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1. Introduction

A dithiocarbamate anchoring group as a flexible
platform for interface engineeringf

Eric Sauter,® Giulia Nascimbeni,:° Daniel Trefz,“ Sabine Ludwigs, {2 °¢
Egbert Zojer,*® Florian von Wrochem (2 * and Michael Zharnikov () *

The molecular organization and electronic properties of dithiocarbamate (DTC) anchored self-assembled
monolayers (SAMs) linked to Au(l1l) substrates are studied by a combination of X-ray photoelectron
spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, and state-of-the-art
density functional theory calculations. For that, several piperidine/piperazine precursors with different architecture
and substitution patterns are selected. The presented data show that the DTC anchor provides a useful building
block for monomolecular self-assembly on coinage metals with both sulfur atoms bonded to the substrate in a
way similar to what is usually observed for the more commonly applied thiolate docking group. The
combination of the DTC group with the quite flexible piperidine/piperazine cyclic linkers results in a dense
molecular packing with an upright orientation of the terminal moieties. The latter comprise phenyl rings bearing
various substituents, which enables tuning the interfacial dipole over a wide range. Simulations on two
prototypical DTC-docked SAMs help to better understand the experimental observations and provide insight into
the local origin of the SAM-induced shifts in the electrostatic energy. In particular, a comparison of measured
and simulated XP spectra reveals the significant contribution of the DTC group to the interfacial dipole.

the molecules constituting the film, it is mostly a dipolar tail
group®>>'%'® or a polar mid-chain moiety**>* which is

Energy level alignment and injection control at the interfaces
between electrodes, organic semiconductors, and buffer layers
are highly important issues in the context of modern organic
electronics and photovoltaics. A popular approach in this
regard is the use of self-assembled monolayers (SAMs),'™*®
which are densely packed molecular assemblies of typically
rod-shaped molecules adsorbed on a substrate in a well-defined
upright geometry. Generally, such molecules consist of three
major building blocks, viz. a docking group that provides
anchoring to the substrate, a tail group comprising the “outer”
SAM-ambient interface, and a spacer that separates the docking
and tail groups and drives the self-assembly."”"® While all these
building blocks can contribute to the joint dipole moment of
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selected to specifically adjust the interfacial dipole. In contrast,
the docking group is predominantly chosen based on its
affinity to a particular substrate serving as the electrode or, in
the context of organic photovoltaics, also as the buffer layer.
Examples for docking groups comprise phosphonic acids for
zinc oxide surfaces'®®® (a popular interfacial layer material in
organic electronics devices), phosphonic acids and triethoxy- or
trichlorsilanes for indium tin oxide®>*2° (standard transparent
electrode material for organic solar cells), and thiolates for coinage
metal substrates,”'®' such as gold and silver (frequently used
electrode materials).

Recently, as an alternative to thiolates, the dithiocarbamate
(DTC) anchoring group®” > has been suggested as a basis
for the functionalization of gold nanoparticles, for molecular
electronics, and for the fabrication of dipolar SAMs to be
applied in organic electronics.**** In combination with piperazine
and piperidine as an intermediate linker, this group provides a
versatile and robust platform for the attachment of different spacer
moieties and tail groups. In particular, the piperidine/piperazine
linker, forming a bridge between the DTC group and the
aromatic substituents, ensures rod-like symmetry of the mole-
cular backbone.*** This allows a perpendicular orientation of the
molecular axis relative to the substrate (a feature not available in
earlier aromatic DTC derivatives),””%*® which is favorable in the
context of work function engineering. Consequently, a family of
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monolayers was realized, which delivered work functions of SAM-
covered Au electrodes between 4.8 eV and 3.2 eV.** Although the
performance of DTC-docked systems in polymer junctions has
been demonstrated and a first spectroscopic characterization of
the films along with molecule-based calculations has been
provided,®® the precise structure and molecular orientation of
DTC-based SAMs is still largely unexplored. In addition, a deeper
understanding of the electronic properties of such SAMs is of
fundamental interest in view of the largely unexplored potential of
the used unconventional docking group. Of particular relevance
in this context is the question which of the contained functional
blocks is actually responsible for the shift in the energy landscape
that gives rise to the comparably large work function changes.

In the present work, to gain this understanding, we applied
advanced spectroscopic tools in combination with state-of-the-
art quantum mechanical simulations of SAM/Au interfaces.
This combination of simulations and experiments, on the one
hand, provides insight into the molecular orientation and order
of these films, which need to be understood to correlate the
molecular properties with the electrostatic potential drop across
the metal—organic interface. On the other hand, it affords an
in-depth and reliable insight into the atomistic origins of
potential shifts and charge rearrangements. Consequently,
the primary emphasis of the following discussion is put
on the two very basic systems, viz. phenyl-piperidine-DTC (PPd)
and phenyl-piperazine-DTC (PPz) SAMs on Au(111) (Fig. 1).
These monolayers represent highly suitable model systems,
which were specifically designed for the present experiments
and selected for the simulations to address the distinct properties
of the piperidine-DTC and piperazine-DTC docking platforms.
The terminal phenyl ring of both molecules is a non-polar and
well-defined structural unit supporting the formation of ordered
SAMs. Convenient in the present context, it also provides a
marker for the spectroscopic experiments (see below). The other
DTC derivatives investigated in this study are derived from these
two basic systems (parent compounds) by a substitution of the
phenyl ring in the para position or by its fluorination. The
structures of the respective SAMs and the used abbreviations
are shown in Fig. 1.
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PPd C12N-PPd PPz OMe-PPz FP-Pz

Fig. 1 Schematic structures of the DTC-based SAMs (represented by the
single constituents) used in this study along with their respective abbrevia-
tions. Note that the C12N-PPd, OMe-PPz, and FP-Pz monolayers have
been studied before, but in a somewhat different context compared to the
present work >
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2. Experimental and
theoretical methods

2.1. SAM preparation

The synthesis of the DTC-based SAM constituents (Fig. 1) was
done within an “in situ” process involving coupling the precursor
amines to CS,. The amine precursor of C12N-PPd (Fig. 1) was
custom-synthesized as reported in the literature.*® All other amine
precursors for the synthesis of the OMe-PPz, FP-Pz, PPd and PPz
DTC derivatives (Fig. 1), i.e. the 1-(4-methoxphenyl)piperazine,
1-(pentafluorophenyl)-piperazine hydrochloride, 4-phenylpiperidine,
and 1-phenylpiperazine were obtained in highest purity from ABCR,
Sigma Aldrich, Enamine, and Sigma Aldrich, respectively, and
used as received. CS, (p.a.), ethanol (p.a.), and triethylamine
were obtained from Sigma Aldrich and Fluka, respectively. The
coupling of the precursor amines to CS, was performed according
to the following protocol, established in previous studies.*?
Initially, concentrated stock solutions of CS, (100 mM), the
amine-terminated precursors (5 mM), and triethylamine (100 mM)
were prepared in ethanol. Subsequently, the CS, and triethylamine
solutions, along with some ethanol, were added (in this sequence)
to the amine precursor solution to form an equimolar 1:1:1
precursor : CS, : triethylamine mixture (with a concentration
of 1 mM each). The mixture causes a spontaneous reaction of
CS, with the respective amine precursor yielding the desired
dithiocarbamate species (1 mM), which spontaneously and irrever-
sibly reacts with the Au(111) substrate when the latter is added to
the mixture.””*® All steps were carried out in a glove box under
nitrogen atmosphere to avoid oxidation reactions. The above DTC
solutions were directly used for SAM preparation on gold sub-
strates. As a side note, great care has to be taken in order to avoid
any contamination in the glove box, because of the significant risk
that thiolate species in the vapor phase might compete with the
(rather slow) chemisorption process of dithiocarbamates on Au
(thus compromising SAM purity and uniformity). As substrates,
atomically flat template stripped gold (TSG) was employed and
prepared according to the reported procedures.””*® The Au films
exhibited a root mean square (RMS) roughness of 0.3 nm, exposing
preferably (111) oriented surfaces. The organic monolayers were
prepared under nitrogen by immersing the freshly stripped TSG
substrates into DTC solutions for ~ 20 h at room temperature. After
immersion, the films were copiously rinsed with ethanol, immedi-
ately blown dry with N, and placed in glass containers, predomi-
nantly filled with nitrogen, for transport from the individual
laboratories to the synchrotron radiation facilities (see below). No
specific degradation was observed on the scale of several days
(up to a week) but some minor sample to sample variations were
recorded in some of the experiments. All vials and tweezers were
cleaned with piranha acid and isopropyl alcohol before usage.
In addition, reference SAMs of dodecanethiolate (DDT) and
hexadecanethiolate (HDT) were prepared on analogous gold
substrates using a standard procedure.*

