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Abstract

The adsorption of melem on Cu(111) at 80K has been studied by Scanning Tunnelling Microscopy (STM), Reflection Absorption
Infrared Spectroscopy (RAIRS) and Density Functional Theory (DFT) calculations. STM images and DFT calculations confirm a planar
adsorption geometry and a triangular footprint at the surface, with the nitrogen atoms positioned above atop surface sites and
the carbon atoms in 3-fold fcc sites. DFT calculations show that melem is adsorbed at a height of 3 A above the surface, consistent
with molecule-metal distances observed for physisorbed aromatic molecules. A small charge transfer of 0.27 e- and a small tilt of
the NH; groups towards the surface are observed in the DFT calculations, endorsing the general physisorption model, albeit with
a small perturbation. Simulated RAIRS spectra generated from the DFT model clearly indicate the reduction of symmetry from Dsn
in the gas phase to Cs, in the adsorbed state, which causes specific gas phase modes to be switched on or off. The simulated RAIR
spectrum is dominated by out-of-plane vibrations as expected for a planar physisorbed molecule. In contrast, the experimental
RAIRS data show unexpectedly intense and broad, shifted bands arising from the in-plane NH: scissors + ring stretching vibrational
modes, suggesting the presence of significant additional intermolecular and molecule-metal interactions in the adsorbed state
that lead to bond softening and increased anharmonicity in the vibrational modes.

Introduction

Molecular systems adsorbed on metallic surfaces are increasingly being studied using an array of surface sensitive techniques
providing both spatial information and chemical information. When combined, detailed understanding of a molecule’s chemical
nature, orientation, interactions with the surface and neighbouring molecules can be obtained. For many years, vibrational
spectroscopy was at the vanguard of interrogating molecular behaviour at surfaces, due to its prowess in signposting chemical,
geometric and site-symmetry information from the normal modes of vibration of the adsorbate. Increasingly, over the past two
decades, scanning probe microscopies have moved to the fore in this area of investigation, with resolution down to the sub-
molecular level enabling individual molecules and atoms to be imaged by Scanning Tunnelling Microscopy (STM), and even
intramolecular bond distances to be measured by noncontact atomic force microscopy (nc-AFM). These approaches are often
augmented by Density Functional Theory (DFT) calculations that provide detailed information on molecule adsorption, orientation
and geometry. One can then pose the question: what does vibrational spectroscopy really add to this rich information base?

We examine this here by investigating the adsorption of melem (2,5,8-triamino-1,3,4,6,7,9,9b-heptaazaphenalene) on Cu(111) at
80K. Melem is an aromatic molecule containing a heptazine unit. It possesses interesting semiconducting properties and has gained
recent attention for its applications in photocatalysis.' Infrared spectroscopy has been used to characterize melem in its
crystalline form but no detailed experimental vibrational assignment, to our knowledge, currently exists on the adsorbed state.
The self-assembly of melem on Au(111) and Ag(111) surfaces has been studied by STM and is described in terms of physisorbed
molecules oriented flat on the surface, with extended self-assembled networks driven by hydrogen bonding.6-10
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Aromatic systems at surfaces are important in many fields''=2¢ and provide an interesting exemplar system for this study. Their
inherent electronic properties offer a span of potential interactions with metallic surfaces, from physisorption to direct
chemisorption. Their delocalised 1t system provides one avenue for interaction and, furthermore, the %&rl%t%%vg‘ce/%lﬁgg%ed%lﬂggaﬁly
positioned for direct bonding with the metal. The nature of adsorption is often gauged by the molecule-surface separation, the
magnitude of the adsorption energy, or the level of charge transfer.'” However, these are often difficult to establish for larger
molecules. Benzene on reactive surfaces such as Pt(111), Pd(111), Rh(111), Ni(111) and Cu(110) shows molecule-surface distances
ranging from 2 A — 2.3 A18-21 close to what is expected for Cu-C bond and consistent with a chemisorbed state. On more inert
surfaces such as Cu(111), Au and Ag the separation is larger at ~ 3 A22-24 and assigned to a physisorbed state. Other aromatic
molecules show similar delineation of separations for the chemisorbed and physisorbed state.?>-28 Additionally, a change in
molecular conformation often accompanies chemisorption, deforming from the gas phase geometry. For example, porphyrin units
on Cu(111) display strong interactions with molecule-surface bond distances close to those expected for Cu-C and Cu-N bonds.
2931 The stabilisation energy provided through the formation of such surface bonds can outweigh the stabilisation energy provided
by aromaticity and distort molecular conformations.3?

