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The electronic properties of a diboron molecule, namely bis(catecholato)diboron (2-(1,3,2-benzo-
dioxaborol-2-yl)-1,3,2-benzodioxaborole) (B,Cat,), have been studied by comparing the results of
photoemission (XPS) and near edge X-ray absorption spectroscopy (NEXAFS) experiments with the
outcome of DFT calculations. The B 1s, C 1s and O 1s K-edges have been investigated for both
the isolated gas phase molecule and the adsorbed one on the Au(11l) surface. The main features of the
polarized NEXAFS spectra at each of the three edges considered are not significantly affected by the
presence of the substrate, with respect to the isolated molecule, indicating that the molecule—gold
interaction is weak. Moreover, the comparison between the observed dichroism in the NEXAFS spectra
of the adsorbed B,Cat, and that in the NEXAFS spectra of the isolated molecule has confirmed the
orbital symmetry assigned in the gas phase absorption spectra. The transitions to n(B—B) bonding and
n*(B—B) anti-bonding final states represent the most relevant probe of the chemistry of the B,Cat,
molecule. We show that their theoretical description requires that the treatment of the relaxation
changes among different excited state configurations, which we successfully implemented by using

rsc.li/pccp ASCF-DFT (ASCF) calculations.

Introduction

Since the last two decades organo-boron chemistry has been
playing an emerging role in the development of novel green and
sustainable organic-based technologies.” This promotes the
research of convenient synthetic routes for the production of
boron compounds. Among the investigated strategies, both
metal-catalyzed and metal-free synthetic processes involving
diboron(4) compounds as the reactants represent the most
promising tool for the synthesis of molecules containing B-C
bonds.* The properties of the B-B bond of these molecules is
the key factor in the synthesis reactions. While being thermo-
dynamically stable,” its Lewis acid character favors its activa-
tion upon interaction with bases.*® The resulting adducts are
precursors of the B-B bond cleavage for the formation of boron
compounds.” " Besides its employment in synthesis processes,
due to this strong affinity with bases, diboron(4) compounds
may be of potential interest as building blocks in the 2D
supramolecular assembly on surfaces as well. The introduction
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of functionalities on surfaces allows tailoring of intermolecular
recognition processes and design of specific interaction
schemes.”*™* To our knowledge, and quite surprisingly, the
use of diboron molecules to this aim and, in general, the study
of the chemistry of the B-B bond on surfaces is mostly
unexplored yet. We have recently reported on the on-surface
synthesis of a 2D covalent framework supported by the Au(111)
surface, formed by a network of B-B bonded boroxine groups,
which exhibits delocalized electronic states in the valence
band, likely due to hybridization of the outer electronic states
of the framework with the substrate. A proper description of
the electronic properties of diboron systems on surfaces is
mandatory for both exploring their use in synthesis processes
catalyzed by the surface and describing the functionalities of 2D
architectures they may be part of bis(catecholato)diboron (2-(1,3,2-
benzodioxaborol-2-yl)-1,3,2-benzodioxaborole, B,Cat, in the fol-
lowing) (see Fig. 1) is, together with bis(pinacolato)diboron,
among the most frequently adopted diboron precursors in the
synthesis of boronic compounds. It is a relatively simple mole-
cule we selected as a prototype of diboron species and we present
here a combined theoretical and experimental study of its
electronic properties by comparing photoemission (XPS) and
near edge X-ray absorption spectroscopy (NEXAFS) with DFT
calculations. Experiments have been performed both for the
isolated molecule in the gas phase and on a poorly reactive
surface like Au(111) to evidence dichroic effects in the
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Fig. 1 Chemical structure of B,Cat,. The labels indicate the nonequiva-
lent carbon atoms. The molecular plane corresponds to the xy plane, with
the direction of the B—B bond along the x axis.

absorption. Dichroic effects on the Au(111) surface have been
studied by measuring NEXAFS spectra in p-polarization (p-pol),
i.e. with the light electric field plane perpendicular to the metal
surface, and in s-polarization (s-pol), i.e. with the light electric
field plane parallel to the metal surface.

From a general perspective, the theoretical description of B
1s core excitations of boronic- and B-B containing systems is a
challenging task, as static correlation effects between different
excited states need to be taken into account.’® This can be
done using wave function based approaches, which becomes
however prohibitively expensive when the size of the system
increases, as in the case of the B,Cat, molecule. Therefore, it is
necessary to search for an alternative, less expensive method to
calculate the B 1s core excited states. In the ASCF-DFT (ASCF)
method, based on the energy difference between two self-
consistent-field (SCF) calculations, the core excited state is
found by promoting an electron from the core orbital to one
of the unoccupied orbitals in the ground state. The MOs are
then re-optimized for each excited electron configuration and
a different set of MOs for each excited state is obtained.
Relaxation changes among different excited-state configurations
relative to the same core hole are therefore taken into account at
the ASCF level, while they are not considered at the DFT level
employing transition potential (TP) approximation'”'® (DFT-TP),
which employs the same fixed set of orbitals obtained from
a single TP calculation to describe the entire excited state
manifold.