2.2. SAM characterization

The fabricated SAMs were characterized by synchrotron-based
X-ray photoelectron spectroscopy (XPS) and angle-resolved
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near-edge X-ray absorption fine structure (NEXAFS) spectro-
scopy. XPS serves as an efficient local probe for the potential
distribution within a SAM, at the same time representing a
reliable benchmark for theoretical simulations.***"*® NEXAFS
spectroscopy represents a complementary technique, which not
only shows high chemical sensitivity but also has the capability
of providing information on molecular orientation in adsorbate
assemblies and molecular films.*' Significantly, such informa-
tion can be obtained not only for highly ordered systems, but
also for samples, in which short- or medium-range order
prevails. The latter is frequently the case for SAMs due to
structural defects, polymorphism, and a limited size of crystal-
line domains. These are associated with possible imperfections
of the self-assembly process and misfits between the optimal
molecular lattice and the structural template provided by the
substrate, as well as by the nucleation-type growth of SAMs
(leading to domain boundaries)."®

The measurements were carried out at room temperature
under UHV conditions (a base pressure of ~1.5 x 10”2 mbar).
The data acquisition time at a particular sample spot was kept
short to minimize possible X-ray induced damage occurring
during the measurements.*” Experiments were performed at
the HE-SGM beamline of the synchrotron storage ring BESSY II
(Helmholtz Zentrum Berlin, Germany) and at the D1011 beamline
of the MAX IV synchrotron radiation facility (Lund, Sweden). Both
are bending magnet beamlines, providing a moderate X-ray inten-
sity, which is a prerequisite for avoiding X-ray induced damage of
the comparably sensitive organic films.

XP spectra were acquired using either a Scienta R3000 electron
energy analyzer (BESSY II) or a SCIENTA SES200 spectrometer
(Max IV) having established performance and reliability.>*>%4%>
Spectra acquisition was carried out in normal emission geometry
with an energy resolution of either ~0.1 eV (Max IV) or ~0.3 €V,
~0.6 eV, and 0.7 eV (BESSY II) at excitation energies of 350 eV,
580 eV, and 720 eV, respectively. The binding energy (BE) scale of
the XP spectra was referenced to the Au 4f,/, peak of the under-
lying substrate at a BE of 84.0 eV, at each particular excitation
energy.*® The obtained spectra were decomposed into individual
component peaks and doublets using symmetric Voigt functions
and a linear or Shirley-type background. The full width at half-
maximum (fwhm) was kept the same for all individual compo-
nents within each individual spectrum. To fit the S 2p;s />
doublets we used two peaks with the same fwhm, employing the
standard*® spin-orbit splitting of ~1.18 eV (verified by the fit),
and a branching ratio of 2 (S 2ps/»/S 2p;/,)- The accuracy of the
resulting BE and fwhm values is 0.02-0.03 eV.

Based on the XPS data, the effective thickness and the
packing density of the SAMs were calculated. The evaluation
was performed using standard procedures,****> based on the
C 1s/Au 4f and S 2p/Au 4f intensity ratios. A standard expression
for the attenuation of the photoemission signal was assumed
(see ESIt and ref. 46) and literature values for the attenuation
lengths in densely packed organic films were used, including
11.3 A for a kinetic energy (KE) of 290 eV (C 1s at a PE of 580 eV),
15.7 A for a KE of 490 eV (Au 4f at a PE of 580 eV), 8.5 A for a KE
of 185 eV (S 2p at a PE of 350 eV), and 10.5 A for a KE of 260 eV
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(Au 4f at a PE of 350 eV)."” The spectrometer-specific coeffi-
cients were determined using reference monolayers (dodeca-
nethiolate and hexadecanethiolate SAMs on Au) of known
thickness (14.9 A and 18.9 A, respectively) and packing density
(4.63 x 10" molecules per cm” or 21.6 A* per molecule).>***

The acquisition of the NEXAFS spectra was carried out at the
carbon K-edge in the partial electron yield (PEY) mode with a
retarding voltage of —150 V. Linearly polarized synchrotron
light with a polarization factor of either ~89% (Bessy II) or
~95% (Max IV) was used as the primary X-ray source; the
incidence angle was varied to monitor linear dichroism
effects.**® The photon energy (PE) scale was referenced to
the pronounced n* resonance of highly oriented pyrolytic
graphite at 285.38 eV.>® Raw NEXAFS spectra were normalized
to the incident photon flux determined from the spectrum of a
clean, freshly sputtered gold sample. Afterwards, they were
reduced to the standard form by subtracting a linear pre-edge
background and by normalizing to the unity edge jump.

In addition to the spectroscopic characterization, the work
function of the DTC-based SAMs was measured. The measure-
ments were performed using a UHV Kelvin Probe 2001 system
(KP technology Ltd, UK). The pressure in the vacuum chamber
was ~10° mbar. As a reference, we used a HDT SAM with the
work function value set to 4.3 eV according to the literature.*
The latter value was additionally verified by its referencing to
the work function of freshly sputtered gold set to 5.2 eV.*

Note that the work functions measured for the PPz and PPd
SAMs displayed some sample to sample variation. Analysis of
these data resulted in the values given in Section 3.3; they are
considered to be representative of the PPz and PPd monolayers.

2.3. DFT simulations

Theoretical simulations were performed for the two most
fundamental DTC structures, namely PPd and PPz, as these
represent the basic motifs of the investigated class of com-
pounds. A complication in this context is that neither the
structure the molecules adopt on the surface, nor the surface
unit cell (for the case of commensurate growth) are known.
Considering, however, that for PPz essentially the same surface
coverage is observed as for the reference SAMs (DDT and HDT;
see below), it is reasonable to assume a structure with two
molecules in a (/3 x 3)rect unit cell. For the sake of consistency,
we chose the same surface unit cell also for the PPd SAM,
although there the surface coverage is by ca. 10% lower. The
latter could, however, also be caused by a coexistence of differ-
ently ordered regions as will be discussed below. The unit cells
for the systems with more bulky substituents and even lower
surface coverage (C12N-PPd, OMe-PPz, and FP-Pz) are virtually
impossible to estimate in the absence of LEED and STM data
and we, thus, refrain from modelling those SAMs. With the
surface unit cell fixed, the next complication arises with regard
to the choice of the relative arrangement of the two molecules
within the unit cell, the positions of the S atoms, and the
molecular conformations (planar vs. twisted). To tackle this
issue, in an attempt to sample the most important regions of
the extended potential energy surface, we calculated a significant
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number of different structures, as described in detail in the
ESI.f The properties of the most relevant conformations are
discussed below.

