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1. Geometry optimization of B2Cat2

 

Figure S1. Chemical structure of B2Cat2. Labels on the atoms refer to geometrical 
parameters listed in Table S1. 

Table S1. Comparison between theoretical and experimental geometrical parameters for 
B2Cat2. Bond lengths are expressed in Å and bond angles in degrees (°).
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Bond lengthsa Calculated Experimentalb

B(9)-B(10) 1.685 1.678

O(8)-C(7) 1.382 1.387

O(1)-C(2) 1.382 1.386

C(7)-C(6) 1.381 1.372

C(6)-C(5) 1.398 1.391

C(5)-C(4) 1.398 1.393

C(4)-C(3) 1.398 1.393

C(3)-C(2) 1.381 1.376

C(2)-C(7) 1.390 1.384

O(8)-B(9) 1.391 1.382

O(1)-B(9) 1.390 1.394

Bond anglesa Calculated Experimentalb

B(10)-B(9)-O(8) 124.5 124.6

B(10)-B(9)-O(1) 124.5 124.2

B(9)-O(8)-C(7) 105.5 105.5

B(9)-O(1)-C(2) 105.5 105.1

O(8)-B(9)-O(1) 111.0 111.2

O(8)-C(7)-C(6) 128.9 128.7

O(1)-C(2)-C(3) 128.9 128.6

O(8)-C(7)-C(2) 109.0 108.9

O(1)-C(2)-C(7) 109.0 109.2

C(7)-C(2)-C(3) 122.1 122.1

C(2)-C(7)-C(6) 122.1 122.4



C(7)-C(6)-C(5) 116.5 116.2

C(6)-C(5)-C(4) 121.4 121.6

C(5)-C(4)-C(3) 121.4 121.5

C(4)-C(3)-C(2) 116.5 116.2
a Labels of the atoms refer to those reported in Figure S1.
b W. Clegg et Al. Inorg. Chem. 1994, 33, 4623-4624.



2. Experimental and theoretical XPS Spectra 
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Figure S2. B1s photoelectron spectrum of B2Cat2. Vertical black line:  B1s calculated 
ΔSCF IP (196.52 eV) shifted by +0.37 eV in order to match the experimental peak.
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Figure S3. C1s photoelectron spectrum of B2Cat2. Vertical colored lines:C1s calculated 
ΔSCF IPs (C1 : 291.89 eV; C2: 290.58 eV; C3: 290.45 eV) 



O1s

Binding Energy / eV

536 538 540 542 544

In
te

ns
ity

 / 
a.

u.

EXP
IP

Figure S4. O1s photoelectron spectrum of B2Cat2. Vertical black line: O1s calculated 
ΔSCF IP (539.03 eV).



3. DFT-TP B K-Edge NEXAFS spectrum with different xc functionals 
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Figure S5. DFT-TP NEXAFS B1s spectra of B2Cat2. Upper panel: B3LYP; lower panel 
PW86. The experimental spectrum is reported for comparison The calculated spectra were 
rigidly shifted on the experimental energy scale (B3LYP: 0.76 eV; PW86 +0.17 eV). 
Vertical blue lines: IP experimental values. The stick spectra are broadened by using a 
Gaussian lineshape with FWHM=0.4 eV.



4. Details on the TDDFT calculations and Results 

The B1s core excitations of B2Cat2 have also been calculated by employing the Time-

Dependent DFT (TDDFT) method, which formally includes the coupling between single 

excited configurations. The core excited states can be efficiently computed by reducing the 

1h-1p space to include only the configurations generated by the excitations from the subset 

of core orbitals1. In this way the coupling between core excitations and valence excitations 

to the continuum is neglected and the computational scheme does not need the treatment 

of the continuum states. The TDDFT scheme employed for the calculations of the B K-edge 

spectrum consists of the excitations from both the core orbitals of the two B atoms (coupled 

scheme). 

In the TDDFT calculations, the adiabatic local density approximation (ALDA) to the 

exchange-correlation (xc) kernel has been employed2. For the xc potential applied in the 

self-consistent field (SCF) calculations, three different xc functionals with the ground state 

electron configuration have been considered: the LB943, chosen for its correct asymptotic 

behaviour, the hybrid B3LYP, and the range-separated hybrid CAM-B3LYP xc functionals. 

The TDDFT calculations have been performed by using a TZP basis set for all atoms. 

The calculated B1s NEXAFS spectra are collected in Figure S6 and compared with the 

gas-phase experiment. The influence of the different xc functionals is also tested. The 

inspection of the figure reveals that the disagreement between theory and experiment 

persists also at TDDFT level, irrespective of the xc functional employed, in particular the 

incorrect intensity distribution between the first two peaks as well as the overestimate of 

their energy separation. Bearing in mind the DFT-TP results, no improvement is therefore 

obtained at the TDDFT level, suggesting that the configuration mixing introduced at the 

TDDFT level (within the ALDA approximation) is not adequate to properly describe the B1s 

core excitations, as already found in previous calculations on boronic-acid derivatives4 . It is 

interesting to observe that the nature of the excitations at the TDDFT level is consistent with 

that obtained at the DFT-TP level, confirming the assignment of the experimental spectrum. 



