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S
elf-assembled monolayers (SAMs) are
an indispensable playground of surface
science and physical chemistry of inter-

faces as well as an important element of
modern nanotechnology.1�3 Numerous ap-
plications of these systems rely on the
flexible molecular design of their constitu-
ents involving, in its turn, a suitable combi-
nation of characteristic building blocks,
such as a tail group, molecular backbone,
and headgroup. Among different kinds of
SAMs, monolayers of thiols and disulfides
on coinage metal substrates are probably
the most frequently used ones because of
their robustness, ease of preparation, and
reasonable stability.3,4 The thiolate head-
group emerging upon adsorption of thiols
and disulfides provides sufficiently strong
but flexible anchoring to the substrate,
enabling efficient lateral diffusion of the
adsorbed molecules to form highly ordered
2Dassemblies. Anoticeably stronger, covalent-
like binding can result in the inhibition of

the lateral mobility and poor structural
perfection as it, for example, happens in
siloxane-based SAMs on SiOx, whereas a
weaker anchoring is associated with a lim-
ited stability.5

Along with the strength of the head-
group�substrate bond, the corrugation of
the binding energy surface for the given
headgroup/substrate combination, that is, a
two-dimensional energetic landscape of
the substrate seen by the headgroups, is
of importance.1 In case of a strong corruga-
tion, as occurs for thiolate-based SAMs on
Au(111),1,4,6�8 the molecular lattice be-
comes pinned to the structural template
provided by the substrate, which can result
in reduced packing density1,4,6�8 and/or in
limited structural perfection9�13 if the opti-
mal molecular arrangement does not fit the
substrate structure. In contrast, a weak cor-
rugation of the binding energy surface al-
lows formation of optimal molecular lattices,
mediated, to a significant extent, by the
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ABSTRACT Selenolate is considered as an alternative to thiolate to serve

as a headgroup mediating the formation of self-assembled monolayers (SAMs)

on coinage metal substrates. There are, however, ongoing vivid discussions

regarding the advantages and disadvantages of these anchor groups,

regarding, in particular, the energetics of the headgroup�substrate interface

and their efficiency in terms of charge transport/transfer. Here we introduce a

well-defined model system of 6-cyanonaphthalene-2-thiolate and -selenolate

SAMs on Au(111) to resolve these controversies. The exact structural arrange-

ments in both types of SAMs are somewhat different, suggesting a better SAM-building ability in the case of selenolates. At the same time, both types of

SAMs have similar packing densities and molecular orientations. This permitted reliable competitive exchange and ion-beam-induced desorption

experiments which provided unequivocal evidence for a stronger bonding of selenolates to the substrate as compared to the thiolates. Regardless of this

difference, the dynamic charge transfer properties of the thiolate- and selenolate-based adsorbates were found to be nearly identical, as determined by the

core�hole�clock approach, which is explained by a redistribution of electron density along the molecular framework, compensating the difference in the

substrate�headgroup bond strength.
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backbone�backbone interactions as this happens in
alkanethiolate SAMs onAg(111).1,4,14,15 A further param-
eter associated with a particular headgroup�substrate
combination is the bending potential which enters the
balance of structural forces, affecting the packing
density and molecular orientation.16�19

Apart from the structural effects, charge transport
properties ofmolecular anchors are important because
they define the electronic coupling of the SAM con-
stituents to the (conductive) substrate. A good cou-
pling is favorable for applications in molecular and
organic electronics.20,21 In the former case, this guar-
antees an efficient and rapid charge transfer between
the functional molecule and the bottom electrode. In
the latter case, this improves the conductivity of the
buffer SAM film, improving the overall device perfor-
mance. In addition, the docking chemistry at the
substrate side of the SAM affects the level alignment
at the metal�organic interface.22

In view of the above aspects, optimization of the
headgroup seems to be a promising way to tune the
structural and electronic properties of SAMs. Among
other options, the use of elements with the same
valence electron configurations as sulfur, such as its
homologues in the 16th group of the periodic table,
seems to be a reasonable choice for SAMs on coinage
metal substrates. Accordingly, the suitable candidates
are selenium and tellurium, with a clear preference for
the former element in view of the limited stability of
tellurium-based monolayers.23 Along these lines, a
variety of aliphatic and aromatic SAMs with the selenol
headgroup have been prepared on Au(111) and Ag(111)
substrates and studied to different extents.19,24�45 The
quality of these SAMswas inmost cases comparable or
even superior to that of the monolayers prepared from
the thiol analogues. The latterwas particularly the case for
the aromatic SAMs on Au(111), including those with the
phenyl, biphenyl, and anthracene backbone.35,37,40�42,44

For thesemonolayers, a significant improvement of the
quality in terms of the structural perfection, domain
size, and long-range order was observed. This was
explained by the ability of the selenolates to adjust
the surface lattice of the substrate to the most
favorable 2D arrangement of the SAM-building
molecules35,40,44 or, alternatively, by a smaller corruga-
tion of the binding energy surface for selenolates on
Au(111) as compared to that for thiolates.37,41,40,44

In spite of the general agreement regarding the
quality improvement upon the use of selenium instead
of sulfur as the headgroup, there is still a controversy
regarding the strength of the headgroup�substrate
bond for the thiol-based and selenol-based SAMs
on Au(111). The selenium�gold bond was considered
as both stronger25,27,28,35,46 and weaker24,37 than the
sulfur�gold one. These controversial conclusions were
derived on the basis of different experiments, using
different test systems which were characterized to a

limited extent only or/and were not equivalent. In
particular, the conclusion regarding the comparably
weaker selenium�gold bond was based on the results
of thermal desorption spectroscopy experiments on
benzenethiolate and benzeneselenolate SAMs which
have rather different packing densities and quality.37 A
further controversial point is the conductance of the
selenium�gold bond. According to some reports,
thiolate-based molecules have a lower barrier to tun-
neling and therefore a higher conductance than their
selenolate-based analogues.47 At the same time, ac-
cording to other reports, the electronic conductance of
selenium-based aromatic molecules is comparable to
that of their sulfur analogues.22 Finally, there are
several studies which claim that the charge injection
barrier is lower for the gold�selenium bond than for
the gold�sulfur bond,48 and the electronic conduc-
tance of selenium-based molecules is significantly
higher than that of their sulfur analogues.49�51 The
above discrepancies can be related to differences in
the test systems used for the respective experimental
studies and theoretical simulations (e.g., aliphatic47 or
aromatic49,50 ones) but also to certain limitations of the
standard experimental approaches used to measure
conductance in molecular assemblies. These limita-
tions include an uncertainty regarding the number of
molecules involved in the charge transport and quality
of the top contact, that is, the electrical contact to the
tail group of the molecules (the bottom contact is
mediated by the headgroup and provided usually by
the metal substrate).
In the present work, we try to clarify the above-

mentioned controversies using model systems based
on 6-cyanonaphthalene-2-thiolate and -selenolate
(NC-NapS and NC-NapSe, respectively; see Figure 1
for the starting materials) immobilized on Au(111) as
SAMs. Both systems were characterized extensively
by a combination of complementary spectroscopic
and microscopic techniques, demonstrating the high

Figure 1. Molecules used in this study along with their
acronyms. During the formation of the monolayers, the
proton and the acetyl group, respectively, become cleaved
off, so that the adsorbed molecules can be assigned as
NC-NapS and NC-NapSe.
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quality of themonolayers and providing a reliable basis
for further dedicated experiments. Of particular im-
portance were comparable packing densities and
molecular orientations in both studied systems, which,
in our opinion, are indispensable prerequisites for
reliable comparison of these systems regarding bond
strength and transport properties. The issue of the
bond strength was addressed by exchange experi-
ments and static secondary ion mass spectroscopy
(S-SIMS). The question of the charge transport proper-
tieswas pursuedby resonantAuger electron spectroscopy
(RAES) within the core�hole�clock (CHC) approach.
This contact-free method allows monitoring of charge
transfer (CT) dynamics on the femtosecond time scale
following a resonant excitation of a core-level electron
at a specific functional group to a bound state above
the Fermi level of the substrate.52�55 Such a dynamic is
an important phenomenon on its own but is also a
numerical fingerprint for the electrical transport prop-
erties of a particular molecule adsorbed on the solid
support, relying on the inverse relation between the
characteristic CT time and the current in a molecular
junction. Significantly, the use of the CHC approach
solves the problem of the top contact, along with the
controversy regarding the amount of involved moi-
eties since the results are representative of individual
molecules. As a suitable functional group, serving as
starting point of CT through the molecular framework
to the substrate, the nitrile group (�CtN) was utilized,
following the positive experience of our previous
studies.56�59 This was the major reason to use nitrile-
substituted naphthalenes instead of nonsubstituted
ones. A further reason was a presumed positive impact
of the nitrile group on the long-range order in the
monolayers. According to the literature, the order in
the SAMs of nonsubstituted naphthalene-2-thiol is
either poor60 or only local.61,62 Finally, following a re-
cently developed approach,63,64 the nitrile group
served as a suitable spectroscopic marker to unam-
biguously determine molecular orientation in the sys-
tems studied.

