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Electron injection into electrode-supported metal complexes allows for charge redistribution within the
molecule to be controlled. Here we show, for the first time, how the structural flexibility in electron-
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doped porphyrins is critical in defining charge localization by following the evolution of the spin state
and charge distribution in the thermodynamically favored structure as a function of dopant dose and
relaxation time. Two flexible transition metal-containing molecules are used as model systems, nickel
and cobalt tetraphenylporphyrin, studied by combining a wide range of spectroscopic techniques with
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Organic semiconductors, and in particular transition metal
porphyrins (TMPs) and TM phthalocyanines (TMPcs), may be
considered as a class of materials that can be used to create a
wide range of adaptable and low-cost molecular-based electro-
nic devices.'™ To fully exploit the potential of these interfaces,
the understanding and capability to tune the physical,
chemical, and transport properties of organic semiconductor
components is critical.>® Within this framework, the capacity
of controlling the metal charge and spin states in the organic
array is a step toward molecular spintronics realization, and it
has been shown that single electron injection in the molecule
can drastically change its properties. Along these lines, scan-
ning tunneling microscopy (STM) investigations on a single-
molecule junction have shown that electrons travel through the
FePc molecule via two different 3d atomic orbitals (AOs), and
the electron pathway within the tip-FePc-Au junction can be
selected just by changing the magnetic field. Tunable giant
magnetoresistance in this molecular device originates from the
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re-orientation of the iron magnetic moment, which alters the
electron distribution in the Fe 3d AOs.” As such, it has been
recently reported that, under the force field of an STM tip, it is
also possible to reversibly modify both the Fe oxidation and
spin states of the Fe(ur) octaethylporphyrin-chloride anchored
on a Pb(111) substrate.*® In addition, both TMPs and TMPcs
can coordinate electron acceptor/donor ligands to the metal
center, thus resulting in a change of the valence electrons
number in the chelated metal, which induces a variation in
its oxidation and spin state."®* For instance, the spin state
could be controlled even by coordinating single H atoms to the
magnetic core of the adsorbed molecule."”*

It is also noteworthy that X-ray magnetic circular dichroism
(XMCD) measurements have recently brought to light that the
molecular properties of surface-supported TMPc can also be
modified by the donation of a single electron provided by an
alkali metal (AM), with final oxidation and spin states being
strongly TM dependent. Specifically, the TM(1) species in CuPc,
NiPc, and FePc molecular layers decrease their oxidation state
upon alkali metal deposition, whereas MnPc preserves its
formal oxidation state Mn(u), but the magnetic configuration
switches from an intermediate (IS) to a high-spin (HS) state.'”
Besides the TM and AM nature, the electron donation is also
influenced by the adsorption site and TM reduction is observed
only when the AM adsorbs in TM proximity."®

Changes in the molecular properties of TMPcs and TMPs
can also be induced by the coordination of polyatomic mole-
cules to the TM. In this respect, it has been shown that axial
coordination may be exploited to modulate the TM oxidation
and spin states.’””'? In fact, the spin state of the Mn ion in the
tetra-pyrrolic pocket may sweep across different configurations
by subtle modification of the N ligand field, e.g., by changes
of the Mn-ligand distance (HS in Mn-porphyrins,®® IS in

This journal is © The Royal Society of Chemistry 2022
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Mn-Pc'®) or of the ligand peripheral coordination (HS in Mn-
TCNQ, metal-organic covalent networks).>" Interestingly, it has
been recently demonstrated that ruthenium tetraphenylpor-
phyrin (RuTPP) on Ag(111) can be stabilized in two different
conformations, saddle-shaped and planar, and only the former
may axially interact with CO as a consequence of its greater
molecular flexibility.”* As such, the role played by the molecular
flexibility in prompting the electronic and magnetic properties
of TMTPP after electron doping is an essential aspect whose
potential applications are not yet sufficiently investigated.