Here, the adsorption of melem on Cu(111) at 80K was studied using STM, DFT calculations and Reflection-Absorption Infrared
Spectroscopy (RAIRS) and we discuss the results from the different methods, and the insights they provide on the molecular state
at the surface.

Methods

STM Measurements:

Low-Temperature STM experiments were performed using a Createc LT-STM system within an ultrahigh vacuum (UHV) chamber.
The STM was calibrated using atomic distances of the known Cu(110)-(2x1)O surface reconstruction.33 All measurements were
taken in constant current mode using a tungsten tip and the chamber was at a base pressure of around 2x10-1° mbar. STM images
were then processed using WSxM software.3* Processing consisted of image flattening and brightness/contrast adjustments. The
Cu(111) surface was prepared and cleaned through argon ion sputtering at pressures of 2.5x10> mbar and annealing cycles to
around 550°C. The flatness and cleanliness of the sample were checked via STM and Low-Energy Electron Diffraction (LEED) prior
to melem exposure. Melem was dosed from an electrically heated glass capillary tube onto a Cu(111) surface cooled to 80K. Low
temperature STM (LT-STM) measurements were conducted with the Cu crystal temperature at 80K.

RAIRS Measurements:

RAIRS experiments were performed in a different UHV chamber with a base pressure of 2x101° mbar and optically coupled to a
Nicolet FTIR spectrum fitted with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector, accessing a spectral range
of 650-4000 cm™. RAIR spectra were collected at 4 cm™ resolution with 256 scans collected per spectrum. Where required, the
resulting spectrum were baseline corrected to account for reflectivity changes with changing temperature. The Cu(111) surface
was prepared using the same protocols as the STM experiments, and the cleanliness of the crystal was checked via LEED.

DFT:

DFT calculations were performed using the plane-wave based code VASP 3> with the PAW method 3° to treat core electrons. All
calculations were performed using the rev-vdW-DF2 functional,3” a plane-wave cutoff energy of 520 eV, and a corrective dipole
moment within the vacuum region to reduce the effect of periodic dipole moments. Adsorption structures were generated on four
layer Cu slabs in 6x6 supercells of the surface unit cell with 4x4x1 k-point grids, and with 50 A in height leaving a vacuum layer of
about 35 A vertically between the adsorbed melem molecules and the bottom of the Cu slab in the periodic image. The isolated
melem molecule with D3, symmetry was computed within a cubic cell of length 20 A at the Gamma point only. Structures were
optimised in fixed cells until forces fell below 0.01 A. Adsorption energies are calculated relative to the clean copper surface, gas
phase melem molecules and adsorbed atomic hydrogen. Normal mode frequencies and infrared intensities were calculated in the
harmonic approximation by finite differences using the Atomic Simulation Environment.3® RAIRS intensities of the adsorbed were
simulated by calculating only the component of dipole moments perpendicular to the plane of the surface.

Results and Discussion
Scanning Tunnelling Microscopy of Melem Adsorption on Cu(111) at 80 K

Melem is a planar molecule possessing three-fold symmetry with its molecular structure broadly resembling a triangular shape
with edges of ~6.9 A. Figure 1 shows a series of STM images from the adsorption of melem on Cu(111) at 80 K. Across the surface,
triangular features with edge lengths of ~ 7A were observed, consistent with intact melem adsorbed in a flat orientation. Figure
1la depicts melem’s scaled structure overlaid onto an imaged triangular unit. Figures 1c,d show that these molecular features group