We show here how the ASCF calculations better reproduce
the B K-edge NEXAFS experimental spectrum with respect to
both DFT-TP and time-dependent DFT (TDDFT). We give a
detailed description of the transitions corresponding to the
peaks of the NEXAFS O, B and C K-edges and to the geometry of
the related molecular orbitals.

Theoretical methods and
computational details

The ground-state equilibrium geometry of B,Cat, was computed
at the density functional theory (DFT)" level, employing the

hybrid B3LYP xc functional and a basis set of Slater-type orbitals
(STO) of triple-zeta quality (TZP) for all atoms. Calculations were
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performed by using the Amsterdam Density Functional (ADF)
quantum chemistry code.”® The geometrical parameters (bond
lengths and bond angles) of the optimized geometry are pre-
sented in Fig. S1 and Table S1 of the ESI} and show a close
agreement with the experimental data derived from the crystallo-
graphic structure.”’ The molecule is planar (D,, point group
symmetry) and the molecular plane corresponds to the xy plane
in the molecular frame, with the B-B bond along the x direction
(see Fig. 1).

The XPS and NEXAFS spectra at the B 1s, C 1s and O 1s edges
were computed at the DFT level employing the PW86xPerdew
(PW86) generalized gradient approximation (GGA) for the xc
functional®** as implemented in the ADF program.>®**

In order to accurately describe higher excitations close to the
ionization threshold, an even tempered Quadruple-Zeta basis set
with three polarization and three diffuse functions (designated
as ET-QZ3P-3DIFFUSE in the ADF database) has been employed
for the core-excited atom (B, C or O, respectively), while a TZP
(Triple Zeta + polarization) basis set was used for the remaining
atoms. In particular, a frozen core TZP.1s basis set has been
employed for the B, C and O non-excited atoms, to ensure the
correct localization of the half core hole.

For the XP spectrum simulation, the B 1s, O 1s and C 1s core
Ionization Potentials (IPs) have been calculated at the ASCF
Kohn-Sham level allowing a full relaxation of the ionized core
hole. The energy of each 1s™' ionic state has been obtained
through a SCF unrestricted calculation. The relative intensity
among different primary lines is simply assumed to be propor-
tional to the number of equivalent atoms of the same type. This is
a good approximation since the XPS spectra were measured with a
photon energy well above the considered ionization thresholds.

The B, O and C K-edge NEXAFS spectra at each non-
equivalent atomic center have been computed with the DFT-
TP method in which half an electron is removed from the initial
core orbital and all the orbitals are relaxed until self-consistency
is obtained. Relaxation effects upon the core-hole formation are
usually adequately included in the DFI-TP approach.”® The
performance of the hybrid B3LYP potential®**>® has also been
tested considering the B 1s core excitation spectrum (see Fig. S5 of
the ESIt). No significant differences emerged from the compar-
ison between the PW86 and B3LYP calculated spectra.

For each of the three non-equivalent C sites of the B,Cat,
molecule (see Fig. 1), a separate computation of the C 1s
excitation spectrum has been performed and the total spectrum
has been obtained by summing up the partial contributions
weighted for the number of equivalent atoms.

Within the DFT-TP scheme, the excitation energies correspond
to the differences between the eigenvalues of the virtual orbitals
and the 1s core orbitals referred to the TP configuration:

AEi—»f: ?}P — 8;'FP, (1)

while the transition intensities are expressed as oscillator
strengths f;_, » For a free molecule f;_, ; corresponds to

Sfioy = %n;AEHf’<<R,TP)ﬂ|(P,-TP> ‘2 (2)
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and involves matrix elements of the electric dipole operator
between initial and final TP MOs, where n; denotes the occupa-
tion number of the core orbital in the ground state. Since the
DFT-TP approach leads generally to a less attractive potential
and consequently the excitation energies are generally too
large, they have been shifted with respect to the AIP value
by an amount given by the energy difference ¢z — ASCF(1s).
The energy of the ASCF 1s™" ionic state corresponds to that
previously calculated for the XP spectra.

Due to the discrepancies between experiments and the
theoretical DFT-TP results of the B 1s NEXAFS spectrum, the
B 1s core excitations of the gas-phase B,Cat, have been also
computed at the TDDFT level, which formally includes the
coupling between the single excited configurations, employing
different xc functionals with the ground state electron configu-
ration. The TDDFT computational details and the results are
reported in Section S4 of the ESI, which show that no improve-
ment is obtained at the TDDFT level compared to the simpler
DFT-TP scheme.