For performing the simulations, we used the FHI-aims
code,®® version 150706, employing the PBE functional®® in
combination with the Tkatchenko-Scheffler dispersion correction®®
in its parametrization for interfaces.>* van der Waals interactions
between the substrate Au atoms were turned off. The systems
were simulated using periodic boundary conditions and the
repeated slab approach, inserting a vacuum region of at least
20 A in the z direction and including a self-consistently calcu-
lated dipole correction® between the slabs. The dimensions of
the (/3 x 3)rect unit cell in the x and y directions were defined
according to the calculated Au lattice constant (see ESI{). The
substrate surface was described using five layers of Au; the three
bottom layers were held fixed in all calculations. A converged
I'centered 9 x 5 x 1 k-point grid was applied. Otherwise, the
default “tight” settings of FHI-aims were used, which corre-
sponds to the following settings for the basis functions: The C
and N atoms were described using a “Tier 2” basis consisting of
the minimal basis plus one set of basis functions up to an
angular momentum of 3 (d-functions) and one set of basis
functions up to an angular momentum of 5 (g-functions). The
‘Tier 2’ basis for H consists of two sets of basis functions up to p
and d functions, respectively. The S atoms were described using
the minimal basis plus the full “Tier 1”, consisting of one set of
basis functions up to an angular momentum of 4 (f-functions),
and the d- and g-functions from the “Tier 2” set. The Au atoms
were described using a “Tier 1” basis, consisting of the minimal
basis plus one set of basis functions up to an angular momen-
tum of 6 (h-functions). The cutoff potential of all basis functions
was set to 4 A. Further details of the employed basis functions
can be found in the ESL.{

The total energy convergence criterion for the self-consistency
cycle was set to 10° eV and the optimizations were performed
until the maximum residual force component per atom was
below 0.01 eV A~

To understand the impact of chemical vs. electrostatic shifts
in the XP spectra, reduced coverage systems with nominal
coverages of 1/16 and 1/36 were also considered. This dilutes
dipoles to a degree that collective electrostatic effects essentially
disappear.”’ Reduced coverage systems were modeled by replicating
the optimized full coverage unit cell. In the obtained supercell
only one molecule was kept. The geometries of the reduced
coverage systems were not separately optimized to prevent the
molecule from lying flat on the surface, which would result in a
completely changed electronic structure dominated by Pauli
pushback effects.>® This would not serve the purpose of solely
eliminating electrostatic shifts. To limit the computational cost,
for the largest unit cells the metal substrate was modeled with
only three Au layers, a reduced basis set, and less tight numerical
settings. This was done after convergence tests to ensure that it
had only a negligible impact on the obtained results (see ESIT).

The core-level binding energies were simulated within the
initial state approach to avoid artefacts arising from a combi-
nation of periodic boundary conditions and explicit excitations
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in each unit cell.”" The latter would, for example, occur when

performing calculations based on final state approaches®” ®* in
conjunction with upright standing SAMs, in which the excited
electron is put into a state at the Fermi level (ie., into the
metal). Due to collective electrostatic effects,®> the resulting
dipole in every unit cell would lead to a significant artificial
shift of core level energies. The magnitude of that shift would
scale with the distance of the considered atom in the SAM from
the metal substrate. For obtaining the XP spectra, we followed
the procedure described by Taucher et al.>" In short, the 1s core
level energies for every C atom were taken from the atom
projected density of states output files. The screening of the
core hole by the metal substrate was included using an electro-
static image charge model®®*”

ECls,screened = €Cls + 14340m (1)
where ¢ is the dielectric constant of the SAM, z is the position of
the respective C atom perpendicular to the surface, and z, is the
image plane position (both given in [A]). The energy is obtained
in eV when using the conversion factor of 14.340 (given by the
product of the conversion factors between Hartree and eV,
respectively, Bohr and A). The position of the image plane
was set to 0.9 A above the average z-position of the Au atoms of
the topmost layer, consistent with estimates based on comparing
image-charge corrections with DFT calculated exchange-correlation
potentials for Au surfaces.®® For the full coverage cases, ¢ was set
to 2.26,”° while for the reduced coverage cases it was set to 1.0. Note
that this approach takes neither the finite thickness of the SAM nor
screening within the dielectric into account. To model the spectra,
the obtained (screened) core-level energies were convoluted with
Gaussian functions with a variance of 0.19 eV for both PPz and
PPd films. The contribution of every atom was weighted using an
exponential attenuation function, considering the finite escape
depth of the photoelectrons®” via an attenuation length set
according to a primary photon energy of 350 eV (for more details
see ESIt).

3. Results and discussion

3.1. Experiments: XPS

The S 2p, C 1s, and N 1s XP spectra of the DTC-based SAMs are
presented in Fig. 2. The S 2p spectra of all films exhibit a single
S 2P3/2,1/» doublet at a BE position of 161.82-161.85 €V (S 2ps/,),
as previously shown for dithiocarbamates in general®” and for
the C12N-PPd, OMe-PPz, and FP-Pz monolayers in particular.*®
Significantly, the BE of this doublet is lower by ~0.15 eV than
the characteristic value for thiolate species bound to noble
metal surfaces (162.0 &+ 0.05 eV),*” in agreement with earlier
observations.”” This suggests a higher negative partial charge on
the S atoms compared to the thiolate sulfur, indeed validated by
basic considerations based on DTC resonance hybrid structures
(a stronger donating character of the amine group coordinated
to the CS, unit). In this sense, the lower BE of the S 2p doublet as
compared to thiolate does not necessarily mean that each of the
sulfur atoms in the DTC moiety is bound stronger to the

This journal is © the Owner Societies 2019
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Fig.2 S2p(a), Cls(bandc), and N 1s (d) XP spectra of the DTC-based SAMs. The spectra were acquired at photon energies of 350 eV (S 2p and C 1s in
panel b) and 580 eV (C 1s in panel c and N 1s). The S 2p spectra are fitted by a single S 2pz/».1/> doublet. The C 1s spectra, normalized to the peak height,
are decomposed into individual component peaks shown in different colors and marked by numbers, separately for the PPd and PPz related films; see the

text for details. The vertical dashed lines are guides to the eyes.

substrate than in the thiolate. This is, however, the case for the
entire DTC moiety, as demonstrated by thermal stability experi-
ments in which the desorption peak of n-butanethiol assembled
on Au(111) was observed at a noticeably lower temperature
(380 & 10 K) than that of a test DTC compound (470 + 10 K).”
Also, the occurrence of just a single doublet at a BE of ~161.85 eV
is significant, as it serves as direct evidence for the formation of
SAMs with chemically homogeneous bonding to the substrate. This
contrasts positively the situation encountered usually for thiol- and
thioether-based ligands with multiple attachment points, where the
formation of a variety of different chemical species such as
thiolates, atomic sulfur, unbound sulfur, etc. is commonly observed
(identified through core level shifts in their S 2ps, signal).” " The
bonding of the DTC-based SAMs to the substrate in a “thiolate-like
fashion” also provides a good chemical link. This is an advantage
for efficient charge transport, which is important in the context of
organic and molecular electronics applications.

The spacing between both S atoms in the DTC group
amounts to ~3.06 A (calculated employing the methodology
described in Section 2.3 both for the isolated, H-saturated
molecules and for the densely-packed SAMs). As this value does
not fit the periodicity of the Au(111) template, multiple adsorption
sites can be expected. This is indeed implied by the rather high
value for the fwhm of the S 2p5, 1/, components for the DTC-based
SAMs, viz. 0.73-0.93 eV compared to the dodecanthiolate mono-
layers measured under analogous conditions, viz. 0.54-0.59 eV.*?
Consistently, also in the simulations assuming a very high degree
of order with two molecules in the unit cell, inequivalent docking
positions of the S atoms were found (see ESIt).