In this work, the influence of the molecular conformation in
the metal reduction of AM-doped TMTPP is tackled by combin-
ing X-ray photoemission and absorption spectroscopies with
photoemission tomography and density functional theory
(DFT) calculations. The charge donation induced by the bond-
ing of a single K atom to NiTPP, and determining the Ni
reduction, is almost unaffected by the K adsorption site. How-
ever, for higher K doses and then larger electron donation, the
charge transfer is not limited to the Ni-based 3d AOs, but also
involves the TPP-based lowermost unoccupied MOs. Two dif-
ferent adsorption configurations involving two K atoms per
molecule are found to be energetically stable. In the flattest
macrocycle, the Ni(n) + K — Ni(1) + K* redox reaction takes
place, while the relaxation to the energetically-favored distorted
form leads to the concomitant nickel re-oxidation and the
macrocycle doping increase. Such a result demonstrates the
pivotal role played by the macrocycle flatness of the K-doped
NiTPP in stabilizing the Ni(i) species. In addition to that, the
TM role has been studied by investigating the K doping of
CoTPP. The susceptibility to molecular conformation decreases
for CoTPP and, unlike NiTPP, the Co(u) — Co(1) reduction takes
place in both energetically stable configurations involving two
K atoms per molecule.

1 Results and discussion

TM oxidation and spin state variations in TMPc and TMPs-
based systems can be triggered by coordinating them to metal
surfaces, and the charge transfer eventually taking place is
strongly TM and substrate-dependent. Indeed, the adsorption
on the highly reactive copper surface implies the filling of the
adsorbate lowermost unoccupied MOs (up to the LUMO+3) and
the concomitant TM(n) — TM() reduction.'®'***>* Charge
injection into the metal complex may also be induced by
exploiting alternative pathways such as AM doping. Aimed to
look into the TM reduction process, a NiTPP layer deposited on
the Au(111) surface has been stepwise K doped. The chemical
inertness of the substrate assures that any variation of the
NiTPP molecular properties eventually revealed can be traced
back to the K doping. Valence band (VB) and near-edge X-ray
absorption fine structure (NEXAFS) spectra recorded at the N K-
edge were used to track the progressive filling of TPP-based
MOs as the K doping is increased. Moreover, the K doping
effect on the Ni 3d AOs was studied by using Ni 2p photoemis-
sion spectroscopy and Ni L, ;-edges NEXAFS measurements.

This journal is © The Royal Society of Chemistry 2022
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1.1 Charge and spin donation to macrocycle molecular
orbitals

Work function changes, A¢ (a), the angle-integrated VB spectra
(b) and the N K-edge spectra (d) of a single layer of NiTPP
deposited on the Au(111) substrate as a function of the K
doping dose are displayed in Fig. 1. Dose-dependent K 2p
core-level spectra are reported in Fig. S1 in ESL{ together with
a semi-quantitative analysis of the K coverage with respect to
the molecular layer. Before going on, it may be useful to remind
the reader that VB probes high-lying occupied levels, while
NEXAFS provides information about electronic transitions from
core levels to low-lying empty MOs. Spectra of the pristine
NiTPP layer (0') have also been recorded and added to the
figure for comparison.

The VB spectrum of the pristine NiTPP layer deposited on
Au(111) is consistent with a weak adsorbate-substrate interaction:
no peak due to charge transfer phenomena, frequently present at
strongly interacting adsorbate-substrate 23:25,26
observed and only features determined by the ionization from the
topmost occupied MOs (HOMO/HOMO-1) are detected (see
Fig. 1(b) and (c)) and assigned using the photoemission tomography
(PT) method (see Methods section for further details). The assign-
ment is in agreement with Scudiero et al.,”” according to whom the
topmost occupied MOs correspond to the quasi-degenerate TPP-
based a,, and a;, ® MOs, as corroborated by exploiting the Slater
transition state (STS) approximation.?®

