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Self-assembled monolayers (SAMs) of N-heterocyclic carbenes (NHCs) on metal substrates are currently one of
the most promising systems in context of molecular-scale engineering of surfaces and interfaces, crucial for
numerous applications. Interest in NHC SAMs is mainly driven by their assumingly higher thermal stability

. . compared to thiolate SAMs most broadly used at the moment. Most of the NHC SAMs utilize imidazolium as an
Packing density . cs . . . .
NEXAFS anchoring group for linking molecules to the metal substrate via carbene C atom. It is well established in the
SIMS literature that standing up and stable NHC SAMs are built only when using bulky side groups attached to nitrogen
heteroatoms in imidazolium moiety, which, however, leads to monolayers exhibiting much lower packing
density compared to thiolate SAMs. Here, by combined X-ray photoelectron spectroscopy, near-edge X-ray ab-
sorption fine structure spectroscopy, and temperature-programmed secondary ion mass spectrometry analysis,
we demonstrate that using NHCs with small methyl side groups in combination with simple, solution-based
preparation leads to the formation of aromatic monolayers exhibiting at least doubled surface density, upright
molecular orientation, and ultra-high thermal stability compared to the NHC SAMs reported before. These pa-
rameters are crucial for most applications, including, in particular, molecular and organic electronics, where
aromatic SAMs serve either as a passive element for electrode engineering or as an active part of organic field
effect transistors and novel molecular electronics devices.

imidazolium moiety which links NHC molecules with the metal sub-
strate (Au, Cu, Ag, Pt and Pd) through carbene C atom (Fig. 1b-d)

Introduction

Self-assembled monolayers (SAMs) [1,2] provide a versatile tool for
engineering of surfaces and interfaces and are commonly used for
numerous applications in biotechnology [3,4], molecular/organic elec-
tronics [5,6], and many other areas of modern science and technology.
The key requirements in this context are (i) dense molecular packing, (ii)
upright molecular orientation, and (iii) high thermal and chemical sta-
bility. Currently, most of SAM applications involving metal substrates
rely on using thiolates (Fig. 1a) [1,2,7], however, an alternative direc-
tion was proposed [8-11] which exploits N-heterocyclic carbenes
(NHCs). This development is based mainly on experimental [10-12] and
theoretical [13,14] studies indicating significantly higher thermal and
chemical stability of NHC SAMs compared to thiolates [15]. With few
exceptions [16-18], NHC SAMs reported so far are formed using

* Corresponding authors.

[19-25]. The experimental data [22-28] and density functional theory
(DFT) calculations [14,23,26,27,29] indicate that the molecular orien-
tation in the NHC SAMs - either upright (Fig. 1b) or planar (Fig. 1c)
toward the substrate - is predominantly determined by the size of side
groups attached to nitrogen heteroatoms in this moiety, such as methyl
(Me), ethyl (Et) or isopropyl (iPr). The packing density and bonding
configuration are impacted accordingly, which defines a range of
possible applications of the NHC SAMs. With a very few exceptions [30,
31], which were later questioned both by spectroscopic [22,27] and
microscopic [23] analysis, it was concluded that upright-oriented and
thermally stable monolayers on metal substrates are only formed by
NHCs with bulky side groups (Fig. 1b), whereas short methyl sub-
stituents lead to flat-oriented metal complexes exhibiting very low
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surface density (Fig. 1c). Such design concept [14,22,26-29,32], based
on vacuum-deposited NHC monolayers and supported by DFT calcula-
tions, became in recent years the main strategy for NHC SAM formation,
with BIM™" (which contains bulky isopropyl side groups - see Fig. 2)
being the most widely analyzed NHC platform for functionalization of
metal substrates [10,11,14,22,26,27,33] and nanoparticles [34,35]. The
most recent microscopic analysis [26] of BIMF*/Au shows molecular
footprint (~57.5 /0\2) which is almost 3 times larger than that for thiolate
SAMs on the same substrate (~21.6 Az) [1]. Such a low packing density,
associated with the bulky side groups, results in low density of func-
tional tail groups at the SAM-ambient interface, noticeably diminishing
the chemical and physical impact of the functionalization and hindering
thus the potential of NHC SAMs for surface and interface engineering
(Fig. 1b). Therefore, it is urgently needed to find a strategy for the for-
mation of NHC SAMs having packing density and, consequently, a
functionalization ability comparable to those of thiolates and unfolding,
at the same time, the expected potential of NHCs in terms of thermal
stability (Fig. 1d).