This journal is © the Owner Societies 2019

Interestingly, the fwhm value for the PPz SAMs (0.73 eV) is
somewhat smaller than that for their derivatives, OMe-PPz, and
FP-Pz (0.84 and 0.80 eV, respectively). This suggests an even
larger heterogeneity of the adsorption sites (configurations) in
the latter cases. The same applies to the PPd and C12N-PPd
monolayers, although here the difference (0.89 eV vs. 0.93 eV) is
somewhat smaller.

The C 1s spectra of the DTC-based SAMs in Fig. 2b and ¢ can
be decomposed into several component peaks denoted by
numbers in the plot. The assignment of these peaks to specific
functional groups and specific C atoms is based on electro-
negativity considerations,** the comparison to spectra of sys-
tems containing similar building blocks, and the analysis of the
spectra acquired at different photon energies. The latter is
particularly useful considering the stronger contribution of
the buried species at a higher excitation energy (580 eV vs.
350 eV). For the PPz and PPd SAMs these tentative peak
assignments will be refined in Section 3.4 building on the
atomistic insights provided by the DFT calculations.

The C 1s spectrum of the PPd SAM exhibits only one, nearly
symmetric peak at ~284.9 eV (1) originating from a super-
position of core-level excitations of the terminal phenyl ring
and the piperidine moiety. A signal associated with the DTC
carbon, expected at a significantly higher BE (see Section 3.4), is
not perceptible because of its strong attenuation. Similarly, the
signal of the two C atoms in the bottom ring bonded to N,
which should also appear at a higher BE, is not clearly resolved
and is presumably hidden in the high BE tail of the main peak.
The joint contribution of the phenyl ring and piperidine can
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also be identified upon decomposition of the asymmetric peak
in the C 1s spectra of the C12N-PPd SAM into two component
peaks. The low BE component peak at ~284.7 eV (1) is then
assigned to the same C atoms as the sole peak in PPd, while the
high BE component at 285.4 eV (2) is ascribed to the terminal
aliphatic chains. Such a comparably high value for the aliphatic
chains is presumably related to electrostatic effects, since
similar and even higher values were observed for the alkanethiolate
SAMs with embedded dipolar groups.** The intensity of this peak is
comparably high since the signal from the phenyl ring and
piperidine is more strongly attenuated. This is also the case for
the signal stemming from the C atoms bound to the uppermost
N atom.

The spectra of the PPz SAM exhibit two peaks at 285.5 eV (2)
and 284.5 eV (1), according to the fits. They are assigned to the
C atoms bonded to N atoms (all atoms in the piperazine ring
and the lowest atom in the phenyl ring) (2) and to all other C
atoms in the terminal phenyl ring (1), respectively. The origin of
the splitting of the peaks in this system will become clear from
the discussion in Section 3.4. The above two components can
also be identified in the spectra of the OMe-PPz film, where
they are accompanied by an additional peak at 286.5 eV (3),
which originates from the carbon atom in the terminal OCH;
group. Finally, the piperazine component peak (2) is clearly
resolved also in the spectra of the FP-Pz monolayer. The
dominant component in these spectra is, however, the peak
at 287.5 eV (4), which is related to the fluorine-bonded carbon
atoms in the terminal ring. In addition, a low intensity compo-
nent peak at 286.3 eV (5) can be identified upon spectral
decomposition. This peak can be tentatively associated with
the carbon atom of the upper ring, which is directly bonded to
the piperazine, but is also somewhat affected by the F atoms in
the vicinity. Finally, there is a low BE shoulder at 284.3 eV (6), which
cannot be assigned to any functional group of FP-Pz and, most
likely, stems from a contamination. This contamination stems
most likely from a non-complete self-cleaning upon SAM for-
mation, as can be expected for such a bulky molecule as FP-Pz.

The N 1s spectra of all DTC-based SAMs in Fig. 2d exhibit a
single peak at ~399.5 eV assigned to the nitrogen atoms in the
piperazine and piperidine rings as well as to the nitrogen atom
in the terminal dihexylamine group of the C12N-PPD film. The
relative intensities of the N 1s peaks correlate coarsely with
the amount of the nitrogen atoms and their locations within the
molecular backbone (affecting the attenuation of the respective
signal). The F 1s spectrum of the FP-Pz monolayer (not shown)
acquired at a photon energy of 720 eV exhibits a single peak at
~687.9 eV, assigned to the fluorine atoms in the terminal ring.
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The quantitative evaluation of the XP spectra (see Section 2)
yields the values for the effective thicknesses and packing
densities of the DTC-based SAMs shown in Table 1. The
effective thicknesses of the monolayers are close to the sum
of the respective molecular lengths and the length of the S-Au
bond, suggesting an upright molecular orientation. The packing
densities of the parent PPd and PPz films are very close to the
value characteristic of the densely packed (2,/3 x /3)R30°
structure typical of non-substituted alkanethiolate SAMs on
Au(111), viz. 4.63 x 10" mol cm 2>.>*>*® In view of the almost
double density of the sulfur atoms in the DTC case, the similarity
of the packing densities is a direct indication that the packing is
mostly determined by the interaction between the molecular
backbones rather than by the docking groups. This also implies
that the docking groups in conventional thiolate SAMs, with only
one S atom per molecular chain, are comparably loosely packed.
An important implication of this finding is that the presence of
atomic sulfur, which is frequently observed in thiolate SAMs as a
minor contamination,** does not necessarily indicate a poor or
limited quality of the monolayers, since on the surface there is,
apparently, enough space for the coexistence of thiolate anchors
packed in the standard fashion and additional sulfur atoms,
without resulting in serious interference.

The packing densities of the C12N-PPd and OMe-PPz SAMs
are somewhat lower than those of the parent PPd and PPz
monolayers (Table 1). For the FP-Pz monolayer a further
reduction in the packing density is observed, which can be
associated with the much larger van-der-Waals radii of the
fluorine atoms compared to hydrogens and the resulting larger
van-der-Waals dimension of the fluorinated phenyl.*>”> For the
C12N-PPd and OMe-PPz SAMs, the lower packing densities are
associated with the substituents, which, especially for C12N-
PPd (two aliphatic chains per molecule), are comparably bulky.
Moreover, the larger monolayer unit cells resulting from the
more extended molecular backbones are presumably also no
longer commensurate with the positions of the docking sites on
the Au surface. This, together with the flexibility of some of the
substituents, is expected to cause an increase of the disorder in
the films. An additional factor for OMe-PPz SAMs could be
interactions between the polar tail groups, disturbing the
molecular packing and leading to a reduction of the packing
density.”® A further fingerprint of the comparably lower quality
of the C12N-PPd and OMe-PPz SAMs is the presence of an
additional doublet in the S 2p spectra of these monolayers
(Fig. 2a), appearing as a weak shoulder at the low BE side of
the main feature. This doublet, at ~161.0 eV (S 2p;.,), can be
either ascribed to atomic sulfur or to a distinctly different

Table 1 Effective thickness (A), packing density (molecules per cm?), and relative density of the DTC-based SAMs. See the text for details. The
experimental errors are +1-1.5 A for the thickness and +10% for the packing density. The reference packing density for a dodecanethiol SAM (\/3 X

J3)R30° structure is 4.63 x 10 molecules per cm?

Monolayer PPd C12N-PPd PPz OMe-PPz FP-Pz
Thickness (A) 9.9 13.3 10.8 11.9 13.1
Packing density (molecules per cm?) 4.25 x 10™ 3.5 x 10" 4.65 x 10™ 3.4 x 10" 2.75 x 10™
Relative density 0.92 0.76 1.0 0.74 0.59
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(compared to the standard ones) bonding configuration of the
S atom (see discussion in ref. 42 and 77). The atomic sulfur
scenario is more realistic in our opinion.