RESULTS AND DISCUSSION

General Comments. The NC-NapS and NC-NapSe films
were prepared at room (RT) and elevated (60 �C)
temperature. All experiments were performed on the
samples prepared at 60 �C because of their superior
quality, as will be shown in the next section. The
structure and molecular organization in the films were
studied by scanning tunnelingmicroscopy (STM), high-
resolution X-ray photoelectron spectroscopy (HRXPS),
ellipsometry, infrared reflection absorption spectros-
copy (IRRAS), and angle-resolved near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy.
Specific questions were addressed by RAES, S-SIMS,
and dedicated exchange experiments as described in
the previous section.

Scanning Tunneling Microscopy. Representative STM
data obtained for the NC-NapS SAMs are presented
in Figure 2. The images in Figure 2a,b, obtained from
large areas, allow comparison of the overall morphol-
ogy of the samples prepared at RT and 60 �C. In
contrast to the rough and very defective surface
observed for the sample prepared at RT (Figure 2a),
the samples prepared at the elevated temperature
show a distinct molecular structure with domains
in the range of ∼20�40 nm (Figure 2b). At higher
resolutions, thesewell-ordered domains exhibit a char-
acteristic stripe pattern strictly following the Æ112æ
high-symmetry directions of the underlying Au(111)
substrate (Figure 2c). The representative molecular
resolution image shown in Figure 2d reveals that the
NC-NapS SAMs form a high-density structure with a
comparably large unit cell. The average dimensions of

Figure 2. STM images taken with different resolutions for
the NC-NapS SAMs on Au(111) prepared at room tempera-
ture (a) and at 60 �C (b�d). Height profiles A and B are
taken along the lines depicted in (d); the profiles with
the vertical scale included are presented in Figure S5a in
the Supporting Information. The red box in (d) marks the
oblique (2

√
3 �

√
37) unit cell schematically presented in

(e). In (f), the 2D herringbone arrangement of the naphtha-
lene molecules within the (001) plane of the naphthalene
single crystal is shown, along with the respective rectangu-
lar unit cell (in yellow). A similar structural motif can be
found in the STM images of the NC-NapS SAMs, as shownby
the yellow rectangle in (e). The dimensions of this motif, as
determined by STM, are presented in (g) for direct compar-
ison with (f).
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this unit cell are a = 1.03 ( 0.04 nm and b = 1.78 (
0.05 nm, as determined from the appropriate height
profiles A and B in Figure 2d. Such a unit cell can be
described as an oblique (2

√
3�√

37) structure, which
is commensurate with the Au(111) substrate and has
cell vectors of 1.00 and 1.75 nm length, respectively.
With sixmolecules per unit cell, themolecular footprint
for this structure amounts to 0.239 nm2. A schematic
cartoon with the possible herringbone arrangement of
the NC-NapS molecules in this structure is shown in
Figure 2e (for the sake of clarity, individual molecules
are either presented as a phenyl ring or as a gray or
black circle).

The above 2D arrangement can be compared with
the crystal structure of the parent compound, naphtha-
lene. It is well-known that naphthalene crystallizes in a
monoclinic lattice with layered structure.65 Figure 2f
shows schematically the arrangement of molecules
within the layers that correspond to the (001) planes.
The naphthalene molecules adopt a herringbone
structure with a rectangular unit cell (yellow rectangle),
the shorter side of which is 0.595 nm, while its diagonal
equals 1.11 nm. A similar rectangle can also be fitted
into the motif of the oblique (2

√
3 � √

37) structure
shown in Figure 2e, with the dimensions of the shorter
side and diagonal equal to 0.584 and 0.998 nm, re-
spectively (see Figure 2g). This comparison proposes
that the arrangement of NC-NapS molecules on the
Au(111) surface within the (2

√
3 � √

37) lattice has a
certain similarity to the packing motif along the (001)
plane in crystalline naphthalene.

A compilation of analogous STM data collected for
the NC-NapSe monolayers on the Au(111) substrate
is presented in Figure 3. As in the NC-NapS case,
NC-NapSe SAMs prepared at RT are defective and
unordered (Figure 3a), while the preparation at 60 �C
results in extended ordered structures (Figure 3b). At
higher resolution, these SAMs reveal well-defined do-
mains, which, at first sight, have a similarly striped
structure and similar dimensions (20�40nm, Figure 3c)
as those in the NC-NapS monolayers obtained as 60 �C
(Figure 2c). However, in the NC-NapSe case, the stripes
run along the Æ110æ high-symmetry directions of the
Au(111) substrate, in contrast to the Æ112æ directions
observed for the NC-NapS SAMs. A representative
molecular resolution image shown in Figure 3d reveals
that the NC-NapSe monolayers form a densely packed
structurewith a comparably small, rectangular unit cell.
The average dimensions of this unit cell, a = 0.61 (
0.03 nm and b = 0.75 ( 0.05 nm, marked in the char-
acteristic cross sections A and B in Figure 3d, are very
close to the rectangular (2 � 1.5

√
3) structure of the

nonreconstructed substrate, with cell dimensions of
0.58 nm � 0.75 nm, corresponding to a molecular
footprint of 0.215 nm2 (∼11% less than the value
for NC-NapS/Au). Thus, presumably, the structure
of the NC-NapSe monolayer mimics that of the

nonreconstructed substrate, even though the basic
(2 � 1.5

√
3)rect unit cell is incommensurate with the

substrate. As commensurate entity, a double unit cell, a
(2 � 3

√
3)rect structure, can be considered strictly

within the Wood's notation. Regardless of this formal-
ity, the observed packing motif is simple and has a
strong similarity to the molecular arrangement within
the (001) plane of crystalline naphthalene, as shown in
the cartoons in Figure 3f,g.

High-Resolution X-ray Photoelectron Spectroscopy. C 1s, N
1s, S 2p, and Se 3d HRXP spectra of the NC-NapS and
NC-NapSe films prepared at 60 �C are presented in
Figure 4. They go in line with the formation of well-
defined SAMs. Indeed, the S 2p spectrum of NC-NapS/
Au in Figure 4d exhibits a distinct S 2p3/2,1/2 doublet at
a binding energy (BE) position of ∼162.0 eV (S 2p3/2)
with no traces of atomic sulfur, disulfide, unbound

Figure 3. STM images taken with different resolutions for
the NC-NapSe SAMs on Au(111) prepared at room tempera-
ture (a) and at 60 �C (b�d). Height profiles A and B are
taken along the lines depicted in (d); the profiles with the
vertical scale included are presented in Figure S5b in
the Supporting Information. The red box in (d) marks the
rectangular (2� 1.5

√
3) unit cell schematically presented in

(e). In (f), 2D herringbone arrangement of naphthalene
molecules within the (001) plane of the naphthalene single
crystal is shown, along with the respective rectangular unit
cell (in yellow). A similar structural motif can be found in the
STM images of the NC-NapSe SAMs, as shown by the yellow
rectangle in (e). The dimensions of thismotif, as determined
by STM, are presented in (g) for direct comparison with (f).
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thiol, or oxidized species. This BE value corresponds to
the thiolate species bound to noblemetal surfaces,66�68

which suggests that basically all molecules in the
NC-NapS films were anchored to the substrate via a
thiolate�goldbond, as shouldbe thecase forwell-defined
SAMs. Similarly, the Se 3d spectrum of NC-NapSe/Au in
Figure 4e exhibits a sole Se 3d5/2,3/2 doublet at a BE
position of ∼54.25 eV (Se 3d5/2) characteristic of the
selenolate species bound tonoblemetal surfaces.34,35,39,68

Thismeans that basically allmolecules in theNC-NapSe
films were anchored to the substrate via a selenolate�
gold bond, forming well-defined SAMs.

