facets, with
a mixture of both molecules on the (221) facets. Scanning-
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tunneling-microscopy (STM) images are shown in
Fig. 1(a). By controlling the total quantity of each depos-
ited molecule, it was possible to get PTCDA exclusively on
(111) facets and DMe-DCNQI exclusively on (221) facets.
In the second sequence, the molecules were deposited in
the reverse order. First, DMe-DCNQI was deposited at
room temperature, but no ordered structures were found
by LEED. PTCDA was deposited next, and the system was
annealed at 340 K. The final result was ordered monolayers
of PTCDA exclusively on (111) facets and DMe-DCNQI
exclusively on (221) facets [Figs. 1(b)–1(g)]. LEED analy-
sis at different energies confirmed the ordered structures on
the two facets. In a final experiment, only DMe-DCNQI
was deposited, and the sample was annealed at 318 K. The
molecule adsorbed exclusively on (221) terraces
[Figs. 1(h) and 1(i)].

Theoretical calculations were based on density-
functional theory, the Perdew-Wang exchange-correlation
functional with generalized-gradient corrections [21], ul-

trasoft pseudopotentials [22], and plane waves, as imple-
mented in the VASP code [23,24]. Supercells containing six
Ag layers and 1.2 nm of vacuum were used. Bonding
configurations were investigated for high coverage,
namely, two molecules per 4� 8 surface Ag atoms, and
a lower coverage, namely, one molecule per 4� 7 surface
Ag atoms. An energy cutoff of 400 eV was used after
convergence tests showed it to be adequate. The use of a
higher cutoff of 500 eV for selected cases confirmed con-
vergence for bonding configurations, in particular, the
presence of arching. Each molecule was placed on the
surface, and all atoms except for the bottom two Ag layers
were relaxed until the net force on every atom was smaller
than 0:02 eV= �A.

Results for PTCDA and DMe-DCNQI are shown in
Figs. 2(a) and 2(b). After relaxation, ordered PTCDA
molecules are at right angles as in the image of Fig. 1(g)
(ordered layers at other angles are at higher energies at T �
0 K). In addition, PTCDA binds more strongly on the (111)
facet over the (221) facet (0.54 versus 0.22 eV); DMe-
DCNQI forms even stronger bonds on either of the facets,
with a small preference for the stepped (221) facet (1.46
versus 1.36 eV). The calculated binding energies are con-
sistent with and account for the STM data. The small
binding energy of PTCDA plays a role in the molecules’
ability to migrate and form ordered structures at room
temperature, while the same is not true for DMe-DCNQI,
as observed. Indeed, when DMe-DCNQI is deposited first,
it does not form ordered structures. When it is deposited
second, it disorders the previously deposited PTCDA
layers. Annealing at elevated temperatures, however, al-
lows both molecules to migrate and sample the two types
of facets. It is clear from the data that, when PTCDA is
available in sufficient quantities, it dominates the (111)
facets because of the larger energy gain. The small differ-
ence between the DMe-DCNQI binding energies on (111)
and (221) facets, only 0.1 eV, is comparable to the numeri-
cal uncertainty of the calculations, but it appears to be real.
At the experimental temperatures, close to room tempera-
ture, the preference for the (221) facet is e4 or close to 1:60,
which is consistent with the data.

In order to probe the bonding mechanisms that control
selectivity, we obtained equilibrium configurations for
DMe-DCNQI on varying terrace widths and step heights,
shown in Fig. 2(b). PTCDA is too large for such calcula-
tions. Instead, we studied NTCDA, which is the same as
PTCDA, but with only four instead of seven benzene rings.
The results of Fig. 2 and similar results for NTCDA, show
clearly that bonding occurs via the end atoms, with the
benzene-ring cores always arching away from the sub-
strate. This tendency is exploited at stepped edges, where
bonding is enhanced. It is found that bonding is maximal
for a terrace that is four atoms wide and a single-atom step.
Making the step higher than a monolayer or the terrace
wider than four atoms does not help (in addition, molecules
do not like to straddle the step and have the step poking at

FIG. 1 (color online). STM images of PTCDA and DMe-
DCNQI on a Ag(775) substrate. (a) 30 nm� 30 nm image of
DMe-DCNQI and PTCDA, evaporating PTCDA first. The mole-
cules are coadsorbed on (221) facets, while (111) facets are
covered with PTCDA molecules (oval). (b) 50 nm� 50 nm
image of DMe-DCNQI and PTCDA, evaporating DMe-
DCNQI first. DMe-DCNQI adsorbed on the (221) facet (dark
arrow), while PTCDA adsorbed on the (111) facet (gray arrow).
Uncovered (111) areas are visible (triangular frame).
(c) 30 nm� 30 nm image of DMe-DCNQI=Ag�221� and
PTCDA=Ag�111�. (d) 6 nm� 6 nm image of DMe-DCNQI on
Ag(221). (e) Schematic structure of DMe-DCNQI=Ag�221�
superimposed on the STM image (orientation determined from
the STM image). (f) 6 nm� 6 nm image of PTCDA on
Ag(111). (g) Schematic structure of PTCDA=Ag�111� super-
imposed on the STM image (orientation determined from the
STM image). (h),(i) Images (20 nm� 20 nm and 30 nm�
30 nm, respectively) of only DMe-DCNQI evaporated, shown
adsorbed only on Ag(221) facets [light (yellow) arrows];
Ag(111) facets are bare (black arrows). The tunneling current
is 0.1 nA and the sample bias is 0.8 V for all the STM images.
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their midregion). Indeed, note that a DMe-DCNQI mole-
cule fits comfortably on the (221) terrace width and gets
extra bonding on the step edge, explaining the slight pref-
erence for the stepped facet. In contrast, the longer PTCDA
molecule does not fit on the terrace width and turns side-
ways, with its H terminators alongside the step edge lifting
that side of the molecule up somewhat, but the O termi-
nators cannot reach the step for extra bonding. Instead,
bonding is weakened by the presence of the step. It is clear
that the binding energy would be enhanced if the terrace
were wider and the molecule could fit longwise with the O
terminators of one end bonding to the step edge, as in the
case of DMe-DCNQI in Fig. 2(b). Indeed, unlike PTCDA,
which turns sidewise on the narrow (221) terraces, NTCDA
bonds longwise, taking advantage of the step. The trend is
confirmed by results for even wider terraces on (332)
facets, where the three end O atoms bond strongly to the
step.