3.2. Experiments: NEXAFS spectroscopy

The C K-edge NEXAFS spectra of the DTC-based SAMs acquired
at an X-ray incident angle of 55° (magic angle) are presented in
Fig. 3a; the differences between the spectra collected under
normal (90°) and grazing (20°) incidence are shown in Fig. 3b.
The 55° spectra are not affected by molecular orientation effects
and are, thus, directly representative of the electronic structure
of the studied films.*' In contrast, the difference spectra
provide insight into the dependence of the magnitude of the
absorption resonances on the incidence angle of the primary
X-ray beam, termed as linear dichroism. This provides informa-
tion on preferential molecular orientation.**

The 55° spectra of the basic PPd and PPz SAMs are dominated
by the characteristic absorption resonances of the terminal
phenyl ring,*"”®%° viz, the most intense m,* resonance at
~285.1 eV (1), the respective m,* peak at 288.8-288.9 eV (3), a
further m* resonance at 290.2 eV (4), and several ¢* resonances
(5-6) at higher excitation energies. In addition, there are the
R*/C-S* resonances*"® at ~287.3 eV (2) and the comparably
strong T* resonance at ~286.5 eV (7) in the case of the PPz SAM,
which stems presumably from the splitting of the r;* feature of the
phenyl ring (1) due to the effect of the adjacent piperazine moiety.*"

AL N B B | LR L T
NEXAFS: C K-edge a b
T 4 55° h90°-20°
PPd = ppd
. Noa
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Fig. 3 C K-edge NEXAFS spectra of the DTC-based SAMs acquired at an
X-ray incident angle of 55° (a), along with the respective difference
between the spectra collected under the normal (90°) and grazing (20°)
incidence geometry (b). The same intensity scale is used in both panels.
Individual absorption resonances are marked by numbers (see the text for
assignments). The horizontal dashed lines in panel b correspond to zero.
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Such a splitting also affects the m,* resonance (3) in this
spectrum,*’ resulting in a stronger intensity of the 290.2 eV
feature (4) compared to the PPd case. The absorption structure
associated with the piperidine (in PPd) and piperazine (in PPz)
moieties cannot be unequivocally identified, since the spectra
of these species do not exhibit intense, discrete features in the
pre-edge and at-edge regions (see ref. 81 and 82) and the related
c* resonances overlap with those of the phenyl ring.

The 55° spectra of the C12N-PPd and OMe-PPz SAMs exhibit
a significant relative weakening of the n,* resonance (1), which
is associated with the substitution. This effect is especially
pronounced for the C12N-PPd film, the spectrum of which also
shows an additional resonance at ~287.7 eV (8) associated with
the alkyl chains (most likely excitations into Rydberg states,®*
but there are also alternative assignments). Additionally, there
is a pattern of o* resonances at higher photon energies. The
latter resonances stem predominantly from the alkyl chains
and are presumably the reason for the comparably low intensity
of the m;* resonance, since the spectrum is normalized to the
height of the absorption edge proportional to the entire number
of the carbon atoms. Moreover, we expect a stronger contribu-
tion from the alkyl chains due to the more pronounced attenua-
tion of the signal originating from the PPd moiety. The spectrum
of the OMe-PPz SAM exhibits a n* resonance at 287.3 eV (9)
stemming from the splitting of the n,* feature of the phenyl ring
(1) due to its substitution,*" and an additional n* resonance at
~288.6 eV (10), which most likely has m,* (3) character.

The 55° spectrum of the FP-Pz SAM is dominated by the
absorption resonances of the fluorinated phenyl ring, with the
most prominent characteristic features at ~286.65 eV (11) and
~287.8 eV (12) assigned to the C;3 — =m* transitions at the
carbon atoms which are not bonded and directly bonded to
fluorine atoms, respectively.”®** Interestingly, the position of
the former feature is distinctly higher than that for pentafluoro-
benzene (~285.5 eV)’® and pentafluorobenzene terminated
SAMs (285.7 eV).*’ This is presumably related to the bonding
of the respective carbon atom to the adjacent piperazine ring.
There are also several additional less intense n*- and c*-like
resonances, for which the positions and assignments can be
found in the literature.”®®*

In addition to the magic angle spectra analyzed above, the
linear dichroism effects in the DTC-based SAMs were monitored.
The 90°-20° curves for all monolayers in Fig. 3b exhibit intense
difference peaks at the positions of the absorption resonances.
They reflect a pronounced linear dichroism suggesting high
orientational order in the monolayers. In addition, the signs of
the observed difference peaks, viz. positive signs for resonances
with n*-character and negative signs for those with c*-character
indicate (in view of the orientation of the respective orbitals) an
upright molecular orientation in all studied SAMs.

Along with these qualitative considerations, a quantitative
analysis of the entire set of the NEXAFS data acquired at
different X-ray incidence angles was performed to get informa-
tion about molecular orientation in the DTC SAMs. The analysis
was carried out within a standard theoretical framework,*!
comparing the angular dependence of the intensities of selected
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absorption resonances, I, with the appropriate theoretical
expression. The average angle describing the orientation of the
respective molecular orbital in terms of its transition dipole
moment (TDM) is used as a fitting parameter.*>*° For this
analysis we chose either the most prominent resonance asso-
ciated with the phenyl ring (1) or the most prominent n*
resonance of the fluorinated phenyl ring (C;°F — n*; 12), using
these moieties as markers for orientation determination. The
average tilt angle, «, of the corresponding orbitals (with their
“direction” defined perpendicular to the plane of the ring)
relative to the surface normal can be derived from a standard

expression for a vector-type orbital*!
I(x,0) = A{Px%{l +%-(3-003207 1)-(3-cos’a—1)

+(1— P)%sin2 cx}
(2)

where 4 is a constant, P is the polarization degree of the X-rays,
and 0 is the X-ray incidence angle. The derived « values are
shown in Table 2. They can be used to calculate the average tilt
angle of the molecular backbone, f3, according to the relation

cos(«) = sin(f)cos(y) (3)

where y is the twist angle of the molecular backbone with
respect to the plane spanned by the surface normal and the
molecular axis; it is defined as 0, if the tilt occurs perpendicular
to the plane of the ring (see schematic drawings in ref. 24 or 85).
In that case, f/ = 90° — « represents the minimum possible
molecular inclination consistent with the NEXAFS data. The
respective values are given in Table 2.

Larger values of the twist angle will result in larger values of the
molecular tilt angles for a given o. Regretfully, the twist angle cannot
be determined experimentally, which is a general constraint of
NEXAFS experiments on aromatic SAMSs. Therefore, for the most
basic PPd and PPz SAMs, we rely on theoretical simulations
(Section 3.4), deriving f and y from the optimized molecular
structures, calculating the respective «, and comparing them
with the experimental values (such an approach was recently
implemented in ref. 24).