To better describe electronic relaxation effects, the B 1s core
excitations and oscillator strengths have been also calculated
at the ASCF level employing the procedure described in the
following. In the ASCF method, the initial (¥;) and final (¥j) N-
electron wave functions entering the dipole matrix element
(computed in the length gauge of the dipole operator),

timy = (PARIP ), (3)

are Slater determinants constructed from Kohn-Sham molecular
orbitals (MOs) obtained with the SCF procedure relative to
the ground state (GS) and excited state occupation numbers,
respectively. The GS MOs are obtained from a spin-restricted
calculation, while the excited-state MOs are calculated within
a spin polarized scheme with N, — Ng = 0, where N, and Ny
denote the numbers of spin-up and spin-down electrons,
respectively. In the specification of the occupation numbers,
we removed a P electron from the B 1s core. Singlet core-
excitation energies are obtained according to the spin-
purification formula.?® Since the two sets of MOs, {¢’} and
{¢h}, used to construct ¥; and Vs respectively, are non-
orthogonal, the N-electron matrix elements in eqn (3) are
evaluated with the general rules for non-orthogonal spin orbi-
tals derived by Lowdin.*® Denoting with S the overlap matrix
between the two sets of occupied MOs, (Sg);, = ((pﬂ(pj;), Wi pof
eqn (3) can be written as

(#rlaw) = (o}

,&‘(pfl >adj (), €y

in terms of dipole matrix elements between the two sets of MOs
and the adjugate of S; (i.e. the transpose of its cofactor matrix).
When (¥4 ¥;) = det(Sp) # 0, eqn (4) reduces to

(Wl W) = det(Sp) S <(r)§ ﬂ‘</)2> (i), 6)

Au

The origin independence of the transition matrix elements is
enforced by adding the dipole of the nuclear charges, weighted
by the overlap (¥%;). Results of a recent study" indicate that
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this correction gives results of accuracy comparable to that
obtained by enforcing exact orthogonality of ¥; and ¥y In any
case, when exact orthogonality is not enforced by symmetry, we
checked that the overlap between the initial and final states is
rather small (~10~° or smaller).

In order to compare the theoretical results with the NEXAFS
experimental measurements recorded for the B,Cat, molecule
adsorbed on the Au(111) surface (in s- and p-polarization),
we have considered the molecule fixed in space and have
calculated the NEXAFS p- and s-pol intensities employing the
following formula for the oscillator strength:

Jimy = 20E [ (¥sle - 1l ) (6)
where ¥; and ¥yare the initial and final TP MOs in the DFT-TP
calculations and Slater determinants with the GS and excited
state occupation numbers, respectively, in the ASCF calculations.

The ASCF B 1s, C 1s and O 1s IPs are presented in the figure
of the corresponding NEXAFS spectrum and mark a separation
of the whole spectral region into two sub-regions with different
physical meanings. Only transitions that occur below the
ionization threshold IP can be accurately described by the
employed computational protocol. Above the IP only qualitative
information can be extracted since the electronic continuum
wave function cannot be properly described with standard basis
sets of quantum chemistry programs.

Results and discussion

In the first part of the discussion the experimental XPS and
NEXAFS spectra at the B 1s, O 1s and C 1s edges of the gas
phase B,Cat, will be compared with the theoretical results in
order to achieve an assignment of the spectral features. In the
second part, the polarization dependent NEXAFS measure-
ments of the B,Cat, adsorbed on the Au(111) surface will be
analysed with the support of the theoretical results obtained for
the fixed-in-space molecule. The experimental data have been
acquired at the Gas Phase beamline®” and at the ANCHOR-
SUNDYN endstation®® at the Elettra Synchrotron. Experimental
details are reported in the ESIL{

Gas phase results

B 1s, C 1s and O 1s photoelectron spectra. The experimental
XPS spectra of the B 1s, C 1s and O 1s core levels of B,Cat,
together with the calculated ASCF ionization potentials (IPs) for
the B, C and O atoms are reported in the ESIt (Fig. S2, S3 and
S4, respectively). Here we briefly comment on the main features
observed. The experimental XP spectrum of the B 1s core level
(Fig. S2, ESIT) shows a sharp intense peak at 196.89 eV which
is close to the main B 1s peak at 197.53 eV of gas-phase
catecholborane.>® The latter is the molecule whose structure
corresponds to half B,Cat,, with a terminal H bonded to the B
atom. The difference in the B 1s binding energy we reported has
therefore to be ascribed to the different chemical environment
given by the presence of the B-B bond. The two much weaker
structures here observed at 202.13 and 202.71 eV are attributed

Phys. Chem. Chem. Phys., 2021, 23, 23517-23525 | 23519
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to satellite states of the B 1s core level like those at 200.77 and
203.25 eV of catecholborane. The many-body nature of these
structures cannot be described by the present computational
approach.

