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1. Synthesis of BAC—CO; Precursor

BAC-CO; was synthesized following a previously reported literature procedure! starting from
bis(diisopropylamino)cyclopropenium tetrafluoroborate [BAC][BF4], also prepared via a literature
procedure.? Briefly, [BAC][BF4] was deprotonated with potassium bis(trimethylsilyl)amide
(KHMDS) in diethyl ether to form the free BAC. After removal of the solvent in vacuo, the free
carbene was dissolved in hexanes and filtered. Carbon dioxide was bubbled through the hexanes
solution to generate the adduct, BAC—CO,, which precipitates from solution as a white solid.
Unlike the free carbene, BAC—CO: is air stable, affording new opportunities as a precursor in

various synthetic strategies.

2. Computational Details
Calculation of carbene molecules adsorbed on the Au(111) surface.

The adsorption properties and electronic structure of BAC and NHC molecules on the Au(111)
surface were calculated using the SIESTA implementation of density functional theory (DFT).?
The non-local vdW-DF functional of Dion et al. which includes van der Waals (vdW) interactions
in the implementation of Roman-Pérez and Soler*> was employed. The unit cell for calculations
consists of three Au(111) layers, each containing 36 atoms, plus the molecule, and a vacuum gap
of at least 10 A (Figure S1). Molecular (gold) atoms were described using a double-{ (single-{ )
polarized basis set. Reciprocal space was sampled using a 2x2x1 Monkhorst pack grid and a real-
space grid was defined with an equivalent cut-off energy of 250 Ry. The coordinates of molecular
and Au surface atoms were relaxed until the Hellmann-Feynman forces acting on these atoms were
smaller than 0.02 eV/A. The tilt angle (0) is fixed by constraining the relative position of the atoms
in the cyclopropenylidene ring. The position of these atoms was kept fixed relative to each other,
without restricting their displacement as a rigid unit. The tilt angle is defined as the angle between
the plane of the cyclopropenylidene ring and the z axis. For the calculation of the binding energy,
corrections to basis set superposition errors were taken into account. The binding energy for the
fully unconstrained geometry is -1.72 eV, slightly higher than the geometries with constrained

angle. The contribution of dispersion interactions to the binding energy was computed for the most

S2



stable BAC geometry (6 = 40°) from the difference to a PBE calculation at the same geometry.
We found a contribution of -1.40 eV to the total binding energy of -1.65 eV of BAC at 6 = 40°.
The binding energy of DAC at the same angle (6 = 40°) was calculated to be -1.16 eV, of which -

0.93 eV corresponds to van der Waals interactions.
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Figure S1: Unit cell used in the DFT calculations of the adsorbed molecule.

Calculation of isolated molecule and carbene-Au atom complexes.

The electronic properties of diaminocyclopropenylidene (DAC) and dihydroimidazol-2-ylidene
(NHC) molecules as well as DAC-Au; and NHC-Au; complexes in the gas phase were calculated
with Gaussian.® Exchange-correlation was approximated with the B3LYP functional. 6-31G*
(LANL2DZ) basis sets were used to describe the Au atoms. The total energy of DAC-Au; and
NHC-Au; complexes was calculated as a function of the angle between the C-Au bond and the
carbene planes, as shown in Figure S2a for the DAC-Au; complex. This angle was constrained
while all other degrees of freedom were optimized. Figure S2b shows the calculated energy
profiles, with the energy at 0 degrees in each case set to zero for ease of comparison. While the
most stable geometry of NHC-Au is found for 0 degrees, the lowest energy of the DAC-Au
complex is obtained when the C-Au bond is tilted 24 degrees from the carbene plane. Thus, the
possibility of DAC to bind at a tilted angle develops already with a single Au atom.
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Figure S2: a) Structure of the DAC -Au complex used in the calculations. b) Energy of DAC -Au
(red curve) and NHC-Au (blue curve) complexes as a function of tilt angle, relative to the value at

0 degrees.