Interestingly, the inclination of the n-system expressed by o
in PPz/Au is smaller than that in PPd/Au, in full agreement with
the packing density values (Table 1). The substitution of the
terminal phenyl rings in C12-PPd/Au and OMe-PPz/Au results
in an increase of the inclination, which is a common behavior
observed in different types of SAMs. Finally, the fluorination of
the terminal phenyl ring in FP-Pz/Au does not result in a

Table 2 Average tilt angle of the n* orbitals of the phenyl ring and the
minimal possible average molecular tilt angle for the DTC-based SAMs on
gold. See the text for details. The experimental error is estimated at +3°

C12N- OMe-
Monolayer PPd PPd PPz PPz FP-Pz
Tilt angle of the n* orbitals, o 72.5° 70° 81.5° 72° 79°
Minimum molecular tilt angle, #/ 17.5° 20.0° 8.5° 18.0° 11.0°
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noticeable disturbance of the molecular inclination, which
again appears to be a general trend for SAMs containing
perfluorinated aromatic moieties.*>%¢

3.3. Experiments: work function

The work function values of Au surfaces modified with the PPz
and PPd SAMs were determined to be 3.9 eV and 3.7 eV (+0.05),
respectively; accordingly, compared to a work function of a
reference Au substrate of 5.2 eV, the shifts amount to —1.3 eV
and —1.5 eV. The work function values of the C12N-PPd, OMe-
PPz, and FP-Pz SAMs are 3.2 €V, 3.5 eV, and 4.3 eV according to
the literature.®® They show the expected trends when compared to
the work function values of the parent PPz and PPd derivatives, viz.
a decrease in the work function upon substitution with electron-
donating groups (C12N and OMe) and an increase in the work
function upon partial or complete substitution of the terminal
moiety with electronegative fluorine atoms (FP-Pz).”%%2>

3.4. Quantum-mechanical simulations

3.4.1. Monolayer structure. In view of the unknown structure
of the adsorbate layer, we performed a (restricted) screening of the
potential-energy surface of the interface to identify different
polymorphs (for details see Section 2.3 and ESIt). The relative
stabilities and selected properties of the thus-identified struc-
tures are shown in Table 3. The structures of the most stable
conformations are shown in Fig. 4 and those of the others are
provided in the ESLf The packing density for the simulated
systems with two molecules in a (/3 x 3)rect surface unit cell
amounts to 4.45 x 10'* mol cm™?, which is equivalent to the
experimental packing density of the PPz SAM (see Table 1).

The data in Table 3 reveal that in the SAMs there are
different polymorphs that are reasonably close in energy. Inter-
estingly, the lowest energy structures of the two molecules in the
SAMs are fundamentally different, with a coplanar structure being
most stable for PPz, while for PPd a twisted conformation repre-
sents the energetic minimum. This difference is attributed to the

Table 3 DFT-calculated properties of various polymorphs of the PPz/
Au(111) and PPd/Au(111) interfaces: AE. (eV) denotes the total energy per
molecule relative to the most stable conformation; the «'s are the average
tilt angles of the m-orbitals (cf., Section 3.2) of the two inequivalent
molecules in the unit cell (the individual angles are reported in the ESI).
BEcis refers to the energetic position of the main peak in the simulated
core-level spectra (rigidly shifted by 18.95 eV, to align the simulated and
measured spectra of the PPz SAM — for more details see main text); and A®
is the SAM-induced work-function change (as reference energy the
theoretical work function of the clean Au(111) surface was used, calculated
to be 5.12 eV). Values for the lowest-energy structures are plotted in bold

Arrangement AEo (€V)  af° BEcis/eV A (eV)
PPz  Herringbone, coplanar 0 81.2 284.45 -1.71
Herringbone, twisted 0.135** 83.6 285.34 —2.60
Cofacial, coplanar 0.211 82.0 284.29 —1.57
Cofacial, twisted 0.340 89.1 285.12 —2.38
PPd Herringbone, coplanar 0.083 81.2 285.26 —2.54
Herringbone, twisted (1] 81.5 285.30 —2.58
Cofacial, coplanar 0.275 73.0 285.03 —2.29
Cofacial, twisted 0.214 85.5 284.98 —2.29
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Fig. 4 Optimized structures of PPz/Au(111) and PPd/Au(111). (a) and (b):
side and top views of herringbone coplanar PPz/Au(111); (c) and (d): side
and top views of herringbone twisted PPd/Au(111). Au atoms are depicted
in dark yellow, S in yellow, C in grey, H in white, and N in blue. The black
rectangle marks the unit cell used in the calculations.

kink in the molecular backbone induced by the sp® hybridized top
C atom in the piperidine ring. This interpretation is supported by
the finding that the relative energetic order of twisted/coplanar
conformations obtained for the periodic SAMs on the surface is
recovered also when calculating isolated molecules. Generally, in all
cases two molecules per unit cell arranged in a herringbone pattern
are more stable than a cofacial arrangement, consistent with what
is known for oligophenylenethiol SAMs.*””*® Especially for SAMs
containing aromatic entities this packing can be traced back to
multipole interactions between the negative charge in the n-system
and the partially positive hydrogen atoms, as explained in detail for
biphenylthiolates in ref 89.

The average angle of the n* orbitals of the terminal rings
relative to the substrate surface (the values of o from Section 3.2)
has been obtained via cos*(¢) = 0.5-(cos>(2;) + cos*(e1)) from the
angles of the individual molecules, «; and o,. This takes into
consideration that the intensities associated with the absorption
resonances are proportional to cos*(«x) (see eqn (2); the sin*(c)
component in that equation is comparably small). For the PPz
SAM, we see a near perfect agreement between simulations (81.2°)
and experiments (81.5°) when considering the lowest-energy
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Table 4 Calculated tilt and twist angles of the two inequivalent molecules

in the unit cells of PPz (herringbone, coplanar) and PPd (herringbone,
twisted) SAMs at full coverage

Tilt Twist

Ba B2 71 V2
PPz 7.4 13.7 37.6 36.1
PPd 14.2 12.6 58.0 411

structure. For the PPd system, the calculated value (81.5°) is
larger than the experimental one (72.5°). This deviation is
attributed to a non-negligible amount of disorder in the experi-
mentally studied PPd film, which is consistent with the reduced
coverage measured for the PPd SAM compared to the PPz
monolayer (Table 1). Considering the twisted molecular back-
bone of PPd in the lowest-energy structure, a reduced film
quality for that system appears indeed plausible.

An advantage of the simulations is that they provide direct
access to the tilt and twist angles of the individual molecules,
which are shown, for the lowest-energy conformations, in
Table 4. These data suggest nearly upright-standing molecules
in full agreement with the XPS data (see Section 3.1). Notably,
the tilt angles calculated for PPd are smaller than the minimum
tilt angles derived from the measurements (see Table 2), which
can again be attributed to some disorder in the experimentally
investigated PPd films.

3.4.2. Calculated core-level shifts and variations in the
electrostatic energy. A simulation of the C 1s XP spectra can
provide valuable information regarding SAM-induced modifica-
tions of the electrostatic potential.>*>*! In the calculations,
we observe a shift of 0.85 eV between the main peaks of the
core-level spectra of PPz and PPd. This agrees qualitatively with
the experiments, although in absolute numbers the calculated
shift between the two systems is clearly larger than the value of
0.42 eV measured at 350 eV photon energy. This difference can
at least partly be attributed to the lower effective coverage in the
experimental PPd samples, which, on the one hand, dilutes the
dipoles and, on the other hand, results in a somewhat larger
tilt of the dipole direction relative to the surface normal.
A quantitative estimate of the impact of both effects can be
found in the ESL

As far as the shapes of the XP spectra are concerned, they
agree very well between the simulations and experiments. This
can be seen in Fig. 5, where it should be noted that the energy
scale in the simulations has been shifted to higher BEs by
18.95 eV. This value has been chosen to make the calculated
and experimental spectra of PPz/Au lie on top of each other
and, for the sake of consistency, was then also chosen in the
PPd case. Such a shift is necessary considering that within the
initial state approach one approximates the ionization energies
by the (Kohn-Sham) orbital energies of the core levels. In this
way, one only obtains core-level shifts, which eventually need to
be aligned relative to a reference system.’***