The weak interaction of NiTPP on Au(111) is confirmed by the
shape of the N K-edge NEXAFS spectra (Fig. 1(d)). The major
characteristics of the N K-edge NEXAFS spectra pre-edge region,
both in terms of energy position and line-shape, are comparable to
those recorded for NiTPP deposited on an inert substrate®?° either
as multilayer or as a self-assembled monolayer. The sharp peak at
398.9 eV is associated with excitations from N 1s into the doubly
degenerate LUMO/LUMO+1 (&) and LUMO+3 (b,,) levels having n*
character.*® Excitations to higher-lying unoccupied m* MOs lead to
the spectral feature at 401.1 eV.*' A o*symmetry resonance
observed in the spectra obtained with s-polarized light at a photon
energy of 398.6 eV results from the N 1s level to the nickel-based o-
type LUMO+2 (b,) transition.”>** The strong linear dichroism in
the N K-edge spectra in the range of the n*-symmetry resonances
indicates that the porphyrin macrocycle adsorbs parallel to the
surface plane. On metal substrates, extended m-conjugated mole-
cules frequently adopt such a comparable flat-lying geometry.'*33

The electron injection into low-lying empty MOs induced by
the K doping should determine complementary changes in the
NiTPP VB and NEXAFS spectra; specifically, the partial filling of
TPP-based n* MOs should be accompanied by the emergence of
new features in the VB spectra and intensity decrease of the
low-lying NEXAFS resonances. Indeed, there is a dramatic
change in the N K-edge NEXAFS spectra with increasing K
doping, where the lowest energy resonance significantly alters
the intensity weight after the K dosage, as a result of the partial
filling of the lowermost unoccupied MOs. The inspection of
Fig. 1(b) reveals that, at high K doses, new features enrich the
VB spectrum around 0.7 and 1.4 eV. Theoretical and
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(a) Work function changes (A¢), (b) valence band spectra of NiTPP on Au(111) exposed to increasing K doses, (c) Simulated (top) and experimental

(bottom) momentum maps identifying the last occupied molecular orbital before and after 15 min K dose, (d) N K-edge spectra of NiTPP on Au(111)

exposed to increasing K doses (5, 10 and 15 minutes).

experimental momentum maps at the corresponding peak
maximum (Fig. 1(c) top and bottom, respectively) provide
information about the former empty MOs, now partially occu-
pied by electron injection. In particular, simulated patterns are
assigned to the LUMO/LUMO+1 and LUMO+3 levels, which is
consistent with the NEXAFS results. Such a remarkable
charge transfer (up to the LUMO+3) has already been revealed
for the aforementioned NiTPP/Cu(100) and CoTPP/Cu(100)
interfaces."®'%?* As a final remark, the peculiar work function
(WF) trend as a function of the K dose (see Fig. 1(a)) deserves to
be highlighted: (i) a significant WF drop, indicative of the
formation of a new surface dipole induced by the adsorption
of the K atoms at the interface, is present at the lower K doping
level; such WF change is accompanied by a HOMO blue shift
with respect to the Fermi level; (ii) a plateau region leading to
the complete filling of the gas-phase unoccupied MOs up to
LUMO+3 characterizes the intermediate K coverage; this range
corresponds to the region of interest for the electron doping of
the molecular layer; (iii) a further, less pronounced, WF drop
determining a blue-shift of low-lying empty MO (LUMO/+1 and
LUMO+3) takes place at higher K doses, which corresponds to
the appearance of neutral K species in the K 2p XPS spectrum
(see Fig. S1 in ESIt). Similar effects on the VB spectra were
previously reported for AM-doped TMPc layers.**3°

1.2 Spin and oxidation states of the Ni ion in electron-doped
NiTPP

So far, the effects associated with the filling of the low-lying
empty TPP-based MOs have been discussed just by referring to

9750 | J Mater. Chem. C, 2022, 10, 9748-9757

the VB and N K-edge NEXAFS outcomes. Next, we look at the K
doping effect on the nickel 3d levels. To that end, X-ray
photoemission spectroscopy (XPS) spectra at the Ni 2p core
level and Ni L;-edge NEXAFS measurements on the pristine
NiTPP deposited on Au(111) have been recorded; their evolu-
tion as a function of the K doping has been then tracked (see
Fig. 2). The Ni 2p photoemission spectrum of the undoped
NiTPP layer on Au(111) (see Fig. 2(a)) shows a single and well-
resolved peak at 855.1 eV accompanied by a satellite feature
located at higher BE. Such evidence would indicate a Ni(u)
oxidation state, which has been confirmed by the corres-
ponding Ni Lj;-edge spectrum (see Fig. S2 in ESI}). The L;-
spectra is characterized by a primary peak at 854.3 eV and the
strong satellite A at higher photon energy (856.2 eV). The
observed spectral shape is a fingerprint of a Ni(u) in a tetra-
coordinated square-planar geometry.">***”° Moreover, the
presence of the extra satellite peak A in the spectra of NiTPP/
Au(111) is indicative of a nickel in a low spin (LS) 3d® electronic
configuration."