The C 1s spectra of the NC-NapS and NC-NapSe
monolayers in Figure 4a,b exhibit an intense emis-
sion at a BE of 284.15 eV (1) accompanied by a weak
shoulder at higher BE (285.65 eV) (2). The intense
emission can be assigned to the naphthalene back-
bone, while the high BE shoulder can be mainly
associated with the nitrile carbon, similar to the case
of nitrile-substitutedoligophenylenes andoligo(phenylene
ethynylene)s.64,69 In accordancewith the above assign-
ment, the relative intensity of the shoulder decreases
with increasing photon energy as follows from com-
parison of Figure 4a,b. This happens because the larger
inelastic mean free path at higher kinetic electron
energies favors photoemission from the backbone
(inner part of the sample) compared to that from the
tail group (outer surface of the sample). This decrease is
stronger for NC-NapSe/Au than for NC-NapS/Au, which
is presumably related to an admixture of a weak signal

from a minor contamination (CO) to the shoulder, with
a somewhat higher contribution for NC-NapS/Au. In
addition, there is a low-intensity feature at 288.3 eV (3),
related presumably to another minor contamination
such as COOH. The contamination was most likely
located at the SAM�substrate interface since its rela-
tive weight increased with increasing kinetic energy of
the photoelectrons.

The N 1s spectra of the NC-NapS and NC-NapSe
SAMs in Figure 4c exhibit a single N 1s emission at a
BE of 398.5 eV. This emission can be assigned to the
nitrogen atom of the nitrile group, similar to the
analogous systems.58,64,69 The presence of the single
emission only suggests the same chemical state and
locationwithin the SAMs for all nitrile groups. In view of
the given attachment geometry (see the discussion
regarding the S 2p and Se 3d HRXP spectra), all nitrile
groups are exclusively located at the SAM�ambience
interface.

Apart from the above analysis of the HRXP spectra,
characteristic intensity relations were considered. In
particular, the C 1s/Au 4f intensity ratio for the
NC-NapSe SAMs was found to be slightly higher than
that for the NC-NapS monolayers at both excitation
energies used (350 and 580 eV). Accordingly, the
effective thickness of the former films (∼1.17 nm),
calculated within the standard approach,70,71 was
found to be slightly (by ∼11%) larger than that of the
latter films (∼1.05 nm). This suggests a slightly higher
packing density of the NC-NapSe SAMs as compared to
the NC-NapS monolayers, in full agreement with the
STM data which give a similar difference in the molec-
ular footprint betweenNC-NapSe/Au andNC-NapS/Au.
Significantly, the thickness values are very close to
the lengths of the NapS and NC-NapSe precursors
(1.12 and 1.14 nm, respectively), implying dense mo-
lecular packing in the monolayers, once more, in
agreement with the STM data.

Ellipsometry and Infrared Reflection Absorption Spectroscopy.
TheHRXPS resultswere verified byellipsometry. Accord-
ingly, the thicknesses of the NC-NapS and NC-NapSe
films were estimated at 1.03( 0.08 and 1.19( 0.04 nm,
respectively. These values agree well with the effective
thicknesses derived on the basis of the HRXPS data,
corroborating the reliability of the results.

The films were further characterized by IRRAS. In
Figure 5, experimental and calculated spectra of the
NC-NapS and NC-NapSe species and the respective
SAMs are compiled. The assignment of the bands to
certain vibrationalmodes (see Table S1 in the Supporting
Information) was performed with the help of calculated
spectra of isolated nitrile-substituted naphthalenethiol
and -selenoacetate molecules. The IRRA spectra of the
NC-NapS and NC-NapSe films confirm formation of well-
defined monolayers. In particular, for the NC-NapSe
film, the absence of bands related to the acetate
moiety (2 and 5) indicates that this group has been

Figure 4. C 1s (a,b), N 1s (c), S 2p (d), and Se 3d (e) HRXP
spectra of the NC-NapS and NC-NapSe SAMs. The C 1s
spectra are decomposed in individual emissions, viz. main
peak (1; blue line), high BE shoulder (2; olive line), and a low-
intensity feature (3; gray line). The photon energies are
given in the panels.
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cleaved off upon the formation of a gold�selenolate
bond, as has been expected.41 Significantly, for both
NC-NapS and NC-NapSe films, bands with out-of-plane
transition dipole moments (TDMs; 7 and 8) are clearly
attenuated in comparison to bands with TDMs parallel
to the CtN bond axis (1, 3, 4, 6). In view of the surface
selection rule for metal substrates,72 this behavior
leads to the assumption that the aromatic backbones
of the NC-NapS and NC-NapSe molecules are oriented
predominantly perpendicular to the substrate surface,
corresponding to the entire upright orientation of the
SAM constituents.

Note that the intensities of the CtN stretch bands
(1) in the IRRA spectra of NC-NapSe/Au are slightly
larger than that in the spectra of NC-NapS/Au. This can
be caused either by a somewhat more upright orienta-
tion of the NC-NapSe molecules or by a higher surface
coverage, which is presumably the case in view of the
STM, HRXPS, and ellipsometry data. As for the exact
molecular orientation, it could be better addressed by
NEXAFS spectroscopy, as will be described in the next
section.

Near-Edge X-ray Absorption Fine Structure Spectroscopy.
The C K-edge NEXAFS spectra of the NC-NapS and
NC-NapSe SAMs are presented in Figure 6a. This figure
compiles the spectra acquired at an X-ray incidence

angle of 55� as well as the difference between the
spectra acquired at X-ray incidence angles of 90 and
20�. The angle of 55� is the so-called magic angle of
X-ray incidence; at this orientation, the spectrum is not
affected by any effects related to molecular orienta-
tion and is therefore exclusively representative of the
chemical identity of investigated samples.73 In con-
trast, the difference of the NEXAFS spectra acquired at
normal (90�) and grazing (20�) angles of X-ray inci-
dence is a fingerprint of the linear dichroism and, thus,
representative of the molecular orientation and orien-
tational order in the system studied.

The spectra in Figure 6a exhibit a variety of over-
lapping absorption resonances in the pre-edge area
and in the vicinity of the absorption edge. To distin-
guish between individual resonances, this region is
presented separately in Figure 6b, along with the
spectra of two reference systems, that is, SAMs of
nonsubstituted naphthalene-2-thiol (NapS) and nitrile-
substituted biphenylthiol (NC-BPT)63,64 onAu(111). The
spectrum of the NC-BPT film exhibits typical features
of poly-p-phenylenes,73�76 π1* (1), π2* (2), and σ1* (3)
resonances of the phenyl rings at 285.0, 288.5, and
292.9 eV, respectively, along with the double π* reso-
nance at 286.0 and 286.7 eV (4 and 5) associated with
the terminal benzonitrile moiety.58,64,69 The dominant
π1* resonance splits into two contributions (1a and 1b),
at 284.65 and 285.4 eV, when passing from the
NC-BPT to NapS monolayer. Such a splitting is typical
for acenes75,77�80 and is explained by the chemical
shift of the two symmetry-independent carbon
atoms.78 Apart from this splitting and the lack of the
benzonitrile-related resonances (4 and 5), the spec-
trum of the NapS film mimics that of the NC-BPT SAM,
exhibiting the same resonances (2 and 3), along with a
R*/C�S* resonance at 286.8 eV. In accordance with the
molecular structure, the spectra of the NC-NapS and
NC-NapSe SAMs exhibit resonances characteristic of
both nonsubstituted naphthalene (1a, 1b, 2, and 3)
and benzonitrile (4 and 5). Distinct differences are a
renormalization of the relative intensities of the 1a and
1b resonances and an increase in the relative intensity
of the major benzonitrile-related feature (5). These
changes can be tentatively explained by the conjuga-
tion between the π* systems of the nitrile moiety and
naphthalene backbone, resulting in a redistribution of
the electron density and, subsequently, in changes in the
oscillator strengths of the involved electronic transitions.

The N K-edge NEXAFS spectra of the NC-NapS and
NC-NapSe SAMs are presented in Figure 6c. These
spectra are dominated by a double π* resonance at
∼398.8 and∼399.7 eV, accompanied by aweak feature
at∼401.7 eV (presumably π4* of nitrile)

81,82 and several
hardly perceptible σ* resonances at higher PEs. The
doubleπ* resonance is characteristic of benzonitrile and
observed for the gas phase,82 molecular solid,81 and
monomolecular films containing this moiety.58,64,69

Figure 5. IR spectra for NC-NapSH/NC-NapS (a) and
NC-NapSeAc/NC-NapSe (b). The upper traces represent cal-
culated spectra of the isolated molecules using DFT; the
middle traces show the spectra of the neat substances
(NC-NapSH and NC-NapSeAc); in the lower traces, the IRRA
spectra of the NC-NapS and NC-NapSe SAMs on Au are
displayed. The theoretical spectraare scaled inarbitraryunits;
the scale bars for the absorbance of the experimental spectra
are given in the figure. Themost important vibrational bands
are designated with numbers. See text for details.
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The appearance of this resonance is related to the
conjugation between the π* orbitals of the nitrile
group and the adjacent phenyl ring. As a result, the
degeneration of the π(CtN*) orbital is lifted and it
splits into two orbitals with distinctly different energies
(in contrast to nitrile-substituted alkanethiols where
the energies are quite close),56,57,59 which are oriented

either perpendicular (lower PE; π1*) or parallel (higher
PE; π3*) to the plane of the adjacent ring,81,82 as
schematically shown in Figure 6d. The comparably
lower intensity of the π1* resonance can be explained
by the delocalization of the respective orbital over the
entire benzonitrile moiety, whereas π3* is exclusively
localized at the nitrile group.