To elucidate the origin of the out of plane binding in DAC but not in NHC, the electrostatic
potential of isolated DAC and NHC molecules was calculated. Figure S3a shows the calculated
electrostatic potential of DAC (top) and NHC (bottom) isolated molecules. Contour lines are
plotted at 1, 10, and 20 eV. The position of the Au atom at its most stable conformation in Figure
S3 is indicated by a cross. In Figure S3b, the three-dimensional electrostatic potential is
represented in real-space projected onto an isosurface of the electron density (10~ e/A%). Positive
(negative) values of the potential, corresponding to blue (red) regions, indicate electron-deficient
(electron-rich) regions of the molecule. The broader angular distribution in DAC compared to

NHC evidences its ability to bond to Au in a tilted conformation.
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Figure S3: a) Electrostatic potential contour lines of DAC and NHC. b) Real-space representation
for DAC (top) and NHC (bottom) of the electrostatic potential (in V) projected over the electron

density isocontour (10 e/A%) .
3. Details of XPS and NEXAFS Measurements

The X-ray photoemission (XPS) and absorption (NEXAFS) measurements were performed at the
ALOISA beamline’ of the Elettra synchrotron. The Au(111) surface was prepared by cycles of Ar*
sputtering (1.5 keV) and thermal annealing up to ~750 K. Absence of surface contaminants was
checked by XPS prior to molecule deposition. The BAC precursor was loaded into a pyrex cell
and pumped down to high vacuum resulting in decarboxylation and sublimation of the carbene
compounds for deposition. During the deposition the cell was heated to ~380 K and the sample
chamber pressure reached 2 x 10 mbar. The temperature of the Au substrate was controlled
during the deposition (as reported in the text) and then cooled down to ~200 K for the X-ray

absorption measurement.

XPS spectra were taken at grazing incidence angle (4°) using a photon energy of 500 eV with the
photon electric field aligned 4° off the surface normal. The emitted electrons were detected by a
hemispherical electron analyzer in normal emission geometry, with overall energy resolution

S5



better than 220 meV. The binding energy scale has been calibrated using bulk spectral component

of the Au 4f7; peak at 84.0 eV.®

Figure S4 shows the XPS measurement of the BAC film deposited on Au(111) surface held at 370
K sample temperature. We detect no oxygen spectral features indicating that the CO2 moiety in the

precursor molecules is cleaved off leaving just the BAC molecule deposited on the substrate.
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Figure S4: XPS measurement of the as-deposited BAC film at 370 K sample temperature.
Lack of any oxygen signal indicates that CO; moiety is cleaved from the precursor
molecules. Intensities of the Cls and Au4f spectral features are scaled as indicated for better

comparison.

The effect of temperature annealing the BAC film is further shown in Figure S5 and S6. Some N1s
and Cls signals are reduced after annealing to 430 K and 470 K, pointing to a partial desorption
of the BAC. The Cl1s peak shape in the as deposited film displays two distinct components at 285.2
and 286.0 eV, with the higher binding energy component likely due to bilayer formation where
substrate screening of the core hole is less efficient. The Cls peak profile of the 430 K and 470 K
annealed film demonstrates that predominantly the high binding energy component is reduced,
whereas the low binding energy component is preserved. The slight increase of the Au4f signal
upon temperature annealing also indicates that some of the BAC molecules desorb, leaving just

the monolayer.
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Figure S5: N1s and Cls XPS data of BAC film deposited on Au(111) (red) and after temperature
annealing to 470 K (green). Changes in the C 1s peak shape indicate desorption of the second
layer leaving just a single layer of BAC on Au. Clean gold substrate XPS scans are also shown

(black) as a reference.
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Figure S6: Comparison of Au 4f intensity attenuation due to different thicknesses of the BAC

film remaining after temperature annealing the pristine (as deposited) film.
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The NEXAFS N K-edge spectra were acquired in partial electron yield mode by a wide acceptance
angle channeltron detector. A grid placed in front of the channeltron was polarized to -370 V,
acting as a high-pass filter rejecting electrons with kinetic energies lower than 370 eV. The photon
energy resolution was better than 150 meV. Polarization dependent NEXAFS spectra were taken
in two polarizations, in p-polarization (photon electric field normal to the surface) and s-
polarization (electric field parallel to the surface), to measure the molecular adsorption geometry.’
Magic angle NEXAFS spectra were measured with the surface normal at 55 degrees from the

photon polarization.
4. Details of DFT Calculations of X-ray Photoemission and Absorption Spectra