The K doping of the NiTPP monolayer significantly affects
both XPS and NEXAFS spectra. In particular, the gradual
Ni(u) — Ni(1) reduction induced by the electron injection due
to the K adsorption on the NiTPP layer is well evident in the Ni
2ps), core-level spectra (Fig. 2(a)) where a new, red-shifted
feature with BE = 852.8 eV progressively increases its intensity
with K doping. Likewise, in the Ni L;-edge NEXAFS spectra (see
Fig. S2 in ESIY), as the K concentration increases, a new peak
emerges on the low-energy side of the original L; main peak.
The shift to lower photon energies, as well as the energy

This journal is © The Royal Society of Chemistry 2022
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(a) Ni 2pz,2 XPS spectra measured on the pristine NiTPP/Au(111) layer and after exposure to increasing K doses (5 and 15 minutes). Nickel oxidation

states are evidenced in the spectra. Time dependent (b) Ni 2ps,> XPS and (c) N K-edge NEXAFS spectra. The waiting time (t,,) after the dose is evidenced
for every spectrum. The reference spectrum (t,, = 0’) is recorded immediately after the 15 minutes K dose on freshly prepared NiTPP/Au(111).

position of the new resonance, is consistent with the Ni ion
reduction®® induced by the electron doping via AM. As such, it
has to be noted that the intensity of the new Ni(1) peak increases
at the expense of the Ni(u) resonance and its satellite A, whose
drop in intensity implies a partial filling of the Ni 3d,._,.-based
b;g; MO. Filling one of the spin-paired holes in the d,._.
orbitals results in a free spin 1/2, thus inducing a magnetic
moment in the Ni ion. Current data reveal that NiTPP behaves
similarly to NiPc, where magnetism is induced by the adsorp-
tion of Li atoms on top of the NiPc layer, as confirmed by XMCD
measurements.”® To investigate the stability of the Ni(i)TPP
species, Ni 2p XPS spectra have been collected as a function of
the time (¢,,) after the 15 minutes K dose (see Fig. 2(b)). To this
end, the NiTPP/Au(111) interface has been freshly reprepared
before the 15 minutes K doping. The main feature of the
pristine Ni 2p;, core level spectrum has been assigned to
Ni(1) which, after tens of minutes, re-oxidizes to Ni(u). Such a
process takes a 90 minute ¢, interval to complete at room
temperature. This reconversion process is also observed on the
same time scale for smaller doses of K, namely 5 and
10 minutes, proving to be dose-independent. In addition,
time-dependent N K-edge NEXAFS spectra (Fig. 2(c)) show
distinct changes when the Ni(i) to Ni(u) transition takes place.
As such, it is noteworthy that the spectra linear dichroism at
tw = 0’ is perfectly consistent with a flat adsorption geometry of
the porphyrin macrocycle, while the dichroic behavior of n*
resonances in s-polarization at ¢, = 120’ suggests its distortion.
Moreover, the different relative intensity of the two n* reso-
nances in p-polarization at t, = 0’ and 120’ indicates an
increase of the overall charge transfer on the macrocycle MOs
when observing the Ni(i) — Ni(u) conversion.

This journal is © The Royal Society of Chemistry 2022

1.3 Structural determination of the Ni(1) and Ni(u) molecular
species

At this point, the question that spontaneously arises concerns
the structure of the K doped NiTPP species, not only because it
is probably related to the Ni(1) — Ni(u) conversion, but it also
involves the bonding site of K atoms on NiTPP. As such, DFT-
based numerical experiments may provide insights into the
electronic and geometrical structure of adsorbed species upon
increasing the K dosing. As previously remarked, the NEXAFS
measurements of the bare molecular adlayer reveal that its
electronic structure is unaffected by the Au substrate, hence it
may be regarded as a free-standing layer. In this case, a
molecular cluster approach provides a quantitative analysis of
the atomic and molecular orbitals modification and corres-
ponding charge exchange.'®?! We tested different adsorption
geometries by increasing the number of K atoms directly
bonded to NiTPP.