Figure 6. C (a,b) and N (c) K-edge NEXAFS spectra of the NC-NapS and NC-NapSe SAMs acquired at an X-ray incident angle of
55� (black solid curves), along with the respective difference between the spectra collected under normal (90�) and grazing
(20�) incidence geometry (gray solid curves in a and c). The horizontal dashed lines correspond to zero. In (b), the region of the
π* resonances is presented, and the spectra of several reference systems such as NapS and NC-BPT SAMs are given for
comparison. Individual resonances in b and c aremarked, in b by numbers; see text for details. The vertical dashed lines are
guides for the eye. (d) Schematic drawing of the orientation of the NC-NapS and NC-NapSe molecules in the respective
SAMs. The πnap* orbitals of the naphthalene backbone (black) and the π1* orbital of the nitrile group (green) are parallel
to each other and perpendicular to the molecular plane; the respective transition dipole moment TDMπ is shown as a
violet arrow; its orientation is given by the angle R. The π3* orbital of the nitrile group (blue) is parallel to the molecular
plane. The backbone tilt angle β and twist angle γ describe the molecular orientation. At γ = 0, TDMπ lies in the plane
spanned by the z- and the molecular axis (red dashed line). Black, green, and blue are used to color-code the respective
resonances in b and c.
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The C and N K-edge NEXAFS spectra of NC-NapS
and NC-NapSe SAMs exhibit pronounced linear dichro-
ism as follows from the respective difference curves
in Figure 6a,c. Considering that the TDMs associated
with the dominant π* resonances are oriented perpen-
dicular to the molecular axis, the positive sign of the
respective difference peaks suggests an upright orien-
tation of the molecules in the SAMs. This qualitative
conclusion goes in line with the one drawn from the IR
spectra of these films (see above). While a quantitative
evaluation of the IR datawas not possible, the entire set
of NEXAFS spectra could be processed self-consistently
to obtain exact twist and tilt angles. Within this
procedure, performed within the standard theoretical
framework for vector type molecular orbitals,73,76 the
average tilt angles of the most dominant π* orbitals of
the naphthalene backbone (1a and 1b, see Figure 6b)
and the nitrile moiety (π1* and π3*, see Figure 6c) were
derived. They are compiled in Table 1, along with the
analogous value for the reference NapS SAMs. A sche-
matic drawing of the target molecules, along with the
relevant molecular orbitals and angles, is presented in
Figure 6d.

Based on the derived angle values for the NC-NapS
and NC-NapSe SAMs, average tilt and twist angles for
the molecular backbones in these monolayers were
determined with the following equations

cos(R1) ¼ sin(β)cos(γ) (1)

cos(R3) ¼ sin(β)cos(π=2 � γ) (2)

and

cos(Rnap) ¼ sin(β)cos(γ) (3)

within the established evaluation procedure.63,64,69

Note that the determination of both tilt and twist of
the naphthalene backbones in the target SAMs was
only possible due to the attachment of the nitrile tail
groups to these backbones and alignment of the
orthogonal π1* and π3* orbitals of this groups with
the πnap* orbitals. Without this dedicated tail group,
only the average orientation of the TDMπ* can be
determined. The molecular tilt can then only be

evaluated within an assumption regarding the value
of the twist angle. Such an assumption, even though
reasonable (e.g., based on the data for the respective
bulk systems or indirect data by other techniques),17 is
of course inferior to the direct determination of the
twist angle, as in the present case.

The derived tilt and twist values for NC-NapS and
NC-NapSe SAMs are compiled in Table 1. Significantly,
the tilt angles calculated from the systemof eqs 1 and 2
are very close to the analogous values calculated from
eq 3. This underlines the reliability of the approach;in
view of the fact that the above calculations were based
on the independently determined values for the dif-
ferent building blocks of the target molecules, that is,
the naphthalene backbone and nitrile group. Accord-
ing to Table 1, the average tilt and twist angles of the
molecular backbones in the NC-NapS and NC-NapSe
SAMs are very similar, being ∼41 and ∼53�, respec-
tively. Note that the values of the tilt angles are in
accordance with the attenuation of the out-of-plane
bands in the IRRA spectra of the SAMs (see above).

The relatively high tilt can be a consequence of the
dipole�dipole interaction between the nitrile tail
groups at the SAM�ambience interface. Minimization
of this unfavorable interaction can be achieved by the
tilting of the nitrile groups,83,84 along with the rigidly
bound naphthalene backbones. Note that the non-
symmetrical attachment of these backbones to the
thiolate and selenolate headgroups provides an addi-
tional rotational degree of freedom for the naphthalene
unit,62 similar to the case of anthracene-substituted
alkanethiolates.80 This permits an easy adoption of the
most suitable orientation of the molecular backbones,
depending on the balance of the structure�building
interactions.

In agreement with the above hypothesis, the aver-
age tilt angle of theπ* orbital in theNapSmonolayers is
larger than those in the NC-NapS and NC-NapSe SAMs
(see Table 1). This suggests a smaller molecular inclina-
tion, even at the same twist angle as for the nitrile-
substituted films. At a lower twist angle, such as for the
respective bulk material (25�), the molecular inclina-
tion is even smaller, being 22�, which is very close to
the analogous value for the bulk naphthalene (20.5�).

Exchange Experiments. To compare the relative stabi-
lity of the S�Au(111) and Se�Au(111) bonds, ex-
change experiments were performed by incubation
of the NC-NapS or NC-NapSe SAMs formed at 60 �C in
ethanolic solution of hexadecanethiol (HDT) (see Meth-
ods for details). The progress of the exchange reaction
was monitored by the advancing water contact angle
(WCA) goniometry. The respective data obtained for the
NC-NapS and NC-NapSemonolayers are summarized in
Figure 7a. TheWCA values for the freshly prepared films
(i.e., at an incubation time of 0 h) are identical (∼50�)
within themeasurements precision and characteristic of
hydrophilic surfaces, as can be expected.

TABLE 1. Average Tilt Angles of the πnap* (1 and 2) and

π1,3*(NC) Orbitals Derived from the Numerical Evaluation

of the NEXAFS Data for the NC-NapS, NC-NapSe, and

NapS SAMs and the Average Molecular Tilt and Twist

Angles of the Molecular Backbone (Error Bars Can Be

Estimated at (3�)

average angles/system NC-NapS NC-NapSe NapS

π* orbitals (naphthalene) � Rnap 68� 67� 71�
π1* orbital (NC) � R1 66� 67�
π3* orbital (NC) � R3 57� 57�
twist angle (γ) from R1 and R3 52� 54�
molecular tilt (β) from R1 and R3 43� 42�
molecular tilt (β) from Rnap and γ(R1,R3) 38� 41�
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The analysis of the WCA values as functions of the
incubation time in the HDT solution shows drastic
differences between the NC-NapS and NC-NapSe
SAMs. Whereas, in the former case, WCA is gradually
changing from its initial value of 50� toward the value
of about 110�, which is very close to theWCAmeasured
for freshly prepared HDT/Au(111) (112�), only a small
change (to ∼55�) is observed for the selenolate SAM.
The respective change in themolecular composition as
a function of the incubation time in the HDT solution
was calculated on the basis of the Cassie law85

cosθC ¼ fAcosθA þ fBcosθB; fA þ fB ¼ 1 (4)

which describes the effective contact angle valueθC for
a surface covered by fractions fA and fB of the materials
A and B, the neat surfaces of which would expose
contact angle values of θA and θB, respectively. The
result of the calculations, based on the data shown in
Figure 7a, is presented in Figure 7b. As shown in this
figure, there is a nearly complete (∼95%) exchange
reaction between the HDT molecules in solution and
the NC-NapS moieties on Au(111). In contrast, an
analogous analysis for the NC-NapSe SAMs yields an
extent of exchange of only ∼10% during the entire
reaction time (120 h). This suggests that only the defect
sites in the original film were involved before the
reaction was apparently terminated, presumably due
to the high stability of the densely packed selenolate�
SAM structure.