The C 1s photoelectron spectrum of B,Cat, is presented in
Fig. S3 of the ESI} together with the calculated ASCF IPs of the
three nonequivalent carbon atoms of the molecule (C1, C2 and
C3, see Fig. 1). The two experimental peaks are assigned to the
C2, C3 sites (first peak at 290.49 eV) and to the C1 site (second
peak, at 291.94 eV); their energy splitting (1.45 eV) is a con-
sequence of the reduced shielding of the C1 site, which is
adjacent to the O atom, with respect to C2 and C3 sites.
Calculations provide a chemical shift of 131 meV between the
C2 and C3 sites with the lower binding energy associated to C3.
The experimental line shape shows a pronounced asymmetry,
detected also in catecholborane® and attributed to vibrational
effects. The spectrum was fitted with a function of three skew
gaussians and the extracted peak positions are 291.95, 290.58
and 290.38 eV in accordance with the calculated IPs.

The O 1s photoelectron spectrum of B,Cat, is shown in
Fig. S4 of the ESL.{ The peak at 539.03 eV represents the IP of
the four equivalent oxygen atoms, as also indicated by the
calculated ASCF IP line. The second intense peak around
541 eV is due to the O 1s signal of CO, that we dosed together
with B,Cat, in order to have a known feature in the spectra to
properly calibrate the photon energy scale. Details about the
calibration references we used are reported in the ESL¥

B 1s, C 1s and O 1s NEXAFS spectra. The B K-edge NEXAFS
experimental spectrum is shown in Fig. 2 together with the
theoretical results relative to the ASCF and DFT-TP calcula-
tions. An intense lower energy peak (peak A at 191.362 eV)
dominates the experimental spectrum, followed by a weaker
double-peaked feature between 194 and 195 eV and by a poorly
structured signal towards a higher energy. The DFT-TP results
(lower panel of Fig. 2) show significant discrepancies with the
experiment; in particular, the calculations do not reproduce
correctly the intensity distribution between the first peak and
the feature around 195 eV for which the calculations over-
estimate the oscillator strengths for the transitions involved.
The inability of TDDFT to correctly describe the B 1s core
excitations emerges in the case of the B,Cat, molecule, as
shown by the results presented in Fig. S6 of the ESI:{ the
discrepancies with respect to the B 1s experimental spectrum
persist in terms of both energy separation and intensity dis-
tribution irrespective of the exchange-correlation functional
employed (LB94, B3LYP and CAM-B3LYP).

The origin of the incorrect intensity distribution calculated
at the DFT-TP level for the B 1s transitions has been already
discussed in previous studies on boronic acid derivatives.'®*
We demonstrated that to correctly reproduce the B 1s NEXAFS
spectrum one needs to include static correlation effects beyond
those described by the coupling of singly-excited configurations,
as in the TDDFT approach. In ref. 16 this was achieved by
performing ab initio Multi-Configuration Self-Consistent-Field
(MCSCF) calculations. We are led to assume that the inclusion
of residual static correlation effects plays an important role in
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Fig. 2 B K-edge gas phase NEXAFS spectrum of B,Cat,. Upper panel:
Comparison with the theoretical ASCF results; lower panel: comparison
with the theoretical DFT-TP results. The theoretical spectra have been
shifted by +0.45 eV (ASCF spectrum) and +0.17 eV (DFT-TP spectrum)
in order to match the first experimental peak. The stick spectra are
broadened by using a Gaussian line shape with FWHM = 0.5 eV. The
experimental B 1s IP (196.89 eV) is indicated with a vertical dashed line.

the description of the B 1s photoexcitation of B,Cat,, as also
evidenced by the shake-up structures of the XPS B 1s spectrum in
Fig. S2 (ESL;t see the “B 1s, C 1s and O 1s photoelectron spectra”
section).

The effect of a more accurate treatment of relaxation, which
is the dominant electron correlation effect at play in core
excitation processes, is apparent from the comparison between
the B 1s experimental NEXAFS spectrum and the ASCF results,
presented in the upper panel of Fig. 2.

A significant improvement of the description of the experi-
mental spectrum is obtained compared to DFT-TP results, in
particular as concerns the intensity distribution among the
spectral features. The ASCF spectrum has been obtained by
calculating, for each dipole-allowed final symmetry, the first six
excitation energies and transition dipole moments. This choice
has been supported by the analysis of the DFT-TP results, which
allows the identification of the final MOs involved in the descrip-
tion of the main spectral features below the edge. The ASCF B 1s
core excitation energies and oscillator strengths are presented in
Table 1, together with the attribution of the spectral features and
the experimental data. The first calculated peak A arises from the
B 1s transition to the LUMO orbital (7b,) which has a predomi-
nant 7(B-B) bonding character (out of plane (oop) B 2p atomic
components) with minor 7*(B-0O) antibonding contributions (the
3D plot of the 7b; final MO is presented in Fig. S7 of the ESI¥).