To address this fundamental problem, we analyze a series of three
NHC SAMs on Au(111) (Fig. 2) based on imidazolium (IM) unit with
short Me side groups and different number n of benzene moieties
coupled to this unit in acene fashion: IM (n = 0), BIM (n = 1) and NIM
(n = 2). In contrast to the vacuum deposition approach used in most of
the previous studies, these SAMs were prepared by immersion proced-
ure, which was one of the key points to achieve the results reported
below. The fabricated SAMs with Me side groups are compared with a
similarly prepared monolayer with bulky side groups, BIM''/Au
considering the most basic parameters, such as packing density, film
thickness, molecular inclination, and thermal stability. Our study pro-
vides direct experimental evidence that, contrary to the commonly
established design principles for NHC SAMs, the NHC molecules with
short methyl side groups can form, via solution-based fabrication pro-
cedure, upright-oriented monolayers and thus provide, for the first time,
packing density comparable to that of standard thiolate SAMs on Au.
Moreover, we show that the combination of the short side group with
attachment of phenyl or naphthalene moiety to the anchoring imida-
zolium unit drastically improves the thermal stability of NHC SAMs. As
the result, the current analysis allows us to propose an alternative
concept for the formation of functional NHC SAMs.

Materials and methods
Detailed description of the synthetic protocols and information on

the materials and methods can be found in the Supplementary
Information.
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Syntheses

All NHCs were synthesized according to literature protocols.

Sample preparation

For XPS, NEXAFS spectroscopy, and contact angle measurements,
silicon wafers covered with ~100 nm of gold served as substrates. For
SIMS measurements, mica substrates with ~100 nm of gold were used,
in view of the higher thermal stability of this substrate type compared to
Au/Si. Note that both Au/Si and Au/mica substrates are most typical
and frequently used polycrystalline gold supports for the fabrication and
characterization of SAMs, exposing predominantly Au(111) surface and
mimicking excellently Au(111) single crystals in regard to SAM prop-
erties and characteristics [1,2]. These supports are also directly relevant
for applications, in which the respective deposition routes can be easily
adapted. The samples were prepared by immersing substrates in 1 mM
solutions of the SAM precursors for ~20 h. Degassed THF and absolute
ethanol were used as solvents for NHCs and thiols (reference systems),
respectively. Preparation of the samples was performed in argon-filled
glovebox.

XPS measurements

Al Ka (E = 1486.6 eV) X-ray source and VG SCIENTA R3000 spec-
trometer were used for the XPS measurements. The binding energy scale
was referenced to the Au 4f; 5 peak at 84.0 eV. The inelastic background
was subtracted using the Shirley function. Additional XPS measurements
were performed at the synchrotron; see SI for details.

NEXAFS measurements

The measurements were performed at the HE-SGM beamline of the
synchrotron radiation facility BESSY II (Berlin, Germany). The spectra
were acquired at carbon and nitrogen K-edges. X-ray incidence angle
was varied to monitor the linear dichroism effects linked to orientation
of the molecules in the monolayers.

SIMS measurements

TOF SIMS V system (IONTOF GmbH) equipped with a 30 keV Bi* ion
source and a time-of-flight analyzer was used. During the TP-SIMS
measurements, the temperature was linearly increased from room
temperature to 750 K at a constant rate (p) of 3.75 K/min. The emission
intensities were normalized to the room-temperature values before the
analysis.
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Fig. 1. Schematic comparison of structure, density, and thermal stability of thiolate and imidazolium-based NHC SAMs on Au. (a) High-density aliphatic/aromatic
thiolate SAMs allow a versatile control of the SAM-ambient interface (by flexible selection of functional tail group, X) but have low thermal stability.15 (b) Upright-
oriented NHC SAMs with large side groups allow the same control of the SAM-ambient interface as thiolates but have much lower packing density and do not give any
gain in thermal stability. (c) Flat-oriented NHC-Au-NHC complexes formed by NHC with small side groups have very low density, a problem with control of the SAM-
ambient interface, and probably similar thermal stability as thiolates. (d) Optimized upright-oriented NHC SAMs with short side groups unite the advantages of all