Low K doses have been modeled by bonding a single K atom
to NiTPP. Different stable K adsorption sites are found: (i) K
directly bonded to Ni in the top position, (ii) K adsorbed in the
hollow position, and (iii) K adsorbed in the bridge position (see
Fig. 3). While the K atom has a single unpaired electron in its
isolated electronic structure, the chelated TM ion in the NiTPP
on the gold surface is stabilized in the Ni(u) LS 3d® closed-shell
configuration with no unpaired electron. A single unpaired
electron is then assumed for the different K-NiTPP clusters.
The structure analysis (see Table 1) reveals that the hollow
adsorption configuration is more stable than the top and
bridge ones by 0.12 eV and 0.07 eV, respectively. The higher
stability of the hollow configuration may be justified by the

J. Mater. Chem. C, 2022,10, 9748-9757 | 9751
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Fig. 3 A schematic representation of the different K adsorption geometries calculated for the K-NiTPP complex. Black, white, blue, green, and violet

spheres represent C, H, N, Ni, and K, respectively.

Table 1 Adsorption site-dependent DFT calculation for the K-NiTPP
complex. K-NiTPP adsorption energies (E,qgs), relative energies (AE) with
respect to the most favorable (hollow) one, number of unpaired electrons
on the nickel ion, nominal Ni oxidation state, NM indexes for the Ni—-N and
Ni—K bond are reported

AE  Euqgs Niox ™Iy

eV eV Ni unpaired el. state avg Ini-k
K-NiTPP (top)  0.12 —1.24 0.88 Ni() d° 0.380 0.136
K-NiTPP (hollow) 0.00 —1.37 0.75 Ni(1) d° 0.387 0.095
K-NiTPP (bridge) 0.07 —1.30 0.86 Ni() d° 0.383 0.115

K-NiTPP (far)  1.20 —0.16 0.32 Ni(n) d® 0.416 —*

*In the K-NiTPP (far) complex, there is not a direct Ni-K bond. See
methods for details.

formation of a higher number of interactions between K and
the TPP moiety, as can be appreciated in the structural models
reported in Fig. 3. Such small energy differences among the
structures suggest that all absorption sites are accessible at
room temperature. Data reported in Table 1 also point out that,
independently of the assumed geometry, the Ni(u) + K — Ni(1) +
K" redox reaction systematically takes place. It is of some
interest to underline that, at large K- --NiTPP distances (see
Fig. 3 and Table 1), the Ni(u) reduction is inhibited and the
K. - -NiTPP system is destabilized by 1.20 eV with respect to the
hollow geometry. In tune with the Ni-N antibonding character
of the Ni 3d,._j.-based MO, its partial filling induced by
electron injection implies that the Ni-N Nalewajski-Mrozek
index ("MIy;_y in Table 1) decreases upon K binding; the
opposite is true for ™Iy _g.

Higher K doses on the NiTPP/Au(111) interface, which
retrace experimental data, have been modeled by bonding
two K atoms to NiTPP. Numerical experiments outcomes indi-
cate that two stable structures are present, labeled as A and B in
Fig. 4.

The inspection of the results reported in Table 2 indicates
that, both in A and B, the dopant species is present in its
oxidized form. Interestingly, the porphyrin macrocycle in A is
very flat, while it is significantly distorted in B (see Fig. 4); in
addition, the former conformation is less stable than the latter

9752 | J Mater. Chem. C, 2022,10, 9748-9757

one by 0.23 eV (see Table 2). These conformational changes
induce a different charge donation from K atoms to NiTPP.
More specifically, the electron injection determined by the high
K dosing involves both the Ni(u) 3d,2_,>-based MO and a TPP*"-
based MO in A, while in B, the charge transfer does not involve
the metal center, which maintains the same LS 3d® configu-
ration of the pristine NiTPP on Au(111). Similarly to K-NiTPP,
the Ni(u)-N bond is stronger than the Ni(1)-N one (see the
MMion in Table 2). As a whole, the DFT outcomes pertaining to
the models adopted to mimic low and high K doping of the
NiTPP/Au(111) interface agree well with experimental evidence.
In particular, they provide a rationale for the experimental
temporal evolution from the flat conformation A, characterized
by the presence of the paramagnetic Ni(1) species, to the
thermodynamically most stable distorted geometry B typified
by the occurrence of the diamagnetic Ni(n) species (see Fig. 2(b)
and (c)).