Secondary Ion Mass Spectrometry. Another technique,
which recently proved to be extremely powerful for the
determination of relative stabilities of headgroup�
substrate bonds, is static SIMS (S-SIMS).86 As documented

in Figure S6 in the Supporting Information, both
negative and positive ion mass spectra of the NC-NapS
and the NC-NapSe SAMs were recorded. These spectra
exhibit secondary ion signals typical of SAMs on gold,
that is, sulfur(selenium)�gold clusters (having the
general form of [AuxS(Se)y]

�), different molecular frag-
ments, and metal�molecule clusters. To gain informa-
tion related to the molecule�substrate interface
stability, we have focused on analyzing in detail the
signals of the positive ions associated with the com-
plete molecules ([M]þ = [NC-NapS(Se)]þ) and the de-
sulfurized (or deselenized) fragments ([M � S(Se)]þ =
[NC-Nap]þ) emitted as a result of the ion-impact-
induced breaking of the Au�S(Se) and S(Se)�C bonds,
respectively (see the schematic cartoon in Figure 8).
The relative intensities of these particular ions as well
as of the related ions resulting from removing or
attaching a single H atom are presented in Figure 8.
The comparison of these data shows that, whereas the
ion-induced desorption of the complete molecule is
much more efficient for the NC-NapS as compared to
the NC-NapSe SAMs, the opposite relation occurs for
the desorption of the desulfurized and deselenized
fragments, with a noticeably lower extent in the
NC-NapS case.

Resonant Auger Electron Spectroscopy. As mentioned in
the introduction, the issue of electronic conductance in
the NC-NapS and NC-NapSe SAMs was tested by RAES

Figure 7. WCA (a) and relative surface coverage of the
NC-NapS(Se) molecules (b) derived in the course of the ex-
change reaction between the NC-NapS (blue) or NC-NapSe
(red) SAMs on Au(111) and HDT molecules in solution. The
lines are guides for the eyes. See text for details.

Figure 8. S-SIMS data analysis. (a) Normalized signal of
the [M þ H]þ, [M]þ, and [M � H]þ secondary ions related
to the desorption of the complete molecules for NC-NapS/
Au(111) (blue bars) and NC-NapSe/Au(111) (red bars) SAMs.
(b) Analogous data for the secondary ions related to the
desorption of desulfurized fragments from NC-NapS/
Au(111), viz. [(M � S) þ H]þ, [M � S]þ, and [(M � S) � H]þ

(red bars) as well as deselenized fragments from NC-NapSe/
Au(111), viz. [(M� Se)þH]þ, [M� Se]þ, and [(M� Se)�H]þ

(blue bars).
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at the N K-edge within the CHC approach. As shown by
the HRXPS and NEXAFS data, the nitrile groups were
exclusively located at the SAM�ambience interface,
being electronically connected to the substrate through
the molecular framework. Thus, the CT pathway to the
substrate at the resonant excitation of the nitrile group
waswell-defined. However, such a CT could only occur if
it is energetically allowed. For efficient electron trans-
port, the energy of the π* resonantly excited electron at
the nitrile group should be positive with respect to the
Fermi level of the substrate. Accordingly, the π* reso-
nance excitation energy should behigher than the BE of
the respective core electron. Luckily, in the case of the
NC-NapS and NC-NapSe SAMs, this condition is well
fulfilled for both π1* and π3* orbitals, the excitation
energies of which (∼399.7 and∼398.8 eV, respectively)
are higher than that of the N 1s BE (398.5 eV). Thus, tail
group-to-substrate transfer of the resonantly excited
electron is energetically allowed for both [N 1s]π1* and
[N 1s]π3* excitations.

As shown and described in Figure 9a, the decay of
these excitations can occur in three possible ways if
radiative decay is neglected. These include, first and
foremost, so-called participator (P) and spectator (SP)
scenarios, resulting in final states with either one hole
in the region of the occupied valence (OV) states,
corresponding to the P process, or two holes in the
OV states but an additional electron in the unoccupied
valence (UV) states, which gives in integral one hole per
excited atom and corresponds to the SP process.
Additionally, CT of the excited electron to the conduc-
tion band (CB) of the substrate can occur, followed by
the standard Auger decay. This route leads to the final
state with two holes in OV, which is nearly identical
to the final state of the Auger decay in the case of
nonresonant excitation, apart from subtle effects like
alignment of the core hole or difference in vibrational
fine structure.87 Since all above final states are differ-
ent, also in the terms of charge, the features related to
the respective scenarios can be distinguished in the
joint RAE spectrum as far as the target group is clearly
defined and the resonant excitation does not interfere
too much with the contributions from other processes
(e.g., photoemission) or other functional groups within
the molecule.

An important point is that, generally, one cannot
distinguish between CT to the substrate, through the
molecular backbone, and CT to the backbone only in
the CHC experiments involving a resonantly excitable
tail group. Indeed, in both cases, the excited electron is
not located any more at the terminal nitrile group,
leading to the electronic configuration, which is nearly
identical to the final state of the Auger decay in the
case of nonresonant excitation. However, for CT to
the backbone only, no dependence on the length of
the backbone can be expected, which is not the case
for both aliphatic and aromatic SAMs with the nitrile

substitution.57,58 This suggests that we indeed deal
with the CT to the substrate, supported also by the
energetic considerations (see above).

[N 1s]π1* and [N 1s]π3* RAE spectra of the NC-NapS
and NC-NapSe SAMs along with their reproductions by
the linear combination of the purely resonant (P and SP)
and nonresonant (CT) contributions are presented
in Figure 9b,c, respectively. The purely resonant con-
tributions were measured using a reference nitrile-
substituted terphenylthiol (NC-TPT) monolayer on
Au(111). This molecule has the same benzonitrile
functional group as the NC-NapS and NC-NapSe moi-
eties but is too long to have a perceptible CT contribu-
tion in the RAE spectrum.58 The RAE spectra of the
NC-NapS andNC-NapSe SAMs exhibit both participator
and spectator contributions, with a very low spectral
weight of the former component in the [N 1s]π3* case.
These spectra are very similar to the analogous spectra
of other benzonitrile-terminatedmonomolecular films,
which were analyzed in detail elsewhere.58,64,69

Analysis of the [N 1s]π1* RAE spectra in Figure 9b
suggests that they contain considerable contributions
from the CT route, represented as an admixture of the
nonresonant spectrum to the pure resonant curves.
Reconstruction of the RAE spectra by a linear combina-
tion of the nonresonant and pure resonant line shapes
reproduces the experimental curves quite fairly, giving
the identical portions of the nonresonant features
(∼21%), representative of CT, for both the NC-NapS
and NC-NapSe SAMs. Based on these values, we can
apply themain formula of the CHC approach, τCT= τcore
(1� PCT)/PCT, where τcore is the known lifetime of inner
shell vacancy (6.4 fs for N 1s)88 and PCT is the relative
intensity of the post-CT portion in the total decay
spectrum.52�55,89 Accordingly, the derived τCT for both
NC-NapS andNC-NapSe SAMs is 24( 4 fs. As expected,
this characteristic time is longer than the analogous
value for the monolayers of nitrile-substituted phenyl-
thiolates (NC-PT; 9 ( 3 fs)58 but smaller than the value
for the SAMs of NC-BPT (29( 6 fs).58 Most important is
the fact that τCT is practically identical for the NC-NapS
and NC-NapSe SAMs, differing by either thiolate or
selenolate binding to the substrate.

In contrast to the [N 1s]π1* data, the [N 1s]π3* RAE
spectra of the NC-NapS and NC-NapSe SAMs, pre-
sented in Figure 9c, do not exhibit any perceptible
admixture of the nonresonant line shape. These spec-
tra are practically identical to the properly scaled pure
resonant spectra. Presumably, the characteristic CT
time following the [N 1s]π3* excitation in the NC-NapS
and NC-NapSe SAMs is much longer (more than
120�150 fs) than the N 1s core hole lifetime and is
therefore not resolvable within the applied CHC
scheme. Note that the analogous situation occurs for
the NC-BPT SAMs, as well, and, consequently, is under-
standable in the case of the naphthalene backbone.
Note also that the distinctly different τCT for the
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[N 1s]π1* and [N 1s]π3* excitations are a common
phenomenon in benzonitrile-substituted monolayers.58

This difference was explained by the different conjuga-
tions of the relevant molecular orbitals.58 As mentioned
above, the π1* orbital is strongly conjugated with the π*
system of the adjacent phenyl ring, which makes the
electron transport along the molecular backbone more
efficient. In contrast, the π3* orbital is almost exclusively
located at the nitrile group,which canbeassociatedwith
a longer CT pathway and an additional injection barrier.