above systems and have high thermal stability in addition.
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Fig. 2. XPS analysis. (a) Schematic drawings of the molecules used in this study (IM™¢, BIMM¢, NIMM® and BIM'™") with indicated C atoms corresponding to IM unit
(yellow), remaining aromatic or side groups (red), and N atoms (blue). The geometric heights of the molecules indicated in (a) were estimated assuming fully upright
orientation and a length of the C-Au bond of ~2.1 A (b-d) C 1s (b), N 1s (c), and Au 4f (d) spectra of the NHC SAMs. Individual components in the C 1s (red at
~285.0 eV and yellow at ~286.0 eV) and N 1s spectra (blue at ~401.0 eV for IMM® or ~400.5 eV for BIM™¢, NIMM® and BIM'*) are color-coded in relation to

individual atoms in (a).

Surface energy analysis

For the calculation of the surface energies, measurements of the
contact angles of water and diiodomethane were performed. The ac-
quired data were statistically processed to obtain mean values and
standard deviations that were used for the surface energy calculations
using the Fowke’s method.

Results and discussion
Spectroscopic analysis of the structure and bonding configuration
Successful adsorption of the NHC molecules on the substrate for all

four SAMs is directly confirmed by the static secondary ion mass spec-
trometry (SIMS) which shows a strong emission of positive secondary

ions corresponding to complete molecule (M™) and molecule-metal
clusters (MAu®, MsAu", MoAuj, MAuj). The respective signal is
generally considered as a “fingerprint” of SAMs with individual mole-
cules chemically bound to a metal substrate (SI; Fig. S19) [36,37]. In
contrast, for all these SAMs, the emission of corresponding negative
molecular ions is negligible. Following former analysis [37] it is known
in SIMS that the emission resulting from breaking of well-defined bond
with an ionic character predominantly leads to ionization of the emitted
fragments according to the partial charge in this bond, therefore, the
preferable emission of M™ in contrast to M™ indicates ionic character of
the covalent molecule-metal bond (C-Au) for all analyzed NHC SAMs,
with the positive charge accumulated at the carbene C atom. This
conclusion is consistent with the DFT calculations [13,38,39] for NHC
SAMs showing significant electron donation from the carbene carbon to
gold substrate.
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To analyse the thickness, density, and bonding configuration of the
NHC SAMs, X-ray photoelectron spectra (XPS) in the C 1s, N 1s, and Au
4f ranges were taken (Fig. 2). The C 1s spectrum for the shortest member
of the series, IMM®/Au, exhibits a single symmetric peak at the binding
energy (BE) of ~286.0 eV, in agreement with a former XPS study for this
monolayer [23]. Interestingly, the terminal C atom of protonated (=
chemically symmetric) imidazole has a higher (by ~1.2eV) BE
compared to two other C atoms in this moiety, so that the respective
component in IMMe/Au is shifted [40], as a consequence of bonding to
the substrate and screening effects, resulting in only one peak for all
three C atoms. In contrast, for the monolayers containing one (BIM-
Me/Au and BIM'*'/Au) or two (NIMM€/Au) benzene moieties, this peak
becomes asymmetric and two components are needed to fit the spectra
properly. It is then logical to assume that the first component corre-
sponds to the imidazolium unit, and the second is related to the carbon
atoms in the benzene rings and more bulky side groups. Setting the in-
tensity ratio of both components (on the basis of stoichiometry corrected
by the respective attenuation factors; see SI for details) and fixing the
position of the first component at ~286.0 eV, we obtained the position
of the second component, which for BIMM¢/Au, NIMM®/Au and BIM"
Pr/Au turned out to be ~285.0 eV. Importantly, this position corre-
sponds to a BE shift of ~0.9 eV in comparison to the BE typical of
aromatic [41] or hybrid aromatic-aliphatic [42] thiolate/selenolate
SAMs (~284.1 eV). This shift stems most likely from an electrostatic
effect [43] caused by the charge rearrangement at the molecule-metal
interface upon modification of the bonding group from thiols/selenols
to carbene, and formation of the respective dipole layer. The direction of
this shift is consistent with the charge transfer from the carbene carbon
to the gold substrate, confirming the conclusion from the SIMS analysis.