The interaction of NiTPP with three K atoms has also been
considered and, in agreement with the experiment and 2K-
NiTPP theoretical results, the 3K-NiTPP outcomes confirm that:
(i) once again, the most stable species is associated with the
Ni(u) presence (see Table S1 in ESIY); (ii) Ni(u) is always
associated to the most distorted geometries (see Fig. S3 in
ESIY), thus evidencing the relevant role played by the molecular
distortion in determining the Ni oxidation state even in the
presence of a large number of the electron donor K atoms.

2 From NiTPP to CoTPP

TMPcs with diverse TM act differently upon AM doping;'* in the
following, we focused on CoTPP deposited on Au(111) to look
into its eventually different behavior from NiTPP upon the AM
dosing.

The Co 2p;/, core level spectrum of COTPP self-assembled on
the Au(111) surface (see Fig. 5(a)) is similar to the spectra
reported in ref. 40, and analogously to the free molecule, COTPP
deposited on Au(111) has an LS 3d’ configuration with its
single unpaired electron occupying the Co(u) 3d,-based
MO.7?*41:42 The K binding to CoTPP red-shifts the spectrum

This journal is © The Royal Society of Chemistry 2022
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Fig. 3. On the right side of each configuration is reported the energy level diagram for selected MOs, Ni-based and TPP-based levels are highlighted in

black and green, respectively. Both o and B spin are reported.

Table 2 Conformational-dependent DFT calculation for the 2K-NiTPP
complex. 2K-NiTPP adsorption energies (E,qs), relative energies (AE) with
respect to the most favorable (B) one, number of unpaired electrons on

the nickel ion, nominal Ni oxidation state, NM indexes for the Ni—-N and
Ni—K bond are reported
Ni
AE E,ss unpaired Ni ox. A T
ev eV el. state avg avg
A - 2K-NiTPP flat 0.23 —2.19 1.00 Ni() d° 0.384 0.075
B - 2K-NiTPP distorted 0.00 —2.41 0.04 Ni(n) d® 0.492 0.038

main feature by 0.85 eV, a behavior tightly linked to the
Co(n) — Co(1) reduction.’ Moreover, the inspection of
Fig. 5(b), where the N K-edge spectra of the pristine CoTPP/
Au(111) and after 15 minutes K dosing in s- and p-polarization
are reported, clearly shows that the macrocycle distortion takes
place right after the K doping.

Similarly to NiTPP, different K doses have been modeled by
directly bonding either one or two K atoms to CoTPP. K-NiTPP
and K-CoTPP DFT results are very similar; specifically: (i) three
distinct adsorption sites are possible when a single K atom is
considered (top, bridge, hollow position) (see Fig. 6(a)), (ii) the
most stable configuration is the one with the K atom in the
hollow site, (iii) followed by the bridge (+0.05 eV) and the top
(+0.11 eV) adsorption structures (see Table 3), closely spaced in
energy. In addition, the bonding energy of the K-CoTPP cluster
is tightly and directly related to the K-CoTPP bonding inter-
action, which determines the distortion of the macrocycle
fragment. Indeed, the largest distortion is predicted for the
most stable hollow configuration (see Fig. 6), while an almost
CoTPP flat geometry is foreseen for the top position. K-CoTPP

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Co 2ps/, core level and (b) N K-edge NEXAFS spectra for pristine
CoTPP/Au(111) (black curves) and after exposure to K for 15 minutes (red
curves).

adsorption energies are —1.76, —1.82 and —1.87 eV for top,
bridge and hollow sites, respectively. Interestingly, the compar-
ison of theoretical outcomes pertaining to K-CoTPP and
K-NiTPP clearly indicates that the K-CoTPP interaction is
stronger than the Ni-TPP one (see Tables 1 and 3).