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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together in small aggregates rather than be dispersed as single units across the surface. Examination of the small assemblies shows
that neighbouring molecules mimic the most stable hydrogen bonding motif of melem, where the amine group of ovne Te!eronlacts
. . . R . L. . View Article Online ,
as a hydrogen bond donor to the ring nitrogen at the exterior edge of its neighbour, resulting in a slight StB%ﬁ%ro_Mé/B‘éﬁﬁGB‘éB} is
also observed in the crystalline structure of melem and in the highly organised surface assemblies it forms on Ag(111) and
Au(111).26-1033-41 However, on Cu(111) such highly ordered self-assemblies are not observed at 80K, even when the coverage is

increased, the system is restricted to varying levels of localised ordering of the triangular units.

Figure 1: a) 4.5 nm x 4.5 nm Scanning Tunnelling Microscopy image of individual Melem molecules adsorbed on Cu(111) at 80 K with V;=-0.15V and I, = 250 pA and imaged at 80 K.
An overlay of the chemical structure of melem can be seen imposed on a singular triangular feature confirming their match in size. b) Chemical structure of Melem with its dimensions.
¢,d) Scanning Tunnelling Microscopy images taken at 80 K after melem deposition on Cu(111) at 80 K with a low surface coverage, where: c) 50 nm x 50 nm, V; =-0.15 V and |, = 250
pA, d) 20 nm x 20 nm, V¢ = -0.15 V and I, = 250 pA. The Cu(111) close-packed directions are depicted in (d).

Density Functional Theory Studies of Melem Adsorption on Cu(111)

Density Functional Theory (DFT) calculations of melem adsorption on Cu(111) show that the intact melem molecule preferentially
binds to Cu(111) in a flat-lying orientation, in agreement with the STM observations described above. In its optimised adsorption
geometry, the dimensional matching of an individual melem with respect to the underlying Cu(111) surface results in a Csy
adsorption site symmetry, which enables the nitrogen atoms to be positioned above atop surface sites, and the carbon atoms in
3-fold fcc sites. Additionally, melem is positioned 3 A above the metallic surface which, in comparison to other aromatic systems
on Cu(111) and other reactive surfaces, suggests a physisorbed state.18-20.22.28.29,42 Qyerall, the melem molecular structure remains
fairly unperturbed compared to the gas-phase, with its heptazine ring remaining planar and a slight distortion of the NH, groups,
which bend 7° towards the surface. This configuration has an adsorption energy of -1.4 eV/molecule, with a small electron
exchange of 0.27 e- observed from the molecule to the surface.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Figure 2: Density Functional Theory (DFT) optimised adsorption geometry of melem on Cu(111). The calculation was carried out in a 6x6 supercell. a) A top-down view of this state,
b) a side profile view of the same structure. Inset in b) depicts the resulting NH, tilt towards the surface upon adsorption.

RAIRS of Melem on Cu(111) at 80 K:

The RAIR spectra obtained for low and high coverage of melem on Cu(111) at 80 K in the monolayer regime are shown in figure 3a
and b. Three broad bands are observed at 1650 cm™, 1610 cm™ and 1475 cm™, alongside sharper bands at 820 and 800 cm™?, with
the latter attenuating at higher coverage. To aid vibrational assignment, the IR vibrational modes of gas-phase melem and the
RAIR spectrum of melem adsorbed on Cu(111) were also calculated and are shown Figures 3d and c, respectively.

There are a number of points of interest: first, both the calculated and experimental RAIRS spectra differ significantly from the gas
phase spectrum; second, the simulated RAIR spectrum is in good agreement with the experimental data in terms of the number
of bands observed, albeit with a small offset in vibration wavenumbers, which is often seen for calculations that work within the
simple harmonic approximation; and, third: there is, however, a difference between the experimental and simulated RAIRS data
in terms of the relative intensities of the vibrational modes in the 1440-1700 cm™ region vs the 800-820 cm™ region, with
experimental data showing strong integrated intensity in the former region compared to the latter. It is noted that the calculations
do not extract information on intrinsic bandwidths so the data are simply depicted assuming a Gaussian profile and a FWHM of 10
cm, Each of these points is discussed separately below.