The N 1s spectra of all NHC SAMs exhibit a single component, which
suggests a chemical equivalence of both N atoms in imidazolium unit.
This component is located at ~401.0 eV for IMM®/Au but shifted to
~400.5 eV for the other NHC SAMs analysed here (Fig. 2). Note that all
these values are higher than those known for amino group
(~399-400 eV) [44]. Generally, the respective shift, which has the same
direction as for the C 1s peak, could also be ascribed to dipole layer
formation. However, the difference in its magnitude for IMM¢/Au and
the other NHC SAMs indicates an increased interaction of nitrogen
n-electron system with the metal substrate in the latter case [27] or,
probably, a change in molecular organization and bonding configura-
tion in the SAMs.

Note that apart from the major peaks described above, some of the C
1s and N 1s spectra in Fig. 2 contain weak shoulders at the high binding
energy side of the main peaks. These shoulders are most likely related to
residual contamination, trapped solvent molecules and, probably, a
comparably small amount of physisorbed molecules that survived the
post-preparation-washing. Such species are frequently found in different
SAMs and do not affect their quality and parameters, as far as the
respective contributions are small, which is the case here.

As a next step, the effective thickness of the monolayers was calcu-
lated on the basis of the C 1s/Au 4f intensity ratio (the total C 1s signal /
the joint Au 4f;,; and Au 4f5,, signal) following well-established
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procedure [45] with previously reported attenuation lengths [46] and
using hexadecanethiolate/Au as a reference system (see SI for details).
The obtained thicknesses are compiled in Table 1 and, for all mono-
layers, are relatively close to the geometric molecular lengths shown in
Fig. 2, suggesting that these are indeed monolayers comprised of
upright-oriented molecules. Significantly, the effective thickness of
BIMP"/Au (~9.0 ;\) is the same as in the recently published [26] report
for this system. At the same time, the thickness values for all SAMs
studied differ distinctly from that for the flat-oriented NHC monolayers
(~1.7 }o\), reported in the same study [26]. Apart from this distinct dif-
ference, the exact thickness values in Table 1 should be taken with a
grain of salt since the attenuation lengths of the photoelectrons used for
our calculation refer to alkanethiolate monolayers and can be somewhat
different for the NHC SAMs.

To estimate the packing density we calculated the relative molecular
footprint (MF), i.e. the area per individual molecule in the NHC SAMs in
comparison with the reference monolayer of azobenzene thiol (CgHs-
N=N-CgH4-(CH)3-SH, Azo-3) on Au(111) which was previously char-
acterized by molecularly-resolved scanning tunneling microscopy (STM)
[47]. The MF was determined assuming the proportionality of the N 1s
signal to the packing density of the molecules on the surface and using
the known packing density of the established Azo-3 system (24.6 A%) as
the reference [47]. For all MF calculations, the attenuation of the N 1s
signal by the given monolayer, including the specific geometry of the
Az0-3 SAM in particular [45], was taken into the account (see the SI for
details).

The obtained MFs are presented in Table 1 as both relative and ab-
solute values and show that, within the given precision (~20%), the
packing densities of IMM®, BIMM®, and NIMM® on Au are similar to each
other and close to that of the reference Azo-3 system. Apart from the
absolute MF values for the Me-substituted SAMs, their similarity con-
tradicts a possible planar geometry, which will impose a progressively
increasing MF with the increasing length of the molecular backbone at
going from IMM® to BIMM® and further to NIMM®. For a rough approxi-
mation of such scenario, we can assume the structure reported for IMM®-
Au-IMM® complexes [23] and simply rescale it for BIMM® and NIMMe,
which gives us MFs of ~48.4, ~67.5 and ~86.5 A2 for IMM¢/Au, BIM-
Me/Au, and NIMMe/Au, respectively, in obvious contrast to the experi-
mental data. The only way to resolve this contradiction is to assume an
upright adsorption geometry in all these SAMs. This conclusion is
additionally confirmed by the roughly doubled MF value (~46.0 A%)
obtained by us for BIM""/Au, which is not far away from the recently
reported STM-derived value [26] (~57.5 10\2) for this system.