We simulate the effect of gold adatoms or step edges by introducing a gold dimer as shown in
Figure S7 and optimizing the geometry using density functional theory (DFT) with the B3LYP
functional and the double-zeta correlation-consistent basis set (cc-pVDZ) implemented in the
NWChem computational chemistry package.!’ The optimized geometry then served as input to
GPAW, a DFT Python code based on the projector-augmented wave (PAW) method to calculate
the core electron binding energies (CEBEs) as well as the X-ray absorption spectra (XAS).!!-13

Figure S7: Optimized geometry of the BAC molecule with a gold dimer near the C1 carbene

carbon.

S8



We calculated the CEBEs of all inequivalent Cl1s sites with the PBE functional with a cell size of
25.6 A and grid spacing of 0.2 A using the delta Kohn-Sham scheme. The full core-hole PAW
setups were created with GPAW and default parameter values. The inequivalent Cls sites are
marked in Figure S7 and correspond to the carbene carbon (C1), aromatic carbons bound to
nitrogen (C3), aliphatic carbons also bound to nitrogen (C4) and aliphatic carbons (C2) in the
propyl groups. Figure S8a shows a comparison of the calculated Cls (blue) CEBEs with the
measured XPS (green) after flashing the deposited film to 420K. The shape of the Cls peak
changed significantly upon flashing to 430 K (compare with Figure S4) probably indicating
desorption of the second layer. This is further corroborated by the DFT calculation of the Cls
CEBE:s. The calculated CEBEs were offset to match the measured XPS for better comparison and
the intensities were set to follow the expected stoichiometric ratios. The simulated peak shapes

were obtained by gaussian convolution with FWHM = 0.4 eV.
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Figure S8: a) Comparison of the measured C1s peak (green) with the calculated CEBEs, which
are shifted to match the measured peak position. b) Comparison of the calculated CEBEs for
isolated BAC molecule (red) and the BAC molecule with a gold dimer placed near the carbene
(C1) carbon.
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The overall peak shape is well reproduced in the DFT calculation of the BAC molecule with an
Au dimer. The effect of the Au dimer on the spectra are shown in the Figure S8b with the isolated
BAC molecule CEBEs shown in red and the BAC with Au dimer CEBEs shown in blue. The
calculated energies were offset to match the main (C2) component position belonging to the propyl
group atoms presumably least prone to modification due to coupling with the Au dimer. The
CEBEs of the peaks corresponding to the carbons closest to the Au dimer (C1 and C3) are found
shifted towards higher binding energies relative to the positions of the other two peaks indicating

a charge redistribution from the molecule’s carbene core to the Au dimer.

X-ray absorption spectra (NEXAFS) were performed using the half core-hole transition potential
method as implemented in GPAW. The calculation parameters were the same as for the CEBE
calculations described above. The calculated NEXAFS spectra were obtained by gaussian
convolution of the calculated transition intensities represented in the corresponding figures by
sticks. We focus only on nitrogen K-edge NEXAFS spectra, since the measured carbon K-edge
spectrum, Figure S9b, has a rich fine structure, due to the different initial states (C1-C4) where the
majority of the signal stems from the aliphatic carbons. The contribution of the aromatic (and
carbene) carbons is minimal and their effect on the measured absorption spectra is experimentally

difficult to evaluate.

| —— p-polarization
5 A —— s-polarization
4
= =
< <
35 3
g3 g
& &
2 2
22 2
2 2
£ £
1
O " 1 " 1 " 1 " 1 " 1 " 1
280 290 300 310 280 290 300 310

Photon Energy (eV) Photon Energy (eV)

Figure S9: a) Polarization dependent carbon K-edge NEXAFS of the flashed BAC film and
b) the corresponding magic angle NEXAFS.
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Nitrogen K-edge spectra are easier to simulate since both N atoms in the molecule are equivalent.
Moreover, the N atoms are directly bound to the aromatic (carbene) core indicating that electronic
structure changes localized on the aromatic core should manifest also in nitrogen related
unoccupied orbitals. Additionally, as noted in the main text, the DFT calculations of the BAC
geometry show that the aromatic carbons (C1 and C3) and the nitrogens lie almost in the same
plane, which allows us to use the measured dichroism in the polarization dependent N K-edge
NEXAFS to estimate the orientation of the aromatic (carbene) core of the molecule relative to the

substrate plane.