The two main transitions of feature C (at 194.95 and 195.31 eV)
involve final MOs with mainly valence n*(B-B) (out of plane)

This journal is © the Owner Societies 2021
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Table 1 B 1s ASCF excitation energies (eV) and oscillator strengths f of the main transitions of B,Cat,

ASCF
Peak transition® E? (eV) fx 100° Assignment, main character of the final MO
A B1s — 7b, 191.33 5.87 Toutof plane(B-B) + T*(B-0)
B B 1s — 29a, 194.22 0.27 Rydberg (in plane AO components)
B 1s — 9b, 194.27 0.21 m*(C-C)
C B 1s — 23b, 194.78 0.52 Mixed valence Ty, plane(B-B)/Rydberg
B 1s — 10b, 194.95 1.15 Mixed valence T*ou¢ofplane (B-B)/Rydberg
B 1s — 24b, 195.03 0.79 Mixed valence T, plane(B-B)/Rydberg
B 1s — 11b, 195.31 1.25 Mixed valence T*ou¢ofplane (B-B)/Rydberg

“ When the core hole is localized on the B site the molecular symmetry lowers from D, to C,, and the molecular plane is yz with the B-B bond
along the z axis. ? Calculated excitation energies shifted by 0.45 eV to match the first experimental peak. ¢ Only calculated transitions with f x 100

> 0.20 are reported.

antibonding character mixed with diffuse atomic components,
while MOs with n(B-B) (in plane) bonding character, mixed with
diffuse components, characterize the other two transitions at
194.78 and 195.03 eV (see Fig. S7 of the ESIt). The lower energy
tail of C, labelled B in Fig. 2, arises from two low intensity
transitions, one of diffuse nature (at 194.22 €V) and the other of
mainly ©*(C—C) antibonding character (at 194.27 eV).

The analysis of the contributions to the transition dipole
moment (see eqn (4) and (5)) for the ASCF 9a, (B 1s™') — 7b,
transition reveals that the intensity is mainly contributed by the

<<p§bl ’ﬂ’(pga] > dipole matrix element between the initial 9a; MO

of the GS and the 7b; MO of the ASCF excited state. The value of
the cofactor, which multiplies the dipole integral, is close to
1 (0.918), and thus it does not influence the calculated intensity
of this transition. On this ground, the relatively large oscillator
strength computed for the ASCF 9a; — 7b, transition can be
related to the composition of the 7b, final MO, notably the
significant participation of the B 2p atomic components, which
carries most of the dipole transition moment. Considering the
transitions of peak C, this kind of analysis still points out that
the intensity of each transition is dominated by the contri-
bution of the dipole matrix element between the initial 9a; MO
(B 1s") of the GS and the final MO of the ASCF transition
considered.

Also the relative intensity of these transitions, compared to
the first peak, can be correlated to the atomic composition of
the final MO, in particular the B 2p/np atomic contributions,
which turn out to be reduced with respect to the final 7b; MO of
the first transition.

The significant decrease of the oscillator strength obtained
at the ASCF level compared to the DFT-TP ones for the transi-
tions of peak C can be mainly ascribed to the decreased value
of the dipole integral of the corresponding transitions and
therefore to the relaxation changes among different excited
state configurations neglected in the DFT-TP approach, which
treats the relaxation effects in an average way. We underline
that the value of the cofactor multiplying the dominant dipole
integral of the transitions of peak C is lower (around 0.8) than
the one corresponding to the 9a; (B 1s™') — 7b, transition and
the calculated intensity is further reduced compared to the
DFT-TP results.

The intensity distribution as well as the energy separation
between the (B-B) bonding and the n*(B-B) anti-bonding final

This journal is © the Owner Societies 2021

states we described here represents a sensitive monitor of the
chemistry the molecule is involved in, recalling what we dis-
cussed in the introduction. The Lewis acid character of the
molecule is expected to be related to these orbitals, as they are
localized on the B atoms.

The gas phase experimental C K-edge NEXAFS spectrum of
B,Cat, is shown in Fig. 3 together with the theoretical DFT-TP
results. The calculated excitation energies and oscillator
strengths are presented in Table 2, along with their assignment
to single-particle transitions. Two main experimental peaks
characterize the low energy region (around 285 and 287 eV,
respectively), while several less intense and broader structures
are present in going towards the ionization threshold. The
spectrum resembles the one measured for catecholborane,**
as expected due to the same chemical configuration for the
carbon atoms in the two cases.