DISCUSSION

We start the discussion with a summary of the basic
characterization data for both systems studied, which

is a critical step to give credibility to the stability and CT
dynamics experiments. When looking at the effect of
the SfSe headgroup substitution on the stability and
transport properties of SAMs, it is not sufficient to use
just the S- and Se-based molecular analogues, as it is
fulfilled in a variety of previous publications37,41,47,51

and also in the present case, but it needs also to be
ensured that the respective SAMs formed by these
analogues have similar structure and packing density,
so that the relative stability and conductance data can
be exclusively related to the SAM�Au(111) interface
modification.
In the framework of these basic requirements, our

STM analysis demonstrates that the NC-NapS and

Figure 9. (a) Scheme of core excitation/de-excitation routes for the nitrile group in the NC-NapS and NC-NapSe SAMs in the
framework of RAES (1). This group is considered to be weakly coupled to a continuum (e.g., substrate conduction band, CB),
with IS, OV, and UV denoting inner shell (here N 1s) and occupied and unoccupied 2s- and 2p-derived valence levels, respectively.
Filled and hollow circles represent electrons and holes, respectively, with red and blue color-code corresponding to IS andOV/UV,
respectively. Shallow core holes as theN 1s decay nearly exclusively by an Auger process; that is, an electron fromOV fills the hole
(gray arrow), and a second electron carrying the excess energy is emitted (orange arrow). Upon the resonant excitation of an IS
electron (black arrow in 1) into a bound state (UV), the excited electron can either takepart in this decay process (participator, P) or
“watch” it as a spectator (SP). Both P and SP processes lead to characteristic final states with effectively one hole in the valence
region. Alternatively, CT of the excited electron to CB canoccur (brown arrow), leading to the same final statewith two holes inOV
as the nonresonant Auger process (2), such as the excitation of an IS electron into a continuum state (black arrow in 2) followed by
the emission of anOVelectron. [N 1s]π1* (b) and [N 1s]π3* (c) RAE spectra of theNC-NapS andNC-NapSe SAMs (open circles) along
with their reproductions (red solid lines in b) by the linear combinationof thepurely resonant (bluedashed lines) andnonresonant
(black dotted lines in b) contributions. P and SP features are marked. The derived τCT values are given. The experimental and
resonant spectra are almost identical in c, so that the nonresonant contribution is too small to be perceptible.
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NC-NapSe SAMs prepared on Au(111) at slightly ele-
vated solution temperature (60 �C) exhibit well-
ordered oblique (2

√
3 � √

37) and rectangular (2 �
1.5

√
3) molecular arrangements, respectively. Impor-

tantly, both structures are characterized by similar
(within ∼10%) packing densities. These conclusions,
based on the “local” STM analysis, are fully consistent
with the results obtained by “large area” techniques,
such as ellipsometry, IRRAS, XPS, and NEXAFS spec-
troscopy, which show similar effective film thicknesses
(∼10.5 and ∼11.7 Å) as well as basically identical
average tilt (∼41�) and twist (∼53�) angles of themolec-
ular backbones for the both types of SAMs. Such con-
sistency of the data obtained from the local and global
techniques is crucial at this point because all further
analysis of the stability and transport properties of these
SAMs is based on the global techniques which sample a
large area, averaging over possible structural defects.
Despite similar packing densities, the STM analysis

of the NC-NapS and NC-NapSe SAMs on Au(111) also
shows important structural differences. It can be as-
sumed that, in analogy to similar systems,41 the mol-
ecules in these SAMs adopt a structure which mimics
the characteristic herringbone arrangement known
for crystalline naphthalene. For the NC-NapSe SAM, a
simple rectangular (2 � 1.5

√
3) unit cell, involving

three different adsorption sites, was observed (see
Figure 3e), which, within the precision of our STM
measurements, corresponds directly to the molecular
arrangement within the (001) plane of crystalline
naphthalene. Formation of such a simple structure,
close to that of crystalline naphthalene, implies that
the NC-NapSe molecules are capable of achieving an
optimal, single-crystal-like molecular arrangement
even at the comparatively stronger interaction with
the substrate. A distinctly different situation occurs in
the case of the NC-NapS SAMs. Here, a somewhat
larger, oblique (2

√
3 � √

37) unit cell is observed,
which is fully commensurate with the Au(111) sub-
strate but is much more complex, exhibiting up to six
different adsorption sites. As indicated in Figure 2e, it is
still possible to fit the motif found within the (001)
plane of crystalline naphthalene into the oblique
(2
√
3 � √

37) cell but only relying on the average
distances between the molecules inside this complex
structure. These observations indicate that the inter-
molecular interactions in the NC-NapS SAMs are infer-
ior to the molecule�substrate interface energetics, so
that the structural template provided by the substrate
is a dominant factor for the structure formation. Sig-
nificantly, since the packing motive and the density for
both types of SAMs are very similar, we can assume
that the observed difference in balancing the impact
of the intermolecular interactions and molecule�
substrate interface energetics on the 2D structure
formation is exclusively attributed to differences in
the headgroup-substrate interaction.

To learn more about the energetics of the
molecule�substrate interface in both SAMs, we have
conducted dedicated exchange and S-SIMS experi-
ments probing the relative stability of these SAMs.
The experiments monitoring the exchange of the
NC-NapS and NC-NapSe moieties in the respective
SAMs on Au(111) by HDT molecules unambiguously
demonstrated an almost complete exchange reaction
for NC-NapS/Au(111) and a very small extent of this
process, limited, presumably, to the defect sites only, in
the case of NC-NapSe/Au(111). Considering that (i) both
SAMs have similar structure and packing density and
that (ii) the exchange process requires the complete
removal of a SAMconstituent by cleaving its bond to the
substrate, we conclude a higher stability of the Se�Au
bond as compared to the S�Au bond in these fully
aromatic SAMs with either S or Se atoms directly
attached to the aromatic backbones. Importantly, the
same conclusion was reached in our previous exchange
experiments where the relative stability of two homo-
logue series of biphenyl-substituted alkanethiolates
and alkaneselenolates (BPnS(Se): CH3�(C6H4)2�(CH2)n�
S(Se), n = 1�6) on Au(111) was compared.46 Thus, our
present and previous46 exchange experiments are
complementary and show that, independent of the
backbone character (aliphatic or aromatic), the Se�Au
bond is more stable as compared to the S�Au one in
the analogous SAMs.
To analyze the differences in stability of themolecule�

substrate interface in the NC-NapS andNC-NapSemono-
layers inmore detail, we have exploited a novel approach
based on the ion-induced desorption technique.86,90 The
resulting data (Figure 8) suggest that, whereas the ion-
induced desorption of positive ions, associated with
the complete molecule and following the breaking
of the Au�S(Se) bond, is much more efficient for the
NC-NapS SAMs, the emission of the positive ions
related to desulfurized(deselenized) fragments by
breaking the S(Se)�C bond is more efficient for the
NC-NapSe monolayers. Following a general logic as
well as the argument provided in our recent S-SIMS
publication,86 we assume that a larger efficiency of ion-
induced cleavage of a given chemical bond is related
to a smaller bond energy. Consequently, our S-SIMS
data indicate higher stability of the Se�Au bond as
compared to the S�Au one with, at the same time,
lower stability of the adjacent Se�C bond as com-
pared to the S�C one. Such effect of reversed relative
stability of these two consecutive chemical bonds (viz.
Au�S(Se) and S(Se)�C) can be understood intuitively
considering that the valence electrons of the same
S(Se) atom are involved in bonding with both the Au
substrate and the naphthalene moiety. A larger invol-
vement of the valence electrons of the S(Se) atom
in one of these chemical bonds should result in a
smaller involvement of these electrons in the second
bond, reducing, consequently, the stability of the
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latter. As documented by recent studies on the model
system of BPnS(Se)/Au(111),86 this intuitive explana-
tion is also consistent with density functional theory
(DFT) calculations of respective bond energies and
molecular dynamics simulations of ion-induced desorp-
tion. A further hint is a comparison of thiolate-bonded
molecules on Au, Ag, and Cu. C�S bond breaks more
easily as the sulfur�metal bond gets stronger.91,92