Both the free CoOTPP molecule and the K atom hold a single
unpaired electron in their electronic structure hence two spin

J. Mater. Chem. C, 2022,10, 9748-9757 | 9753
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K-CoTPP (hollow)

K-CoTPP (bridge)

2K-CoTPP 2K-CoTPP

Fig. 6 A schematic representation of the different K adsorption geometries calculated for the K-CoTPP (a) and 2K-CoTPP (b) complexes. Black, white,
blue, light blue, and violet spheres represent C, H, N, Co, and K, respectively.

Table 3 Adsorption site-dependent DFT calculation for the K-CoTPP and
2K-CoTPP complexes. K-CoTPP and 2K-CoTPP adsorption energies (E,qs),
relative energies (AE) with respect to the most favorable (hollow and B)
ones, number of unpaired electrons on the cobalt ion, nominal Co
oxidation state, NM indexes for the Co—N and Co-K bond are reported

AE E,s Counpaired Coox. "™Igo

eV eV el. state  avg MY ok
K-CoTPP (top) 0.11 —-1.76 0.36 CO(I) d® 0.659 0.253
K-CoTPP (hollow) 0.00 —1.87 0.42 CO(I) d® 0.662 0.191
K-CoTPP (bridge) 0.05 —1.82 0.40 Co(1) d® 0.662  0.210
A - 2K-CoTPP 0.30 —2.59 0.39 CO(I) d® 0.644 0.142
B - 2K-CoTPP 0.00 —2.88 0.37 CO(I) d® 0.636 0.158

states are possible in the K-CoTPP complexes: zero or two
unpaired electrons. The zero unpaired electron structure is
more stable than the two unpaired electrons one by more than
1 eV. The detailed electronic analysis reveals that in all struc-
tures reported in Fig. 6, the chelated Co ion gains an electron
from K (see Table 3) and is stabilized in the closed-shell
configuration with the empty 3d,._,» MO. This scenario is
consistent with an electron transfer from K to Co and the
stabilization of the Co(1) and K" ions in K-CoTPP complexes.

Analogously to NiTPP, higher K doses have been modelled
by bonding to CoTPP two K atoms. Even though once again, LS
(one unpaired electron) and HS (three unpaired electrons)
states are possible, the LS one is always more stable than HS
by 0.7 eV. Similarly to 2K-NiTPP, two different stable structures
(see Fig. 6) are obtained for LS; moreover, the B arrangement is
more stable than the A one by 0.30 eV (see Table 3). Inciden-
tally, the presence of two K atoms induces significant structural
perturbations both in A and B arrangements but does not affect
the Co(1) oxidation state. As such, the A and B spin population
analysis indicate that, consistently with a Co(i) 3d® configu-
ration, Co has 0.39 unpaired electron in A and 0.37 in B. Such a
result clearly states that the two electrons transferred from K to
CoTPP in 2K-CoTPP are used for inducing the Co(i) — Co(r)
reduction and the partial occupation of a low-lying TPP-based
empty MO. Differently from NiTPP, no stable structure with two
K atoms and Co(u) is found.

9754 | J Mater. Chem. C, 2022,10, 9748-9757

DFT outcomes agree well with the experimental evidence. In
particular, time-dependent Co 2p;/, spectra on a freshly pre-
pared K-doped CoTPP layer demonstrate, differently from
NiTPP, the Co(r) high stability not only at room temperature
but also when annealed up to 500 K (see Fig. S4 in ESIt). The
charge donation from K atoms in both the CoTPP conforma-
tions stabilizes the chelated ion in the Co(i) oxidation state.
Moreover, the time-dependent NEXAFS spectra measured at N
K-edge, in particular the linear dichroic spectral behavior, show
strong distortion of TPP macrocycle already in the as-deposited
configuration and no significant time-dependent change is
observed.