For PPz/Au, the simulations fully reproduce the occurrence
of a pronounced shoulder at higher binding energies (the feature
denoted as “1” in the XP spectrum of PPz/Au in Fig. 2b).
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Fig. 5 Comparison between experimental and suitably aligned (see
below) simulated C 1s XP spectra. (a) Experimental (black) and simulated
(red) C 1s spectra of PPz/Au(111); (b) calculated core level energies for each
carbon atom in the PPz molecule in the respective SAM including screen-
ing by the metal; (c) experimental (black) and simulated (red) C 1s XP
spectra of PPd/Au(111); and (d) calculated core level energies for each
carbon atom in the PPd molecule in the respective SAM including screen-
ing by the metal. Please note that in panels b and d the energy values are
given for only one of the two molecules in the full coverage unit cell. Since
these two molecules are differently tilted, they are not symmetry equiva-
lent and the calculated energy values vary slightly between them. Such
differences are, however, very small, as shown in the ESI.{ To ease the
comparison between simulations and experiments, the energy scale for
the simulated data has been shifted to higher BEs by 18.95 eV (aligning the
measured and calculated spectra for PPz).
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Conversely, for PPd/Au only a single dominant peak is observed
in full agreement with the experiments. The atomically resolved
core-level binding energies in Fig. 5b and d support the original
peak assignment from Section 3.1; i.e. the low BE feature in PPz/
Au is associated with the carbon atoms in positions 2-6 of
the topmost phenyl ring, while the weaker, high BE feature
originates from the carbon atoms directly bonded to the nitro-
gen atoms in the piperazine moiety. Conversely, for PPd/Au the
core-level BEs of all C atoms in the rings are between 285.3 and
285.7 €V; as a consequence of this comparably small energetic
spread and due to the absence of two energetically distinct
groups of carbon atoms, we obtain only a somewhat broadened
single peak that dominates the spectrum.

Beyond confirming and refining the peak assignment, the
simulations provide additional insight that is not apparent in
the experiments due to the finite energy resolution: (i) they
reveal that in PPz/Au the core level energy of the topmost
carbon in the phenyl ring is shifted by 0.2 eV compared
to the neighboring carbons, an effect that is not observed in
PPd/Au. (ii) The aliphatic carbons in PPd/Au have essentially the
same BEs as the aromatic ones in the topmost ring. (iii) Finally,
the BE associated with the carbon atom bonded to the two
sulfurs is shifted to higher BEs by ~1.0 eV (1.3 eV) in PPz/Au and
by ~0.7 €V (1.0 eV) in PPd/Au compared to the C atoms in the
lower ring, disregarding (including) screening effects. Due to
the finite escape depth of the photoelectrons, this is at best
manifested as a high BE tail in the experimental spectra.

To understand the above-described peculiarities of the XP
spectra, it is useful to keep in mind that core-level energies are
determined by two factors: the local chemical environment of
an atom and the local electrostatic energy.>®>"*%%%%* The latter
can, for example, be changed through collective electrostatic
effects via a periodic arrangement of polar groups common in
SAMs>' or by the Madelung energy in ionic crystals.”>*® Con-
ceptually, chemically and electrostatically induced shifts can be
separated by reducing the density of the polar moieties in the
adsorbate layer.”" This is straightforward, at least as long as
reducing the dipole density does not modify atomic charges,
e.g., by changing the charge transfer between the substrate and
adsorbate. For atoms in a SAM that are at a sufficient distance
from the docking groups, this means that core-level energies
will depend on the coverage only, if there are dipole layers
between them and the metal substrate.>" To analyze this, one
needs to compare the core levels of densely packed films to
those obtained from a calculation carried out at significantly
reduced molecular coverage. In the latter case, the remaining
molecules need to be fixed in the geometries they adopted in
the dense SAM in order to avoid a superposition of effects
arising from molecular rearrangements (see Section 2.3).

When applying this approach to the PPd and PPz SAMs, the
spectra shown in Fig. 6 are obtained for full, 1/16 and 1/36
coverage. Their comparison reveals three crucial aspects: (i) the
low-coverage spectra are significantly shifted with respect to the
full coverage ones with the shifts of the 1/36 spectra slightly
exceeding those of the 1/16 spectra; (ii) the shape of the spectra
remains essentially unchanged; i.e., there is a rigid shift; and
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(iii) the shift for the PPd SAM (1.90 eV between full and 1/36
coverage, as measured from the positions of the maxima)
clearly exceeds that for the PPz SAM (1.32 eV). As can be
inferred from the description in the preceding paragraph, the
first aspect suggests that significant dipoles are present in the
system; the second indicates that the most significant dipoles
are in the region of the immediate metal/SAM interface, ie.,
closer to the metal than the carbon atoms most strongly
contributing to the C 1s spectra; finally, the third aspect implies
that this dipole is larger for PPd than for PPz. In addition, the
comparably small shift between the 1/16 and 1/36 spectra for
both PPd and PPz SAMs suggests a convergence of the calcula-
tions in terms of approaching the isolated-molecule limit. We
note that the pronounced difference in the core level shifts
observed for PPz and PPd in Fig. 6 cannot result from a
different tilt angle of the DTC anchoring group. According to
our calculations, the plane spanned by the S-S-N atoms (with
N being the nitrogen atom that belongs to the DTC group)
forms an angle of 6° and 5.8° relative to the surface normal for
PPz and PPd, respectively, which is a very small difference and,
thus, cannot significantly affect the interface dipole.

To consider the above trends in more detail, we analyze the
atomistically resolved core-level energies shown in Fig. 7 for the
PPd and PPz SAMs at full and 1/36 coverage. In this context we
report the as calculated core-level energies; i.e., no rigid shift of
the spectra is applied and no screening of the core hole by the
metal substrate is considered. Otherwise, ‘“artificial” shifts due
to different dielectric constants of the adsorbate layer at
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Fig. 6 Comparison between the simulated XP spectra of PPz (a) and PPd
(b) on Au(111) obtained for full, 1/16 and 1/36 coverage. The legend is given
in the panels.
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different coverages (¢f,, eqn (1)) would obscure the more
fundamental trends.

We start with a discussion of the PPz case (Fig. 7a): the
horizontal arrows associated with the C atoms most strongly
contributing to the XP spectrum have very similar lengths
(average AEgg =~ 1.15 eV, for numerical details see ESIt). This
supports the conclusion drawn already from the rigid shift of
the spectra that significant dipoles exist that are mostly found
in the vicinity of the docking region.

Interestingly, AEgg is essentially the same also for the top-
most C atom, which suggests a chemical origin for the different
binding energy of that atom compared to the other phenyl
carbons. As this difference is not observed in the PPd case
(Fig. 7b), its origin must be the N atom bonded to the C in the
1-position of the phenyl ring in PPz. Its impact can be more
straightforwardly investigated using aniline as a model system.
Considering the possible resonance structures of aniline
indeed allows rationalizing the chemical origin of the shift,
as described in detail in the ESIL.{

For the carbon atoms in positions 3 and 5 and in positions 2
and 6 of the piperazine ring, the shift is on average reduced to
~1.05 eV and ~0.72 eV, respectively, and it almost disappears
(AEgg = 0.12 eV) for the carbon atom bonded to the two sulfurs
(see Fig. 7a). The shift of the 1s energies of the lower nitrogen
between full (378.80 eV) and 1/36 coverage (378.39 eV) amounts
to 0.41 eV, which is intermediate between that for the two
adjacent C atoms. This, together with the vanishingly small
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Fig. 7 Calculated, atomically resolved C 1s core-level energies for the
PPz (a) and PPd (b) SAMs obtained for full (red crosses) and low (1/36; blue
crosses) coverage. The black dashed arrows serve as guides to the eye.
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coverage-dependent shift of the S 2p core levels energies
(calculated to be 0.045 eV on average), suggests that the dipoles
causing the electrostatic shifts reside in the region around
those atoms.