Summarizing this part and taking into account the
literature data for the BPnS(Se) monolayers,86 we can
conclude that, independent of the character of the
molecular backbone (aliphatic or aromatic), the Se�Au
bond ismore stable as compared to the S�Auone,with,
however, lower stability of the adjacent C�Se bond as
compared to that of C�S.
A reasonable question at this point is why, despite

the stronger binding to the substrate in the case of
Se headgroup, the respective SAMs adopt a structure
dictated mostly by the intermolecular interaction, with
a very simple unit cell, which is very similar to the
molecular arrangement in crystalline naphthalene. This
unit cell involves different adsorption sites for the
identical molecules (see Figure 3e), thus indicating
a presumably lower involvement of the molecule�
substrate energetics into the 2D ordering. There are,
however, two possible explanations of this seeming
contradiction. First, it can be the effect of a lower
corrugation of the binding energy surface for seleno-
lates on Au(111) as compared to thiolates,46 which is
not necessarily related to the bond strength, as occurs
for alkanethiolates that have a better mobility on
Ag(111) compared to Au(111), in spite of the stronger
bonding to the silver substrate.1 Second, it can be an
effect of the enhanced mobility of the gold atoms in
the topmost layer of the substrate mediated by the
strong bond to the adsorbate molecules in the case of
the Se headgroup.35,40,44 Indeed, it is well-known that
the mobility of the atoms in the topmost layer of the
substrate increases with increasing strength of the
molecule�substrate bond due to the reduced interac-
tion of the surface atoms with the underlying layers of
the substrate.46 This can then result in relaxation of the
stress related to the formation of 2D incommensurate
structure driven by the strong intermolecular interac-
tions. However, the STM data for NC-NapSe/Au do not
exhibit any evidence for a surface reconstruction since
the molecular film, as a whole, mimics the structure of
the nonreconstructed substrate, except for the small
difference in the dimensions of the unit cells, related,
presumably, to a limited accuracy of the STMmeasure-
ments. Nevertheless, we think that the presented STM
data do not allow a clear distinction between the lower
corrugation and surface reconstruction scenarios, both
of which are probably important.
The final part of our experiments was devoted to

the analysis of the CT processes in the NC-NapS and
NC-NapSe SAMs. According to the results of the dedicated

RAES-CHC measurements, the characteristic CT time
(τCT) between the terminal nitrile group of the as-
sembled NC-NapS(Se) molecules and the Au(111) sub-
strate is essentially identical (24( 4 fs) for both types of
SAMs. This suggests very similar CT properties for the
S�Au and Se�Au bonds, even though the entire τCT is
mostly determined by the molecular backbone, with
the CT through the backbone being the rate-limiting
step.57,58 Indeed, according to our previous results,57,58

the characteristic CT time for the S�Au bond is just
2.3�2.8 fs as far as one can disentangle this contribu-
tion from the performance of the entire molecule.58

Thus, a certain difference between the CT performance
of the S�Au and Se�Au bonds cannot be excluded,
but it is certainly much lower than the factor of∼2.5 or
even∼10 in relation to the entire molecule as reported
in the literature.47,51 Note that this is the only way to
deal with the charge transport/transfer properties of
the S�Au and Se�Au bonds as to probe the respective
molecular adsorbates as a whole and not just the
S/Se�Au junction.
Significantly, the CT process in our case is related to

individual molecules and does not depend on the
packing density that is, however, quite close for the
NC-NapS andNC-NapSe SAMs, excluding differences in
matrix effects. It is also of importance that these
molecules are the constituents of well-defined mono-
layers with similar structural and geometrical para-
meters. Note also that there are only a very limited
number of experimental reports47,51 which compare
electron transport through SAMs based on sulfur and
selenium analogues. These studies, reporting contra-
dictory conclusions regarding either higher51 or
lower47 conductance for the Se headgroup as com-
pared to S one, use similar approaches based on
analyzing apparent height differences in the STM
images obtained for mixed SAMs of both types. Apart
from the basic limitations of the applied methodology
and possible role of defects, such mixed SAMs were
certainly not as well-defined as the monolayers of
the present study. Additional support comes from
the most recent DFT calculations analyzing the influ-
ence of the SfSe headgroup substitution in biphenyl-
based SAMs on gold (C6H5�C6H4�S(Se)/Au(111)).22

These calculations show that gold substrate work
function modification due to the SAM formation, as
well as HOMO and LUMO level alignment, is essentially
insensitive to the SfSe substitution, which is consis-
tentwith a similar CT efficiency observed for both types
of SAMs in our experiments.
Following a recent line of arguments48 connecting

the strength of the S(Se)�Au bond with the overlap
and involvement of the relevant electronic states,
we get a link between the results of the experiments
probing this bond strength (exchange and S-SIMS)
with the conclusions regarding the CT properties of
the SAM studied (RAES-CHC). Along these lines,
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considering higher stability of the Au�Se bond com-
pared to that of Au�S, concluded in our study, one
would presumably expect noticeable differences in the
CT properties. This was not observed in our RAES-CHC
experiments, but at the same time, we demonstrated
that the larger involvement of the headgroup atom in
bindingwith themetal substrate occurs at the expense
of the decreased involvement in the binding with the
neighboring carbon atom. Since the tunneling process
involves both C�S(Se) and S(Se)�Au bonds, we sup-
pose that the better tunneling conditions in the latter
case are compensated by the worse tunneling condi-
tions in the former case. Thus, it looks as though the
SfSe substitution causes a redistribution of the
electronic states at the Au�S�C interface, which, on
the average, does not change the total probability of
charge carrier tunneling.

CONCLUSIONS

To understand the impact of the headgroup atom
substitution on structure, stability, and charge trans-
fer properties of SAMs, two representative model
systems, NC-NapS/Au(111) and NC-NapSe/Au(111),
were investigated.
As a starting point, we analyzed and compared in

detail the structure and molecular organization in
thesemonolayers using bothmicroscopic and spectro-
scopic techniques. The SAMs were found to be of high
quality and, what was particularly important in the
context of the present study, possessed the same
basic structural motif (close to (2 � 1.5

√
3)rect) as well

as similar packing density (0.239 and 0.215 nm2/
molecule) and molecular orientation (a tilt angle of
41�42�). These characteristics allowed for rational
comparison of the bond stability at the molecule�
metal interface as well as for a comparison study of CT
properties of thiolate and selenolate SAMs on noble
metal substrates.
Consequently, by probing this interface by the

dedicated exchange experiments and, independently,

by S-SIMS technique, wedemonstrated that the Au�Se
bond is more stable than the Au�S one with, at the
same time, lower stability of Se�C bond as compared
to that of S�C, due to a redistribution of the electron
density between these two adjacent bonds.
Finally, we probed the dynamic CT properties of the

NC-NapS and NC-NapSe SAMs and found similar CT
time for the both systems, which, in view of the well-
defined monolayers with similar molecular organiza-
tion and the single-molecule character of the CT
process involved, suggest, in contrast to the previous
studies, similar electronic coupling efficiency of the S
and Se anchors.
Considering the bond stability as a measure of its

strength and as a fingerprint for the overlap and
involvement of the relevant electronic states, the ex-
change and S-SIMS results were correlated with the CT
dynamics findings. Along these lines, consideration of
the S�Au and Se�Au bonds alone leads, obviously, to
a wrong conclusion regarding the electronic coupling
efficiency of the S and Se anchors since the latter
bond seems to be noticeably stronger. Instead, both
S(Se)�Au and S(Se)�C bonds should be considered
together. Since a comparably stronger Se�Au bond is
accompanied by the weakening of the adjacent Se�C
bond, the joint effect is comparable with the Au�S�C
linker. This explains the equivalent CT dynamics prop-
erties of the NC-NapS and NC-NapSe SAMs found in
this work and suggests that the SfSe substitution
does not result in any improvement of the electronic
coupling to the substrate. This observation of an
independence of the CT properties on the exact inter-
face chemistry goes in line with recently reported data
foradifferent setofheadgroup�substrate interactions.93,94

However, the SfSe substitution is certainly of im-
portance for the molecular organization and structural
perfection in the given SAMs. At least in the case of the
aromatic SAMs, the Se�Au bond allows for a better
structural perfection as compared to the thiolate an-
chor, resulting in monolayers of a higher quality.

METHODS
SAMs of chalcogenolates (thiolates, selenolates) are typically

formed from the respective chalcogenols or the dichalcogen-
ides. While aromatic thiols such as 6-cyanonaphthalene-2-thiol
(NC-NapSH) are usually quite stable in air, the respective
selenols easily oxidize. Based on the observation that selenoa-
cetates can form well-ordered selenolate SAMs on Au(111)
equally efficiently,41 we used the air-stable 6-cyanonaphtha-
lene-2-selenoacetate (NC-NapSeAc) as the SAM-forming mole-
cule in this study. Due to the structural similarity, the two
investigated molecules were prepared from a common inter-
mediate, 2-bromo-6-cyanonaphthalene. This compound has
been synthesized following a literature procedure,95 starting
from commercially available 2-bromo-6-naphthoic acid via the
respective amide, which was dehydrated to the nitrile by action
of trifluoroacetic acid anhydride (see Scheme S1 in the Support-
ing Information). Both, the bromoamide and the bromonitrile

could be crystallized to obtain their solid-state structure (see the
Supporting Information for details). The introduction of the
selenium atom followed a recently reported protocol, which
uses a sterically hindered silaselenol for the palladium-catalyzed
formation of the C�Se bond.96,97 The Se atom was then
deprotected by the action of fluoride followed by a reprotection
with acetyl chloride. A similar approach was used for the
synthesis of the thiol compound by modifying previously
developed protocols.98�101 By using a silathiol, first C�S bond
formation was achieved, followed by proton-induced S�Si
bond cleavage. Both NC-NapSH and NC-NapSeAc turned out
to be sufficiently air-stable to be handled under the typical SAM
deposition conditions. Additional details can be found in the
Supporting Information.
NapS used as a reference for the spectroscopic experiments

and HDT used as substituent for the substitution experiments
were purchased from Sigma-Aldrich and used as received. The
NC-BPT and NC-TPT used as references for the spectroscopic
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experiments were synthesized according to literature.63 The
substrates for the SAM preparation were purchased from Georg
Albert PVD, Heidelberg, Germany. They represented epitaxial
Au (99.99% purity) layers of 200 nm thickness, evaporated
with a rate of 2 nm/s onto the mica slides held at 340 �C. The
substrates were flame-annealed before immersion into solu-
tions of the target compounds. This procedure yielded high-
quality Au films with flat terraces of several 100 nm, exhibiting a
(111) surface orientation with a typical surface reconstruction
pattern.102