The comparison with the theory points out a good agree-
ment for the groups of excited states which contribute to the
first structures (A, B and C, with C describing the higher energy
tail of the second experimental band). Conversely, a poorer
agreement is observed at a higher energy, in particular in the
energy region around 290 eV with an overestimation of the
intensity provided by the calculations. Indeed, the close

Intensity / a.u.
(001xy) yiBuans soje||1OsQO

284 286 288 290 292 294
Photon energy / eV

Fig. 3 C K-edge gas phase NEXAFS spectra of B,Cat,. The DFT-TP
theoretical spectrum has been rigidly shifted by —0.37 eV on the experi-
mental energy scale. The main calculated structures are labelled with
capital letters. Colored solid lines represent the partial Ci contributions.
ASCF C 1s IPs (C1: 291.89 eV; C2: 290.58 eV; C3: 290.45 eV) are indicated
with vertical dashed lines. The stick spectrum is broadened by using a
Gaussian line shape with FWHM = 0.35 eV.
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Table 2 DFT-TP C 1s excitation energies (eV) and oscillator strengths f of
Bzcatz

Peak  E“(ev) f? Site Assignment

A 28536  10.81  C2 1*(C-C) + n(B-B) (LUMO)
285.46 9.49  C3 1*(C-C) + n(B-B) (LUMO)
285.92 3.79  C3 1*(C-C) + n(B-B) (LUMO+1)
286.30 1.30 C2

B 286.86 738 C1 n*(C C) + n(B-B) (LUMO)
287.22 6.08 C1 1*(C-C) + n(B-B) (LUMO+1)

C 287.76 2.38 C3 Rydberg (in plane components)
288.12 1.51 C2

D 288.66 1.60 C2

E 289.23 1.47 C1
289.47 1.94 C1
289.89 2.57 C3 Mixed n*(C-C)/Rydberg
289.91 4.95 C2
290.08 1.45 C1 Rydberg (in plane components)
290.37 2.85 C1 Mixed 7(B-B)/Rydberg (in plane

components)

F 290.82 3.21 C1 Mixed valence n*(C-C)/Rydberg

291.08 3.33 C1

¢ Calculated ex01tat10n energies shifted by —0.37 eV to match the first
experimental peak. ” Only the main transitions contributing to the
theoretical features are presented.

proximity of the ionization region, above which the discretiza-
tion of the non-resonant continuum affects the calculations,
can explain the only qualitative description of the intensity
distribution around and above 290 eV. Nonetheless, the attri-
bution of the experimental features, which we will present in
the following, can still be considered with confidence.

Band A arises from transitions from the C2 and C3 sites of
the phenyl rings, namely the two C 1s — LUMO transitions,
which contribute to the main peak, and the two C 1s —
LUMO+1 transitions, which contribute to the higher energy tail
of peak A (see Table 2). The same transitions from the C1 site,
which is bonded to the O atom of the catechol moieties, are
shifted to higher energies and give rise to peak B. The energy
separation between the LUMO transitions of peaks A and B
(about 1.4 eV) reflects the shift of IPs between C2/C3 and C1
sites (1.37 eV), denoting a predominance of initial state effects
on these excitation energies. Both LUMO and LUMO+1 final
orbitals are localized on the phenyl ring and present a n*(C-C)
antibonding character with a minor contribution from the
n(B-B) bond between the B atoms connecting the two catechol
moieties (a plot of the LUMO orbital with the core hole
localized on the C2 site is presented in Fig. S8 of the ESI¥).

The higher energy tail of peak B (denoted as C in Fig. 3) as
well as feature D and the lower energy shoulder (around
289.5 eV) of peak E are contributed by several low intensity
transitions towards final MOs of diffuse nature (see Table 2).
In the energy region of 289.5-291 eV the agreement between the
theory and experiment deteriorates, as previously commented:
the calculations provide two more intense peaks (E and F)
around the C 1s thresholds, while two broad features, slightly
shifted to lower energies, are present in the experiment. The
high intensity of E and F theoretical peaks mainly arises from
transitions towards final MOs with a n*(C-C) antibonding
character mixed with some diffuse components starting from
all the C sites (peak E) and from the C1 site (peak F). The O
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Fig. 4 O K-edge gas phase NEXAFS spectra of B,Cat,. The DFT-TP
theoretical spectrum has been shifted by 0.10 eV in order to match the
first experimental peak. The main calculated structures are labelled with
capital letters. The ASCF O 1s IP (539.03 eV) is indicated with a vertical
dashed line. The stick spectrum is broadened by using a Gaussian line
shape with FWHM = 0.8 eV.