We calculate NEXAFS in magic angle conditions, i.e. absorption spectra independent of the
molecular orientation, since we are specifically interested in the unoccupied molecular states and
the corresponding transition energies. Experimentally we observe a significant change in the
absorption spectra, where it appears that the LUMO peak position shifts toward lower excitation
energy upon flash annealing the deposited film to 430 K (see main text Figure 2b). We attribute
this to reorganization of the BAC molecules on the Au substrate surface toward more reactive sites
(Au adatoms, step edges). This is further corroborated by our DFT simulations where we
investigate the effect of the distance between the gold dimer and the C1 (carbene) carbon on the

simulated N K-edge NEXAFS, Figure S10.

In Figure S10a we compare the experimentally derived magic angle N K-edge NEXAFS data (top
black and red traces) with the DFT calculated NEXAFS spectra for isolated BAC molecule and
BAC molecule with a gold dimer positioned at different distances to the C1 (carbene) carbon. Of
immediate note, the peak at ~398 eV in the measured spectra is attributed to synchrotron beam
induced modification of the amino groups and is therefore not reproduced in the DFT calculations.
The calculated NEXAFS spectra were obtained by gaussian convolution of the calculated
transition intensities represented in the figure by sticks. The calculated absorption spectrum of
isolated BAC molecule (yellow trace) reproduces the NEXAFS measured just after deposition very
well. The as deposited film is a multilayer, as established from the XPS data, therefore no features
induced by molecule-substrate interactions are expected in the spectrum and is confirmed by the
DFT calculation. The addition of a gold dimer induces some charge delocalization from the
molecule to the gold dimer as indicated by the bubble plots shown in the Figure S10b. This further

induces a transition energy shift of the LUMO orbital to lower energies, which reaches a minimum
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for a gold — carbon distance of about 2.0A (red trace). This shift is indeed observed in the measured
spectra, where after flashing to 430 K the NEXAFS changes significantly, with a shift of the peak
at ~402 eV (black trace) to an energy of ~400.5 eV. Our DFT calculations show that this shift can
be attributed to stronger Au substrate — BAC molecule interaction. Although the full -1.5 eV shift
is not reproduced with our calculations, the trend is clear — stronger interaction, i.e. smaller
distance between the C1 carbene carbon and the gold dimer, yields a larger shift of the LUMO

excitation energy towards lower values.
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Figure S10: a) Comparison of experimentally derived magic-angle N K-edge NEXAFS (top
black after BAC deposition, top red after flash to 430 K) and DFT calculated NEXAFS
spectra of isolated BAC molecule (yellow) and BAC molecule with a gold dimer at different
distances from the C1 (carbene) carbon. b) Bubble plot of the calculated “LUMO” with a
half-core-hole on the nitrogen atom pointed on with an arrow for the isolated BAC molecule

(top right) and the BAC molecule with a gold dimer (bottom right).

S12



5. Scanning probe microscopy experiments:

Measurements were performed with a Createc-based low-temperature (LT)-STM system custom
upgraded (by the author P. Zahl) with NC-AFM capability and operated using the open source
GXSM control software.'*!6 Our Q-Plus sensor used for the STM/NC-AFM measurements has a
25 um Ptlr tip wire attached which was cut and sharpened by a focused ion beam (FIB) milling
following a final cleaning procedure in UHV using Ar" sputtering from three directions before

mounting on the SPM scanner.
Simulation of AFM images.

AFM images were calculated using the probe particle model!” for the BAC structure at 6 = 40°.
The parameters of the tip were chosen to simulate a CO-functionalized tip (lateral stiffness of 0.24
N/m). Images were generated by scanning the tip over BAC on a three-dimensional grid with a
spacing of 0.1 A. At each grid position of the vertical approach, the tip position was allowed to

relax. An oscillation amplitude of around 1 A was used.
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