Here, it, however, has to be noted that an analysis of the
coverage-dependence of the core-level shifts of atoms close to
the substrate and in the immediate vicinity of the dipole is not
straightforward. The reasons for that are two-fold: on the one
hand, coverage dependent interfacial charge rearrangements
resulting from the formation of the metal to SAM bond®” lead
to coverage-dependent chemical shifts, which can easily mask
the electrostatic ones. This aspect is discussed in detail in the
ESL.f On the other hand, for reduced dipole densities the
change in electrostatic energy close to the dipoles can no longer
be approximated by a simple step.®> Consequently, at low
coverages and close to the dipoles the magnitudes of electro-
static core-level shifts subtly depend on the exact positions of
the respective atoms.

In passing we note that in an attempt to pinpoint the exact
location of the dipole, we also tested various charge partition-
ing schemes, but (not really unexpectedly) observed significant
variations between different SAM conformations and methodo-
logical approaches rendering these attempts inconclusive.

With regards to the coverage-dependent core-level energies of
PPd/Au, qualitatively similar trends as in PPz/Au are observed
(see Fig. 7b and ESIT), the main difference being that the overall
coverage-dependent shift is larger even for the bottom ring,
indicative of a larger dipole in the region of the docking group.

3.4.3. Docking positions and their impact on S core-level
binding energies. As indicated already in the discussion of the
experimental results, we find docking positions of the four
S atoms per unit cell varying between on-top and bridge,
including also displacements towards the hollow sites (for a
plot of the S docking positions in the lowest energy structures
see ESIf). This results in calculated S 2p binding energies
varying over ca. 0.13 eV for PPz/Au and 0.12 eV for PPd/Au,
which is consistent with the comparably large fwhm of the
experimental S 2p XP spectra (see Section 3.1).

3.4.4. Work-function modifications. As far as the work
function modifications (see Table 3) are concerned, the value
obtained for the PPz SAM somewhat overestimates the mea-
sured one (—1.7 eV vs. —1.3 eV). In fact, already in the past we
have made similar observations, with one of the reasons being
finite grain sizes and a correspondingly inevitable disorder in
the real SAMs.”

As a matter of curiosity, it should be mentioned that in the
PPz SAMs changing the molecular conformation by rotating the
phenyl ring such that it is nearly perpendicular to the piper-
azine unit (twisted configuration) massively increases the work
function change. This can be traced back to a significant
increase of the dipole moment of the molecule (for an isolated
molecule it increases from 2.8 Debye for the planar configu-
ration to 3.9 Debye for the twisted one). Even though in the
experiments there is no indication of the occurrence of
the twisted structure, this result shows that inducing a twist
(e.g., by chemical substitutions) could be a viable strategy for
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boosting the molecular dipole moment of PPz derivatives and
to maximize the achievable work-function modification. Note
that for the PPd SAM, a change from the twisted to the planar
configuration has a much weaker impact on the molecular
dipoles and on the work function changes (see Table 3 and
ESIT), which we attribute to the absence of heteroatoms in the
vicinity of the rotated bond.

When comparing the calculated SAM-induced work function
decrease of PPz and PPd, PPd yields a work function that is
larger by 0.87 eV. This coincides with the shifts in the simulated
core-level binding energies for C 1s states in the phenyl ring
(see the last two columns of Table 3), a correlation that is
expected based on the equivalent electrostatic origins of core-
level shifts and work function changes (see above and ref. 21).
In the experiments, however, a distinctly smaller difference in
the work functions of PPz and PPd samples is observed, which
is on the order of only 0.2 eV. This is even smaller than the
measured 0.42 eV shift in the binding energy of the main
features in the XP spectra related to the phenyl C 1s signal.
The origin of this deviation between theory and experiment is
not fully understood, and appears too large to be solely attrib-
uted to the lower coverage of the PPd SAMs as reported in
Table 1. Here, we cannot fully exclude a certain parameter
variation for the different samples employed for the different
measurements within the project. Also, we cannot rule out an
overestimation of the particularly large calculated dipole asso-
ciated with the bonded DTC group for the PPd system.

4. Summary

In the present work we combined synchrotron-based XPS,
NEXAFS spectroscopy, work function measurements and
state-of-the-art DFT calculations to study the molecular organi-
zation and electrostatic properties of SAMs on Au(111) formed
by dithiocarbamates with rod-like symmetry, taking several
representative monolayers as test systems. As the piperazine/
piperidine unit constitutes a common platform of these deri-
vatives, particular emphasis is given to the investigation of the
two parent compounds, PPd and PPz. They can be substituted
with different functional terminal groups, thus allowing a wide
range of molecular dipoles and offering a promising avenue for
work function engineering at metal—organic interfaces. From
our study, it emerges that the DTC anchoring group represents
a useful building block for monomolecular self-assembly on
coinage metal substrates. Its combination with the piperidine
or piperazine moiety allows for a sufficient flexibility, enabling
the self-assembly of more rigid terminal groups (such as the
phenyl rings in the case of PPd, PPz, and FP-Pz). It also allows
the substitution with additional groups such as secondary
amines, alkoxy groups, cyano groups, and many more (e.g. for
C12N-PPd and OMe-PPz). Importantly, both sulfur atoms in the
DTC anchoring group bind to the substrate in a bidentate
fashion, a very advantageous feature distinguishing the DTC
moiety from other thiol-based dipodal and tripodal docking
groups, which frequently show a heterogeneous chemistry for

This journal is © the Owner Societies 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp03306h

Open Access Article. Published on 04 October 2019. Downloaded on 12/4/2025 2:15:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

each individual sulfur atom (with coexisting thiolate, atomic
sulfur, unbound sulfur, and disulfide configurations). Notwith-
standing its bulkier bonding configuration, the DTC anchor, in
combination with the piperidine or piperazine linkers, allows a
dense molecular packing (see Table 1), with almost the same
density as for monodentate docking groups such as thiolates in
alkanethiolate and arylthiolate SAMs on Au(111). Such a dense
molecular packing is characterized by small molecular inclina-
tions, as evidenced both by NEXAFS experiments and theore-
tical simulations (see Tables 2 and 3). This inclination is only
slightly altered upon substitution of the PPd and PPz back-
bones with dipolar tail groups, or by partial fluorination of
these moieties, a very favorable property in view of interface-
dipole engineering, e.g. for the efficient alignment of transport
levels in organic semiconductors.

As an overall trend, we find excellent agreement between the
results from spectroscopic experiments and theoretical simula-
tions in terms of molecular organization of PPd and PPz films.
This not only refers to the molecular orientation but, for
example, also to the heterogeneity of sulfur absorption sites
in DTC anchoring groups. In addition, the XP spectra of the
films could be reproduced by theory, in spite of a certain
deviation between calculated and measured work function
values. The most important conclusion with regards to the
electrostatic properties of PPd and PPz SAMs concerns the
location of the electrostatic dipole layer within these films,
found to be in a region immediately adjacent to the metal/SAM
interface. Interestingly, there is no significant potential step in
the region of the additional nitrogen atom in PPz, at least as
long as in PPz a coplanar molecular geometry prevails. The
additional nitrogen atoms, however, induce a minor chemical
shift affecting the carbon atoms in the terminal phenyl ring in
the PPz SAM.

The most relevant difference found between the PPd and
PPz platforms is a more upright orientation of the molecular
backbone associated with a higher coverage for PPz, making
especially this platform promising in view of further substitu-
tion of the terminal phenyl ring by polar groups, thereby
providing access to a broad variety of interface dipoles.
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