The XPS provides yet another, and independent, indication that
NHC-Au-NHC complexes are not formed in our case. It was shown pre-
viously [27] that formation of planar IMMe-Au-IMM® complexes is asso-
ciated with an additional, higher (by ~1.1 eV) BE component of the Au
4f peaks, corresponding to Au adatoms in these complexes. Our
high-resolution Au 4f;,», XP spectra of IMM¢/Au do not exhibit this
additional component as shown in Fig. S16.

In addition to the above analysis, the issue of molecular orientation
in the NHC SAMs was addressed by NEXAFS spectroscopy, which was

Table 1

Overview of the parameters for the analyzed NHC SAMs.
Parameter vMe BIMM® NImMe BIM"
Effective thickness* (A) 7.5(+0.4) 8.2(+0.4) 10.8(+0.5) 9.0(+0.5)
Average tilt angle (C K-edge) (°) 27.9(+3) 27.7(4£3) 24.2(+3) 20.9(+3)
Average tilt angle (N K-edge) (°) 23.2(+4) 20.0(+£4) 23.1(+4) 14.3(+4)
Mol. footprint (relative to Az0-3)" 0.94(+0.19) 1.19(+0.24) 1.12(+0.22) 1.85(+0.37)
Mol. footprint (A%)™ 23.2(+4.6) 29.3(4+5.9) 27.5(+5.5) 45.6(+9.1)
Desorption temperature (K) 461(+9) 621(+10) 623(+11) 454(+8)
Desorption energy (eV) 1.40(+0.02) 1.90(+0.03) 1.91(+0.03) 1.38(+0.02)
Surface energy (mJ/m?) 54.7(+6.8) 48.4(+4.9) 47.7(£5.0) 47.7(£5.3)

*Errors were estimated as ~5% of the values.
**Errors were estimated as ~20% of the values.
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Fig. 3. NEXAFS analysis. (a) C K-edge NEXAFS spectra of the NHC SAMs measured at an X-ray incidence angle of 55° (to exclude orientational effects) along with the
difference between the spectra acquired at the normal (90°) and grazing (20°) incidence (to monitor orientational effects). (b) The ratio of the m;* resonance in-
tensities as a function of the incidence angle (black circles). The best fits are shown by the red solid lines and the respective average tilt angles are given; the curves
corresponding to slightly different tilt angles (+2°) are shown for comparison (black dashed lines). (c) Scheme of the molecular orientation in the NHC SAMs.

also useful to verify the chemical composition of the monolayers. The
respective C K-edge data are summarized in Fig. 3, while complemen-
tary N K-edge data can be found in the SI.

The C K-edge spectrum of IMM¢/Au in Fig. 3a is dominated by the
characteristic [48,49] m;* resonance of imidazole at ~286.5 eV,
accompanied by a weak np* resonance at ~288.6 eV and a variety of
overlapping c*-resonances. Note that the position of the m;* resonance
agrees perfectly with a recent NEXAFS study of the same system [27]
and the spectrum of protonated imidazole.*” The spectra of BIMM®/Au
and BIM"/Au exhibit the characteristic 7% signature of benzimidazole
[50], i.e. a strong m;* resonance at ~285.1 eV and a weaker 1* reso-
nance at ~286.7 eV, linked to the n;* resonance of imidazole. Note that
the positions of the n* resonances agree well with a recent NEXAFS study
for a BIM-based SAM on Pt(111) [25]. The spectrum of NIMM¢/Au ex-
hibits the characteristic n* signature of naphthalene [41], i.e. a double
n* resonance at 284.65 eV and 286.1 eV. Thus, the chemical identity of
the NHC SAMs is confirmed. Complementary information is provided by
the N K-edge spectra (Fig. S17), which show only one n;* resonance at
401.7 eV for IMM¢/Auy, and two ©* resonances at 401.7 eV and ~403 eV
for BIMM®/Au and NIMM®/Au and somewhat lower energies for BIM"
Pr/Au. Note that the resonance at 401.7 eV is generally observed in the
spectra of NHC SAMs [24,25,27,28,51,52], accompanied sometimes by
a further n* resonance at 399-399.7 eV [24,25,28,51,52], associated in
some cases with a specific side-substitution and, alternatively, charac-
teristic of a non-substituted N atom of imidazole [48,49]. The absence of
the latter resonance and the presence of the resonance at 401.7 eV in our