B2Cat2 TDDFT
In

te
ns

ity
 / 

a.
u.

O
scillator strength (fx100)

0

2

4

6

8
LB94
EXP

In
te

ns
ity

 / 
a.

u.

O
scillator strength (fx100)

0

2

4

6

8

B3LYP
EXP 

Photon energy / eV

190 192 194 196 198

In
te

ns
ity

 / 
a.

u.

O
scillator strength (fx100)

0

2

4

6

8
CAM-B3LYP
EXP 

Figure S6. B1s NEXAFS spectra of B2Cat2 calculated at the TDDFT level by employing 
different xc potentials. The experimental spectrum is reported for comparison. A rigid shift 
has been applied to the calculated B1s profiles to align the energy position of the first 
absorption peak to the experimental one (2.44 eV for LB94; 9.81 eV for B3LYP; 9.64 eV for 
CAM-B3LYP). Vertical blue lines: IP (B1s) experimental value. The stick spectra are 
broadened by using a Gaussian lineshape with FWHM=0.5 eV.



5. 3D plots of selected final MOs corresponding to the B1s, C1s and O1s core 
excitation calculations

Figure S7. 3D plots of final MOs (with a core-hole on the B site of B2Cat2) obtained from the 
SCF calculations . Displayed isosurface corresponds to ±0.030 e1/2a0

-3/2 value. 

7 b1 (SCF transition at 191.33 eV)

23 b2 (SCF transition at 194.78 eV)

11 b1 (SCF transition at 195.31 eV)



Figure S8. 3D plot of the LUMO MO of B2Cat2 (with a core-hole on C2) from the DFT-TP 
calculations. Displayed isosurface corresponds to ±0.030 e1/2a0

-3/2 value. 



Figure S9. 3D plots of LUMO and LUMO+17 MOs of B2Cat2 (with a core-hole on the O site) 
from the DFT-TP calculations. Displayed isosurface corresponds to ±0.030 e1/2a0

-3/2 value. 

6. Experimental details

The BCDB molecule, in the form of a powder, was purchased from TCI, purity >98%, 

and sublimated in vacuum by means of a Knudsen cell heated at 330 K. The molecule was 

studied in the isolated form at the Gas Phase beamline5 at Elettra. The sublimation rate was 

optimized checking the mass spectrum by means of a home-made time-of-flight 

spectrometer (TOF). The powder was purified for one night and the spectra collection started 

after no trace of contamination in the photoemission signal was detected. The high-

resolution N 1s, C 1s, and B 1s XPS and valence band spectra were recorded with a VG-

220i hemispherical electron energy analyzer mounted in the plane perpendicular to the 

photon propagation direction at the magic angle (i.e. 54.7° with respect to the electric vector 

LUMO (transition at 534.34 eV) 

LUMO + 17 (transition at 538.60 eV) 



of the light). In this geometry, photoemission measurements are insensitive to the 

photoelectron asymmetry β parameter. NEXAFS spectra at the N, C and B K edges were 

collected using the same TOF described before in a total-ion-yield configuration. The photon 

energies and resolutions used for the core excitation spectra are reported in Table S2. More 

details about the end station are available in Ref.6

Table S2.  Gas phase experimental parameters

PES
Spectral 
region

Photon 
en. [eV]

Overall 
resolution 
[meV]

Calibrant Binding en. [eV]

B1s 262 130 SF6 (2p3/2) 180.21 eV 7,8

C1s 390 150 CO2 (C1s) 297.7 eV9

O1s 628 240 CO2 (O1s) 541.08 eV 7
VB  97 100 N2 (pBOND) 15.60 10

VB 
(ResPES)

189.3 
191.3

360  

NEXAFS
B K 190-210 20 SF6 

(2p1/2 →t2g )
184.5711

C K 283-300 50 CO2 
(C1s→π)

290.77 12

O K 532-540 90 CO2 
(O 1s→πu)

535.4 13

The presented data refer to the saturation coverage of a monolayer. B2Cat2 was 

deposited on clean Au(111) single crystal surface by sublimation from a Knudsen cell heated 

at 330 K, with the substrate kept at room temperature. In these conditions, molecules 

beyond the first layer do not stick, that was confirmed spectroscopically by monitoring the 

intensity of the XPS peaks. Measurements were performed at the ANCHOR-SUNDYN 

endstation14 of the ALOISA beamline at Elettra Synchrotron. XPS measurements were 

performed at photon energies of 650 eV for O1s and at 400 eV for C1s and B1s, with an 

overall resolution of 0.2 and 0.15 eV respectively. NEXAFS spectra were acquired in Auger 

yield, with photon resolution of 0.15 and 0.1 eV for O K-edge and B (C) K-edge respectively. 

In order to investigate dichroic effects the NEXAFS spectra were acquired at two different 

geometries:  with the sample surface oriented either parallel to the light electric field plane 

(s-polarization) or closely normal to it (p-polarization).
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