The NC-NapS and NC-NapSe SAMs were formed by immer-
sion of freshly prepared gold substrates into a 1 mM solution
of the above compounds in absolute ethanol for 24 h at room
temperature (RT = 21 �C) or at elevated temperature (60 �C).
After immersion, the SAM samples were carefully rinsed with
the solvent, blown dry with argon, and either characterized
immediately or kept for several days in argon-filled glass
containers until the characterization at the synchrotron (see
below). The reference NapS monolayers were fabricated in a
similar fashion; the reference NC-BPT SAMs were prepared
according to an established procedure.58,64

The fabricated films were characterized by STM, HRXPS,
ellipsometry, IRRAS, NEXAFS spectroscopy, RAES, S-SIMS, and
dedicated exchange experiments. All experiments were per-
formed on the samples prepared at 60 �C because of their
superior quality.
For ellipsometric characterization of the monolayers, a Sen-

tech SE 400 ellipsometer with a He�Ne laser (wavelength
632.8 nm) was used. The angle of incidence was 70� with
respect to the sample surface normal. The complex refractive
indices of the Au substrates were measured before SAM
deposition. The extinction coefficients and the refractive indices
of the monolayers were assumed to be 0 and 1.55, respectively.
IR spectra of neat substances (reference) and SAMs were

recorded using a Thermo Nicolet 6700 Fourier transform IR
spectrometer purged with dried and CO2-free air and equipped
with a narrow band mercury cadmium telluride semiconductor
detector. All spectra were recorded at 4 cm�1 resolution. Neat
substance spectra were obtained using a single-reflection
diamond attenuated total reflection unit. IRRAS of the SAMs
was carried out with p-polarized radiation at 80� relative to the
sample surface normal. Perdeuterated dodecanethiolate SAMs
on gold served as reference for the IRRAS measurements. Since
the C�D stretch bands interfered with the CtN stretch signal of
the samples, additional spectra were recorded with a nondeut-
erated HDT SAM as background. Vibrational mode assignments
and identification of the TDM orientations were carried out with
the help of DFT calculations of singlemolecules IR spectra at the
BP86/SVP level.
STM measurements were carried out in air at room tempera-

ture using aMultiMode IIIa Digital Instrumentsmicroscope. In all
cases, tips were prepared mechanically by cutting a 0.25 mm
Pt/Ir alloy (8:2, Goodfellow) wire. The data were collected in
constant current mode using tunneling currents in a range of
15�40 pA and a sample bias of 0.2�0.8 V (tip positive). No tip-
induced changes were observed under these imaging conditions.
The HRXPS, NEXAFS, and RAES measurements were con-

ducted at the MAX II storage ring at the MAX-IV laboratory in
Lund, Sweden, using the bending magnet beamline D1011
(plane grating monochromator) and an experimental station
equipped with a SCIENTA SES200 electron energy analyzer and
a partial electron yield (PEY) detector. The experiments were
carried out under UHV conditions at a base pressure <1.5 �
10�10 mbar. Special care, including a limited exposure of a
particular spot as well as control measurements, was taken to
avoid damage induced by X-rays.68,103

The HRXP spectra were collected in normal emission geome-
try for the Au 4f, Se 3d, S 2p, C 1s, and N 1s ranges. In addition,
the O 1s rangewasmonitored. The energy resolutionwas better
than 100meV (about 60meV formost of the spectra), allowing a
clear separation of individual spectral components. The BE scale
of every spectrum was individually calibrated to the Au 4f7/2
emission line of the underlying Au substrate at 84.0 eV.104 As
far as this was necessary, the spectra were fitted by sym-
metric Voigt functions and a Shirley-type background. To fit

the Se 3d5/2,3/2 and S 2p3/2,1/2 doublets, we used a pair of such
peaks with the same fwhms values, branching ratios of 3:2
(Se 3d5/2/3d3/2) and 2:1 (S 2p3/2/2p1/2), and spin�orbit splittings
(verified by fit) of ∼0.86 eV (Se 3d5/2/3d3/2) and ∼1.18 eV
(S 2p3/2/2p1/2).

104

The NEXAFS spectra were acquired at the carbon and nitro-
gen K-edges in the PEY acquisition mode with retarding
voltages of �150 and �300 V, respectively. Linearly polarized
synchrotron light with a polarization factor of ∼95% was used.
The energy resolution was better than 100 meV. The incidence
angle of X-rays was varied from 90� (E vector in the surface
plane) to 20� (E vector near the surface normal) in steps of
10�20� to monitor the molecular orientation in the SAMs. This
approach is based on the dependence of the cross section of
the resonant photoexcitation process on the orientation of the
electric field vector of the synchrotron light with respect to the
molecular orbital of interest (so-called linear dichroism in X-ray
absorption).73 Raw NEXAFS spectra were normalized to the
incident photon flux by division through a spectrum of a clean,
freshly sputtered gold sample. Subsequently, the spectra were
reduced to the standard form by subtracting a linear pre-edge
background and normalizing to the unity edge jump (deter-
mined by a nearly horizontal plateau 40�50 eV above the
respective absorption edges). The energy scale was calibrated
by means of the most intense π* resonance of highly oriented
pyrolytic graphite at 285.38 eV105 in combination with the well-
knownΔhν� (hν)3/2behaviorofplanegratingmonochromators.106

The resulting energy positions are expected to be accurate and
reproducible within(0.05 eV.
The RAES spectra were acquired at the N K-edge using a

SCIENTA SES200 electron energy analyzer. The X-ray incidence
angle was set to 55� to suppress orientational effects;73,87 the
take off angle of the electrons was close to normal emission. The
resonant excitation energies were determined in the prelimi-
nary NEXAFS experiments. In addition, nonresonant Auger elec-
tron spectra were recorded at an excitation energy of 5�6 eV
above the absorption edge. This setting seems to be optimal for
nitrile-substituted SAMs on Au in order to maximize the signal-
to-noise ratio and to avoid appearance of interfering gold
photoemission in the spectra.56 Finally, for every sample, a
reference spectrum for the pre-edge excitation was measured.
This spectrum was subtracted from the RAES and nonresonant
AES spectra to correct them for a contribution of the photo-
emission, which could not be avoided completely.
The relative stability of the headgroup�substrate bonds in

the NC-NapS and NC-NapSe monolayers was probed by dedi-
cated exchange experiments. The above SAMs were immersed
in the 1mMethanolic solution of HDT at room temperature. The
progress of the exchange reaction was monitored for a given
sample by the consecutive control of the advancing water
contact angle. The measurements were carried out with a
Rame-Hart goniometer, model 200, using ultrapure water
(∼18 MΩ). The experiments were performed under ambient
conditions (temperature= 21 �C, humidity = 25%),with theneedle
tip in contact with the drop. Averaged values of at least 50 mea-
surements at different locations on each sample are reported.
The SIMS experiments were performed using a TOF SIMS V

system (ION TOF GmbH, Germany). The instrument was oper-
ated at a base pressure of 6 � 10�10 mbar. The primary 30 keV
Biþ ion beamwas scanned over a 500 μm� 500 μmarea during
the data acquisition. All spectra were collected in the static SIMS
regime using a total ion dose of up to 8� 1010 ions/cm2 which,
for these kinds of SAMs, ensures analysis with negligible ion-
induced damage, as documented by our previous studies.107

The secondary ions were extracted into a reflectron time-of-
flight mass spectrometer before reaching theMCP detector. For
each type of SAM, three different areas on three different
samples were examined with a reproducibility of ∼10% in the
peak intensities. Before analysis, all spectra were normalized to
the respective total count numbers.
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