Our conclusion that bonding is through the end O or N
atoms, while the midregion is repelled by the substrate
contrasts with conclusions reached in a series of papers
[15–20] that bonding is primarily via the benzene-ring �
electrons. We will now show that all the data used in
Refs. [15–20] are consistent with our theoretical results.
In Ref. [20], it was found that the near-edge peak in the
carbon K x-ray absorption spectrum of a monolayer of
PTCDA molecules splits into two peaks in a thick film.
This result was interpreted in terms of midregion C atoms
bonding to the substrate [18–20]. We calculated C K x-ray
absorption spectra in the ‘‘Z� 1 approximation’’ [25–27]
of an adsorbed PTCDA monolayer and a molecular crystal
of PTCDA and found excellent agreement with the experi-
mental spectra (Fig. 3), demonstrating that the data do not
constitute evidence for midregion bonding.

In Ref. [17], it was shown that four Raman modes, which
in free molecules correspond to breathing of the midregion
C rings, are significantly enhanced in PTCDA adsorbed on
silver. The authors suggested that the enhancement implies
midregion bonding and, hence, charge transfer to the
molecule, with the electromagnetic field driving the result-
ing dipole and the midregion Raman modes. Our calcula-

tions have shown that bonding occurs through the end
atoms. We also find that charge transfer to the adsorbed
molecule is negligible (Fig. 4). Nevertheless, the Ag-O-C
bonds do have a nonzero dipole (simply because the posi-
tive and negative charges do not have identical distribu-
tions), whereby the midregion Raman modes can be driven
by charge-pumping action through the Ag-O-C bonds.
Thus, using the same qualitative reasoning employed in
Ref. [17], we conclude that our results are equally consis-
tent with the Raman data.

In a recent Letter [19], new experimental data and
theoretical calculations on adsorbed PTCDA molecules
were reported. The theoretical results were subsequently
found to be artifacts of certain approximations [28,29]. In
revised results [29], the authors find negligible charge
transfer in the midregion, eliminating the original argu-
ment [19] in favor of midregion bonding. In Ref. [19],
‘‘coherent distances’’ of O and C atoms from the surface
were extracted from the data. We calculated coherent
distances and found that the O values are in excellent
agreement with the values extracted from experimental
data in Ref. [19]. The theoretical values for C reflect
arching and range from 3.2 to 3.6 Å, in contrast to the
single value of 2.86 Å extracted from the data in Ref. [19].
We note, however, that in Fig. 2 of Ref. [19] the C spectrum
has a relatively flat top, which is indicative of a range of C

FIG. 3 (color online). Experimental C K-edge x-ray absorption
spectra (black lines) of (a) monolayer and (b) thick-film PTCDA
on Ag(111). Theoretical spectra [light (red) lines] of (a) mono-
layer and (b) molecular crystal.

FIG. 2 (color online). Optimized con-
figurations of (a) PTCDA and (b) DMe-
DCNQI on the Ag(111) surface and on
various stepped surfaces. Binding ener-
gies are indicated.
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distances, consistent with the arching found in our calcu-
lations. It is clear that the data need to be reanalyzed by
assuming arching, more specifically to check if the pre-
dicted C distances, which at this point appear somewhat
large, are in fact consistent with the data. We close by
noting that our theoretical results differ in detail from those
of Refs. [28,29]. The methods of those Letters are based on
specific choices of localized basis sets. The present results
are fully converged with respect to the number of basis
functions. We tested configurations for flat molecules on
fixed substrates, similar to those described in Refs. [28,29],
and found that they are generally metastable, �0:2 eV
higher in energy than the arched configuration. Relaxa-
tion of both the molecule and the substrate enhances arch-
ing. Recent results [30] on NTCDA adsorption on Ag(110)
surfaces are consistent with our conclusions.

In conclusion, we have demonstrated that organic mole-
cules bond preferentially to different facets of an Ag sub-
strate and that the controlling factors are the relative
lengths of the molecules, terrace widths, and the heights
of step edges. Molecules with O or N at the ends bond to
the substrate via these end atoms, while midregion benzene
rings do not contribute to bonding. A step edge at one end
of the molecule strengthens bonding. We expect that these
results can form a framework for the design of nontem-
plated selective functionalization of nanocrystals.
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FIG. 4 (color online). Spherically integrated valence electron
density around different Ag atoms as a function of the integra-
tion radius. Ag atoms in the bulk (black line) and at the surface
below the PTCDA midregion [light (cyan) line] are shown. The
dotted line indicates the number of valence electrons in a neutral
Ag atom.
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