Melem Adsorption Site Symmetry and Vibrational Mode activity:

The vibrational modes observed in the calculated RAIR spectrum are depicted for the adsorbed species in Figure 4, showing the
atomic displacement vectors. All three vibrations within the 1300-1700 cm™ region (1591 cm?, 1509 cm™ and 1345 cm™) are in-
plane and consist mainly of NH, scissoring modes mixed with contributions from heptazine ring stretches. The weak vibration at
1125 cm is also a mixed mode, with the majority of displacement in the C-N stretches within the heptazine ring and small
contributions from the NH, scissoring modes. The out-of-plane heptazine ring-buckling vibration is calculated to be at 761 cm™.
For the gas phase molecule, calculations show the in-plane vibrations, consisting of mainly NH,/heptazine coupled motions,
possess the largest intensities. Previously reported theoretical calculations of the single molecule and small melem clusters also
reveal strong mixing of the heptazine ring stretching modes and the NH, deformation modes.*® We note that these calculations
agree with our description of modes and do not align with the previous vibrational mode assignments of melem in the powder
form which, without the aid of theoretical calculations, assign the highest frequency mode in this region solely to the NH; bending
vibration and the remaining modes to the heptazine ring modes.%3:39:43-49

The observation of both in- and out-of-plane modes in the RAIR spectrum is at odds with both STM and DFT data, which show that
the most stable adsorption configuration is associated with the molecular plane parallel to metal surface. Therefore, the
observation of strong in-plane vibrational modes in RAIRS for this adsorption geometry is unexpected, where the metal surface
selection rule dictates that a change in dipole moment perpendicular to the surface is necessary for RAIRS activity. Therefore, for
physisorbed flat-lying molecules, in principle, the expectation would be for the spectrum to be dominated by modes corresponding
to out-of-plane vibrations, i.e. the bands observed around 820 cm™?, while the in-plane modes in the 1300-1700 cm-? region should
be screened by the metal surface and hence absent or significantly attenuated in the RAIR spectrum.

To account for the significant change between the gas phase and RAIR spectra and the observation of the strong in-plane modes
in RAIRS, we consider the adsorption symmetry alongside the more rigorous application of the metal surface selection rule, namely
that only those vibrational modes that transform as the most symmetric irreducible representation are formally allowed. The
isolated gas phase melem molecule belongs to the D3 point group where the molecule is completely planar and its amine group
nitrogens are sp? hybridised, resulting in the N-H bonds aligned in the molecular plane. The normal modes of vibration
corresponding to this gas phase geometry were calculated and are illustrated in Figure 5 and listed in Table 1.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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For the Dsn point group, only gas phase vibrations belonging to the E’ and A,”’ species are infrared active. Upon adsorption in the
planar geometry imaged by STM and calculated by DFT, a reduction of symmetry to Cs, occurs due to the loss of the molecular on
. . . . R View Article Online
mirror plane. This results from both the physical presence of the surface, and due to the out-of-plane d'“%ﬁl%%ﬁ/%&igéﬁﬁkps
towards the surface, and has a profound effect on the IR activity of the vibrational modes. Table 2 shows the symmetry
transformation of the irreducible representations upon descent of symmetry from Dsh to Csy and identifies the IR and RAIR active
modes. Immediately, it can be seen that the switch of symmetry renders the allowed E' gas phase modes as RAIRS inactive, while
the previously forbidden A" modes now become RAIRS active. Thus, the intense out-of-phase NH; scissoring mode, E’ mode at
1576 cm™ in the gas phase molecule becomes inactive upon adsorption and is not observed in the RAIR spectrum. Conversely,
previously inactive gas phase modes like the Ay’ vibrations at 1611 cm™?, 1515 cm?, 1347 cm™ and 1133 cm™ become RAIR active
and correspond to the 1591, 1509, 1345 and 1125 cm bands in the calculated RAIR spectrum. The 793 cm™ A;”” out-of-plane
heptazine ring buckling mode is weakly IR active in the gas phase calculation but upon adsorption this mode gives rise to a very
strong band at 761 cm™ in the calculated spectrum and a significant band at 820 cm™ in the experimental RAIR spectrum.
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Figure 3 — a-b) Reflection-Absorption Infrared Spectra (RAIRS) of melem on Cu(111) at 80 K. From top to bottom, each spectrum represents an increase in melem coverage on the
surface, within the first monolayer regime. Spectra were taken with 256 scans and baseline corrected accordingly. c) DFT calculated RAIR spectrum of melem on Cu(111) with the
binding motif depicted in Figure 2, possessing Cs, symmetry. d) DFT calculated IR spectrum of a single melem molecule in its most stable D3, confirmation. In both (c) and (d), the
symmetry species of each calculated normal mode is can be seen labelled.
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Figure 5 - Calculated normal modes of vibration for gas phase melem with corresponding vibrational frequency.
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Table 1 - Comparison of the calculated wavenumbers, intensity and symmetry of vibrational modes of gas phase and adsorbed melem. The observed RAIRS bands of melem/Cu(111)
80 K are also shown.
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Table 2 — Correlation diagram following the descent in symmetry of an isolated gas phase melem molecule (Dsn) to melem/Cu(111) (Cs,). The symmetry species and corresponding
IR activity and RAIRS activity are labelled with ticks and crosses, indicating both active and non-active modes.
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Unexpected RAIR intensities of Formally Allowed Modes