spectra suggest the expected chemical equivalence of both N atoms in
imidazolium unit of the SAM-forming molecules, similar to the proton-
ated form of imidazole [49]. The appearance of the additional n* reso-
nance at ~403 eV in the BIM and NIM case is most likely a consequence
of a coupling of the n* orbitals of the imidazolium moiety with the
substrate, involving both or only one nitrogen atom being in closer
proximity to the substrate because of possible molecular twist. Such a
scenario seems to be supported by the recent DFT calculations of the
projected density of states (PDOS) for the n* orbitals of nitrogen atoms of
BIMM® and BIM'" on Au(111) [53]. Accordingly, certain adsorption
configurations of these molecules lead to appearance of two components
of the n* orbital separated by c.a. 1.1-1.5 eV [53] which is quite close to
1.2-1.3 eV visible in our data. A more detailed discussion of the N
K-edge data can be found in the SIL

Both C and N K-edge spectra exhibit pronounced linear dichroism, i.
e. dependence of the intensity of the characteristic absorption reso-
nances on the X-ray incidence angle, 6. As shown by the difference
spectra in Fig. 3a and the spectra in Fig. S17, the intensity of the n*
resonances at the normal X-ray incidence is higher than that at the
grazing geometry. In view of the orientation of the E vector of the pri-
mary X-rays (p-polarization) and the orientation of the n* orbitals with
respect to the molecular backbone (perpendicular to the aromatic rings),
this relation suggests an upright molecular orientation in all NHC SAMs
studied. The exact values of the average molecular tilt angles in these
monolayers could be found by fitting the angular dependences of the n*
resonance intensity by suitable theoretical curves for a vector-like
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orbital with the tilt angle as fitting parameter (see SI for details). The
respective curves are presented in Fig. 3b for the C K-edge data and in
Fig. S18 for the N K-edge data. The derived average molecular tilt angles
are marked in the figures and compiled in Table 1; in agreement with all
other data, these values correspond to an upright molecular orientation
in all SAMs studied, as also schematically illustrated in Fig. 3c. Note that
the tilt angle values derived from the C and N K-edge data differ to some
extent but correlate with each other within the given error bars. This
difference is related to the limited accuracy of the measurements and the
data evaluation procedure as well as to the low signal-to-noise ratio of
the N K-edge spectra. Note also that it cannot be excluded that the
molecules are not only tilted but also twisted to some extent, which can
result in a slight correction of the exact angle values (see SI for details).
Finally, note that the derived average tilt angle values are close to that
reported for NHC SAM with ethylene side groups (30° + 6°), also pre-
pared by immersion procedure [8].