Table 3 DFT-TP O 1s excitation energies (eV) and oscillator strengths f of
Bzcatz

Peak E”(eV) fx 100° Assignments

A 534.34  3.06 Toop(B-B) + T*(B-0)

B 535.42  1.54 *(C=C) + T(C=0)

C 536.81 0.85 Rydberg (in plane components)
537.36  1.80

D 538.60 1.24 Mixed valence n*(B-B) + n*(B-O)/Rydberg
538.93 1.43 Rydberg (in plane components)

¢ Calculated exc1tat10n energies shifted by 0.10 eV to match the first
experimental peak. ” Only the main transitions contributing to the
theoretical features are reported.

K-edge NEXAFS experimental spectrum of gas phase B,Cat, is
compared with the DFT-TP theoretical spectrum in Fig. 4. The
assignment of the main peaks in terms of the calculated excita-
tion energies and oscillator strengths is presented in Table 3.
The experimental spectrum shows two main features in the
energy range up to 536 eV, followed by a quite smooth signal of
increasing intensity towards the ionization threshold. The good
agreement between the calculated and measured spectra con-
firms the adequacy of the DFT-TP scheme to describe the core
excitations of the O 1s channel in the B,Cat, molecule.

The stronger calculated transition at 534.34 eV gives rise to
peak A and involves the LUMO orbital which presents mainly a
n(B-B, out of plane) bonding character with a minor 7*(B-O)
antibonding contribution (see Fig. S9 of the ESIY), similarly to
the LUMO orbital obtained from the DFT-TP calculation with
the core-hole localized on the B site.

Peak B mainly arises from the O 1s — LUMO+1 transition.
The LUMO+1 MO is strongly localized on the phenyl ring
(m*(C=C) character) with only a weak conjugation with the O
2p, components, consistent with the low intensity calculated
for this transition. Features C and D are characterized by
several low intensity transitions toward MOs of mainly diffuse
nature.
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It is worth noting that the transition at 538.60 eV (peak D)
involves a final orbital which is the antibonding counterpart
of the LUMO although several diffuse components are also
present. The energy separation between the transitions towards
the n(B-B) bonding and antibonding orbitals is about 4 eV,
a value very close to that found for the corresponding transi-
tions in the B 1s NEXAFS spectrum.

We underline the relatively low oscillator strengths provided
by the DFT-TP calculations for the O 1s transitions, which stem
from the small O 2p atomic contribution to the virtual orbitals
compared to the C and B atomic contributions. This is a sign of
the polarization of the C-O and B-O bonds and of the large
involvement of O 2p atomic components in the occupied MOs.

B,Cat, on Au(111) NEXAFS results. The NEXAFS experi-
mental spectra of B,Cat, on Au(111) have been recorded at
two different polarization angles of the electric field with
respect to the surface. p-pol and s-pol geometries refer to the
light polarization vector being normal and parallel to the sur-
face plane, respectively. The calculated p- and s-pol spectra are
relative to a gas-phase molecule oriented with the molecular
plane fixed in the xy plane of the molecular frame (see the
Theoretical methods and computational details section). All
B 1s, C 1s and O 1s spectra show a strong dichroism between
s-pol and p-pol spectra, with the transitions to m* orbitals
having a maximum intensity in p-pol. This indicates a flat
adsorption geometry for the B,Cat, on the Au(111) surface.

The B 1s experimental and calculated p- and s-pol spectra
are presented in Fig. 5, in the energy region below the thresh-
old. The intensity contribution from the p-pol component is
prevalent in all the spectral region below the edge. The most
remarkable dichroic effects are present in the region of the first
experimental peak (around 191 eV) and are correctly repro-
duced by the calculations. This behavior reflects the = symme-
try of the final orbital (7b;, LUMO) involved in the transition
responsible for this peak. In the energy region above 194 eV

—e— Exp p-pol
—e— Exp s-pol
—— Calc. p-pol
—— Calc. s-pol

B K-edge

Intensity / a.u.

190 192 194 196

Photon energy / eV

Fig. 5 B K-edge NEXAFS spectra of B,Cat,@Au(11l) at two different
polarization angles. The ASCF calculated spectra of the fixed in space
B,Cat, have been shifted by 0.15 eV in order to match the first experi-
mental peak. The ASCF B 1s IP is indicated with a vertical dashed line.
The stick spectra are broadened by using a Gaussian line shape with
FWHM = 0.80 eV.
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both p- and s-pol components are present. In particular, the s-
pol component gives a significant contribution around 195 eV,
which appears slightly underestimated by the theory and
corresponds to the transitions encompassed by peak C in the
gas phase spectrum, assigned to the excitations to the in-plane
n(B-B) MOs.

In this energy region the p-pol experimental component is
still stronger than the s-pol one, with a large feature with a
maximum around 196 eV, while the theory provides one p-pol
peak mainly derived from the two out of plane n*(B-B) anti-
bonding transitions.