The symmetry analysis above allows identification of formally allowed and forbidden vibrational modes. However, we note that a
mode may be formally allowed but be expected to generate only a small dipole moment change normal to the surface and,
therefore, present zero to low intensity RAIR bands. This leads to an interesting point of difference between the simulated and
experimental RAIR data, Figure 3, where there is discrepancy in the relative intensity ratios of the in-plane and out-of-plane
vibrations. The calculated RAIR spectrum shows very high intensity of the out-of-plane 761 cm vibration, which is entirely
consistent with a planar geometry, Figure 4. The much lower intensity of the in-plane modes between 1591 - 1345 cm™ is also
consistent with the major component of the dipole change occurring in the molecular plane. The non-zero intensities in the
calculated spectrum may be attributed to the small 7° bend of the N-H bonds towards the surface, Figure 2b. This is only a slight
distortion but the inherently large dipole moment change associated with of the NH; scissoring vibration means that it is sufficient
to generate a discernible dipole change normal to the surface. In addition, DFT calculations indicate 0.27 e- exchange between the
molecule and surface, likely involving the molecular it system, which would lead the in-plane heptazine ring stretches to generate
finite dipole moments normal to the surface.

In contrast, the experimental data show a reversal in the relative intensity, with the in-plane NH; scissoring + heptazine ring
stretching modes between 1591 - 1345 cm displaying significant band-broadening and a greater integrated intensity, while the
out-of-plane mode at 820 cm is sharp and possesses a lower integrated intensity. Therefore, it would appear that the
experimental system experiences additional perturbations beyond those indicated by DFT calculations of the single adsorbed
molecule. There are two main contributing aspects that can be considered. First, it is well established that intermolecular hydrogen
bonding has a significant effect on both the vibrational frequencies and its intensity. Commonly, a red shift of the stretching
vibration along the X-H direction occurs due to softening of the X-H bond. Concurrently, the bending vibrations can show a slight
blueshift to higher frequencies due to stiffening of the bending motion due to H-bonding.>® Hydrogen bonding also induces
significant anharmonicity in the vibrational potential energy curve, leading to broadening and large increases in intensity.51760 STM
images in Figure 1 show that molecules aggregate in small assemblies as coverage increases, attributed to hydrogen bonding
between the NH, groups and the ring nitrogen on the exterior edge of its neighbour. For crystalline melamine®! it has been shown
that such interactions lead to significant increases in intensity and broadening of IR bands involving NH; vibrations, but little
perturbation of the inner ring modes. This is consistent with our experimental data for adsorbed melem.
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A second effect that may be considered is that melem’s amine hydrogens directly interact with the surface via N-H...M interactions
that have been observed in transition metal complexes, with descriptions ranging from H-bonding to analogies W\i/\teb/v irgnggtoighagd
anagostic interactions. In organometallic chemistry, agostic bonds involve C-H...M interaction via 3 Centr%‘&ff&%&%‘]};‘@%d&th
electron transfer from a C-H o-bond donor to a vacant metal orbital and back transfer from metal into the antibonding CH o*
orbitals. Agostic interactions significantly increase the intensity and broadening of IR bands, through bond weakening and
increased anharmonicity. Similar C-H...M interactions have been captured for cyclohexane adsorbed on Cu(111), where significant
CH bond softening and intensity increase is observed for the CH stretching modes.®%53 N-H bonds are far more polar than C-H