Thermal stability analysis

Temperature-programmed secondary ion mass spectrometry (TP-
SIMS) [54] was used to probe thermal stability of the NHC SAMs in this
study. Surface coverage was monitored as a function of temperature
using the signal of MoAu™ molecular ions as a fingerprint parameter. The
results of these experiments are summarized in Fig. 4, with well-defined
step-like behavior for all four SAMs (Fig. 4a and d). To enable identifi-
cation of the desorption temperature (Tp), derivative of the MoAu™
signal was calculated (Fig. 4b and e), and the corresponding peaks were
fitted by the Gauss function. According to the derived values, the NHC
SAMs can be separated into two groups: BIMT*/Au and IMM®/Au with a
Tp of ~455 K and BIMM®/Au and NIMM®/Au with a much higher Tp of
~620 K (as indicated by vertical dashed lines in Fig. 4). As known,
desorption temperature measured in a particular experiment depends on
the applied heating rate, and therefore, our Tp values cannot be directly
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compared with the results of former temperature-programmed desorp-
tion (TPD) experiments for NHC [11,22] and thiolate [55,56] SAMs on
Au. This comparison is, however, possible in terms of the desorption
energy (Ep), which can be calculated using the Redhead formula
(assuming a typical value of 103 Hz for the preexponential factor as also
used in former analysis) [11,22,55]. The corresponding Ep values are
~1.4 eV for BIM™/Au and IMM¢/Au and ~1.9 eV for BIMM®/Au and
NIMMe/Au (Table 1). These values imply that thermal stability of the
NHC SAMs dramatically depends on the molecular design and, surpris-
ingly, the commonly applied BIM""/Au system exhibits desorption en-
ergy which is similar to the values for thiolate SAMs on Au (Ep
~1.2-1.4 eV), obtained in the former TPD [55] and TP-SIMS [37,54,57]
experiments and evaluated in the same way, with the same pre-
exponential factor (10'% Hz). Comparison of the Ep values for BIMM¢/Au
and BIM®"/Au shows that this parameter increases drastically (by
~0.5 eV) at the shortening of the side groups for the same molecular
backbone. However, this is not the only structural parameter responsible
for ultra-high thermal stability of NHC SAMs. The data obtained for
IMM¢/Au demonstrate that despite the short side groups applied in this
system, the characteristic Ep has similar, low value as for BIMF/Au.
Consequently, it is a combination of short side groups, enabling a high
packing density, and an extended molecular backbone, promoting
stronger intermolecular interaction and thus specific molecular organi-
zation at the molecule-metal interface, which makes BIMM®/Au and
NIMM¢/Au exceptionally stable. Whereas the fingerprint spectroscopic
features of BIMM®/Au, NIMM¢/Au and BIM*"/Au, such as the shift of the
N 1s peak in XPS (Fig. 2c) and the splitting of the n* resonance in N
K-edge NEXAFS (Fig. S17), manifest different molecular organization
and, probably, different bonding configuration than in IMM®/Au, the low
packing density of BIM"'/Au renders this system only moderately
stable.

The low (BIM™"/Au and IMM¢/Au) or high (BIMM®/Au and NIMM¢/
Au) thermal stability of NHC SAMs correlate with the specific character
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of the desorption process in these systems. As a representative marker in
this context, the emission of CsHz ions (m/z = 41), was monitored. The
intensity of the respective signal is presented as a function of tempera-
ture in Fig. 4c and f. Importantly, the emission of C3HZ ions from the
NHC SAMs exhibiting low thermal stability (IMMe/Au and BIMP"/Au)
occurs not only below but also well above the drop in the MpAu™ signal
at Tp ~ 455 K. This means that the desorption process in these mono-
layers does not necessarily proceed via desorption of complete mole-
cules but involves molecular fragmentation, with the subsequent
emission of smaller fragments, such as CsHz, at higher temperatures. In
contrast, for the NHC SAMs with high thermal stability (BIMM¢/Au and
NIMM®/Au), C3HZ emission is not perceptible for temperatures higher
than the drop in the MpAu™" signal at Tp ~620 K, suggesting molecular
desorption as the predominant temperature-induced process. Interest-
ingly, the pronounced CsHz desorption peak for BIM''/Au at Ty, ~537 K
(Fig. S21) corresponds to Ep ~1.64 eV which exactly matches the
desorption energy reported in the previous TPD study for BIM"*/Au,
where corresponding analysis was not conducted by monitoring the
emission of the complete molecular ions but by using C3HZ or even
smaller fragments [11,22]. This difference in analytical approach can,
therefore, explain the significantly higher value of desorption energy (Ep
~1.64 eV) reported earlier [11] for BIMiPr/Au, compared to the current
experiments (Ep ~ 1.40 eV). We also note that for all NHC SAMs the
emission of the C3HZ is visible also at temperatures below the charac-
teristic desorption temperature of the monolayer. However, with the
exception of BIMiPr/Au, the C3HZ signal does not increase or remain
constant but decreases progressively in this temperature range, with
constant level of the MoAu™ emission at the same time. Such behaviour
is characteristic of desorption of a contamination rather than molecular
decomposition. The respective advantageous hydrocarbons could be
adsorbed on the samples during the given ex situ preparation, consid-
ering in particular the hydrophilic character of the NHC SAMs, as
documented by the surface energy values presented in Tables 1 and S2.
Small contamination does not affect the film thickness significantly, but
can be readily detected by an extremely sensitive technique such as
SIMS.