Fig. 6 presents the C 1s experimental polarized spectra and
their comparison with the calculated ones for the fixed in space
B,Cat, molecule. The p-pol component dominates in all the
energy range below the threshold and the theory correctly
describes the strong dichroic effects associated with the © out
of plane nature of most final MOs. In particular, the first two
peaks correspond to the A and B peaks of the gas-phase spectrum
(Fig. 3) associated to m*(C-C) antibonding transitions.

Around 288 eV the s-pol component starts to acquire some
intensity with a feature corresponding to peak C of the gas
phase spectrum due to the transitions towards diffuse MOs
with in plane atomic components. Transitions of similar nature
contribute to the experimental s-pol broad signal present in the
energy range of 289-292 eV. The p-pol component contributes
to this energy range with two broad features whose theoretical
counterparts appear still overestimated and slightly shifted at a
higher energy and correspond to the E and F peaks of the gas
phase spectrum. This analysis of the p- and s-pol components
of the C K-edge spectrum confirms the attribution of the
spectral features proposed for the gas-phase experimental
spectrum despite some discrepancies provided by the theory
in the energy range around C 1s thresholds.

The results for the O K-edge p-pol and s-pol spectra are
shown in Fig. 7. The dichroic effects are still relevant at a lower

—e— Exp. p-pol
—e— Exp. s-pol
Calc. p-pol
Calc. s-pol

C1s

Intensity / a.u.

284 286 288 290

Photon energy / eV

Fig. 6 C K-edge NEXAFS spectra of B,Cat,@Au(11l) at two different
polarization angles. The DFT-TP calculated spectra of the fixed in space
B,Cat, have been reported without applying any energy shift. ASCF C 1s
IPs are indicated with vertical dashed lines. The stick spectra are broa-
dened by using a Gaussian line shape with FWHM = 0.75 eV.
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Fig. 7 O K-edge NEXAFS spectra of B,Cat,@Au(l11l) at two different
polarization angles. The DFT-TP calculated spectra of the fixed in space
B,Cat, have been shifted by —0.20 eV in order to match the first
experimental peak. ASCF O 1s IPs are indicated with vertical dashed
lines. The stick spectra are broadened by using a Gaussian line shape with
FWHM = 1.0 eV.

energy, while both components provide significant contribu-
tions to the features above 536 eV. The agreement between the
experiment and theory is good for both components, and the
strong dichroic effects present in the lower energy region are
consistent with the © nature of the transitions relative to the A
and B peaks of the gas phase spectrum.

The intensity of the s-pol component mainly arises from
transitions of diffuse nature (peak C of the gas phase spec-
trum), while the intensity distribution between the s- and p-pol
components near the threshold reflects the character of the
transitions contributing to peak D of the gas phase spectrum
(see Table 3). The good agreement found between theoretical
calculations on the oriented molecule and experimental results
for B,Cat, adsorbed on Au(111) proves that the Au surface does
not perturb the transitions of any of the B 1s, C 1s and O 1s
channels confirming the weak interaction of the molecule with
the surface.

Conclusions

DFT calculations have been used to assign the features
observed in the B, C and O K-shell XPS and NEXAFS spectra
of the B,Cat, molecule, with the aim of obtaining detailed
information on the B,Cat, electronic structure. The assignment
of the absorption peaks observed in the gas-phase NEXAFS
spectra has been validated by a study of the corresponding
NEXAFS spectra for the molecule adsorbed on the poorly
reactive Au(111) surface, which allowed confirmation of the
nature of the virtual electronic states involved in the core-
excitation process. This represents a valuable reference to
explore the surface chemistry of diboron compounds with other
molecular species or with reactive metallic substrates. In parti-
cular the energy position and intensity of the B 1s core to the
n(B-B) bonding and anti-bonding orbitals represent a sensitive
probe of the chemistry of the molecule. In this regard, for
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example, we outline that, in the B 1s edge spectra, a quite different
position of the first transition (~ 191 eV) is found with respect to the
case of the covalent framework of boroxine groups based on the B-B
bond (~194 eV)."> We suggest therefore that in the latter case a
stronger interaction with the substrate was established and that
the B-B centers were involved in a charge transfer process with
a consequent change in their chemical environment.

Finally, our results point out that the ASCF method is
required to describe the B 1s core excited states in order to reach
a good agreement with the experimental data, with respect to both
DFT-TP and linear response TDDFT approaches. This indicates
the importance of explicitly treating the relaxation changes among
different excited-state configurations relative to the B 1s core hole,
unlike the C and O K-edges which can be conveniently described
at the DFT-TP level with the relaxation effects included in an
average way. This behavior can be traced to the less pronounced
relaxation following the formation of the shallower B 1s core hole
compared to the heavier first row atoms, such as C and O.
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