bonds and their interaction with metal surfaces have a larger electrostatic component, leading to anagostic bonds.®*6> Anagostic
interactions are weaker than agostic interactions and have larger H..M bond lengths (2.3 — 2.9 A) compared to agostic bonds (1.8
—2.3 A) 6669 Our DFT calculations show adsorbed melem is held 3 A above the surface and its NH, groups bent by 7° towards the
surface, with the H...M bond distance of 2.94 A to the nearest 2-fold adsorption site verging on the realms of anagostic
interactions.®466-6% Sych interactions may also explain why the RAIR spectra display broadening and intensity increases from the
lowest coverage, and why extended organised intermolecular H-bonded assemblies are not observed on Cu(111) where,
presumably, there is a finer balance between maximising intermolecular H-bonding and optimising molecule-metal interactions.
Together, this combination of techniques and data suggests melem adsorption on Cu(111) may lie beyond a simple physisorption
description.

Conclusions

The adsorption of melem on Cu(111) at 80 K, has been studied using STM, RAIRS, and DFT calculations. STM shows that melem
adsorbs with a flat-lying triangular footprint at the surface. The molecules aggregate into small assemblies attributed to H-bonding
interactions leading to a stagger along the triangular sides of neighbouring molecules. DFT calculations show that the most stable
geometry for a single adsorbed molecule on Cu(111) is flat lying, adsorbed at a height of 3 A above the surface, which suggests a
physisorption state. We posed the question at the outset: what does vibrational spectroscopy add to this already detailed picture?
This question is particularly challenging for a physisorbed or weakly adsorbed species, where the effect of the surface is weakly
felt and where the combination of STM and DFT calculations would be expected to describe the adsorption state extremely well.
Here, we show that vibrational data provides a more sensitive handle on adsorption site symmetry and local perturbations. Melem
on Cu(111) is a pertinent example because the major molecular mirror plane switches from being in-plane to out-of-plane upon
adsorption. Thus, previously forbidden A;' modes in the gas phase are now formally allowed in the adsorbed state and, importantly,
the gas phase allowed E’ modes now switch off in the adsorbed state. The experimental RAIR spectra deliver further information
since they display unexpected intensities and broadening of in-plane vibrational bands. This is attributed to the presence of both
intermolecular hydrogen bonding and possible N-H...M interactions that lead to increased anharmonicity and significant changes
in the frequencies and intensities of the in-plane NH; scissors + ring stretching vibrational modes. Anharmonicity, which is
important in driving molecular behaviours at surfaces, is not easily probed in the STM experiment or by DFT calculations, which
work within the simple harmonic oscillator approximation. Overall, the combination of techniques enables a more detailed and
nuanced understanding of the system, with STM and DFT calculations providing detailed structural information, while the RAIR
information interrogates the adsorption symmetry and signposts the role of molecule-metal and molecule-molecule interactions
in driving vibrational bandwidths, intensities and anharmonicity. Specifically, the small charge transfer discerned in the DFT
calculations, and the clear vibrational signatures associated with bond softening and anharmonicity provides a sensitive indicator
of molecular perturbation that goes beyond a simple physisorption model and delivers a promising handle to gauge the potential
reactivity of weakly-adsorbed molecular systems. Finally, although the presence of such effects is indicated in the experimental
RAIR spectra, a more detailed theoretical understanding still remains under-explored, especially for complex adsorbed molecules.
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