Conclusions

In summary, in-depth analysis of the film thickness, packing density,
and molecular inclination in custom-designed series of model NHC
SAMs on Au(111) unequivocally demonstrates that, contrary to the well-
established opinion [14,22,23,26,27], application of short methyl side
groups attached to the nitrogen heteroatoms of imidazolium allows for
fabrication of upright-oriented monolayers without formation of
flat-lying NHC-Au-NHC complexes. We stress at this point that in all
former studies [22,23,26,27], in which laying-down orientation of NHCs
with methyl side groups on Au was reported, the analyzed monolayers
were deposited under vacuum conditions, in contrast to solution-based
approach used in the current experiments. The application of this pro-
cedure to the NHCs with methyl side groups allowed to roughly double
the packing density of NHC molecules on Au, rendering it close to the
densities of the archetypical thiolate SAMs. We note at this point that the
structural differences for NHC SAMs prepared by vacuum and solution
based deposition were also reported before on Pt(111) surface but
indicated, contrary to our data, a lower packing density (not quantified)
for the liquid phase preparation [25]. However, besides using different,
and much more reactive, Pt(111) substrate, the former study [25] was
conducted for NHC SAMs with the large 2,4-dinitrobenzole side groups
in contrast to short methyl side groups analyzed in the current experi-
ments. This comparison with the former study confirms a well-known
fact that formation of SAMs structure is a result of rather fragile bal-
ance of different competing interactions [1,2]. In comparison to vacuum
deposition the presence of solvents adds even more complexity to the
system via interactions of solvent molecules with the solute and the
substrate, which can affect the flux of NHC molecules towards the
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surface, as well as their adsorption and desorption rates during mono-
layer formation leading to modification of the final SAM structure.
Recent progress in molecular dynamic (MD) simulations of SAMs for-
mation, which includes also solvent molecules [58], may shed some
light on the exact mechanism connecting adsorption geometry of NHC
SAMs with the presence of solvent. Such MD studies are beyond the
scope of current work but the results reported here will hopefully
stimulate dedicated research by others.

The most striking result of the current optimization of NHC SAMs is
their thermal stability. Our experiments demonstrate that the reduced
size of the side groups (from bulky isopropyl to small methyl) in com-
bination with the extension of the molecular backbone (from imidazo-
lium to benzoimidazolium or naphthaleneimidazolium) result in
dramatic improvement in thermal stability of NHC SAMs, emphasized
by 165 K increase in the desorption temperature (at the given heating
rate), ~0.5 eV increase in the desorption energy, and the lack of mo-
lecular fragmentation.

Altogether, the obtained results provide well-defined concept of
molecular design and the preparation procedure, paving the way to the
fabrication of densely packed and thermally ultra-stable functional ar-
omatic SAMs on the NHC basis. Such SAMs can be particularly useful for
applications in organic and molecular electronics where the high ther-
mal stability of functional monolayers becomes frequently critical
considering (i) thermal processing steps during the assembly of a
particular device [5] and (ii) overheating problems related to a poor
heat transport at the molecule-metal interface due to the mismatch be-
tween the vibrational density of states of the organic and inorganic parts
of the molecule-metal junction [59]. Whereas non-substituted molecules
were used in the present basic study, different substitutions can be
introduced, making, at the given packing density and upright molecular
orientation, a desired chemical and physical impact for a particular
surface or interface. The suggested solution-based preparation proced-
ure simplifies the assembly of devices, making the use of NHC SAMs
attractive also in this regard.
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