3 Conclusion

In this paper, we investigated the role of molecular conforma-
tion on the reduction of a chelated metal ion and, as a result,
the stabilization of various oxidation and spin states. Two
different MTPPs, characterized by a different electron affinity
towards the K dopant, have been studied. We show that when
the alkali metal is strongly bonded to the central ion, the
doping is very little influenced by molecular distortion, while
for the more labile 2K-NiTPP complex, the molecular distortion
plays a crucial role. Moreover, the flattening of the macrocycle
moiety of AM doped metal TPP is a key factor in the
Ni(n) — Ni(i) reduction and this transition is not observed in
distorted NiTPP molecules. Thus, multiple spin configurations
can be achieved depending on the conformational shape,
proving the importance of flexibility in determining the mole-
cular properties.

4 Methods

4.1 Sample preparation

The clean Au(111) surface was prepared by a standard proce-
dure involving repeated cycles of Ar' ion sputtering at 2.0 keV
followed by annealing at 800 K. NiTPP and CoTPP molecules
(Porphyrin system, >95% purity) were thermally sublimated at

This journal is © The Royal Society of Chemistry 2022
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520 K from a home-made Knudsen cell-type evaporator. Before
the experiments, the molecules were carefully outgassed at
480 K for several days while the UHV system base pressure
was monitored. The coverage has been calibrated with a quartz
micro-balance. The resulting deposition rate was 15 min mL .
The nominal coverage for all the experiments presented here is
monolayer coverage. Potassium was sublimated from a prop-
erly outgassed SAES-getter dispenser, keeping the sample at
room temperature and without any detectable pressure
enhancement during deposition.

4.2 X-ray photoemission and absorption spectroscopies

The valence band photoemission spectra were measured at the
NanoESCA beamline of Elettra, the Italian synchrotron radia-
tion facility in Trieste, using an electrostatic photoemission
electron microscope (PEEM) set-up described in detail in
ref. 43. Data were collected with a photon energy of 30 eV
and a total energy resolution of 100 meV, using p-linearly
polarized light, while keeping the sample at 80 K. The XPS
and NEXAFS spectra were collected using the end-station at the
ALOISA beamline situated at the Elettra synchrotron radiation
facility in Trieste and analyzed following the procedure
described elsewhere.**> The orientation of the surface in the
NEXAFS experiment with respect to the linear polarization
(s and p) of the synchrotron beam was changed by rotating
the sample around the beam axis while keeping the incident
angle (6°) of the synchrotron light fixed. The binding energy
scale was referred to as the metallic Fermi level. XPS spectra at
the Ni 2p and Co 2p levels were acquired using a photon energy
of 1020 and 980 eV, respectively.

4.3 Photoemission tomography and DFT calculations

The photoemission tomography (PT) method combines two-
dimensional momentum mapping with density functional the-
ory simulations. The momentum pattern originating from a
certain initial molecular state can be represented as the Fourier
transform (FT) of the initial-state wave function within certain
assumptions about the final state of the photo-emitted
electron.*®*” The momentum maps, or photoelectron momen-
tum distribution patterns at a specific binding energy, allow
each emission to be ascribed to a specific molecular orbital,
allowing for a proper description of the energy level
alignment.>***">" Within the PT approach, density functional
calculations for gas-phase NiTPP (NiC,,N,H,g) have been per-
formed by employing the NWCHEM code.’” The geometries of
the molecules have been optimized using the Becke, 3-
parameter, Lee-Yang-Parr (B3LYP) exchange-correlation
functional®®”* and the 6-31G* basis set. The simulated momen-
tum maps of the gas-phase molecules were obtained as the
Fourier transforms of the respective Kohn-Sham orbitals as
described previously.”*® Calculations can be found online at
the Organic Metal Interfaces database (https://143.50.77.
12:5001). All optimized structures have been obtained without
any constraint by exploiting the Amsterdam Density Functional
(ADF) suite of programs® by using the GGA functional
BP86,°*>’ by employing a triple-{ with one polarization

This journal is © The Royal Society of Chemistry 2022
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function Slater-type basis set>® for all the atoms and by freezing
throughout the calculations the K, C, N and O 1s atomic orbital
(AO), the Co and Ni 1s-2p AOs. 3D contour plots (CPs) have also
been obtained to get information about the localization and the
character of frontier MOs. To compare the different structures,
their stabilities, the adsorption energies (E,gs) and the Nale-
wajski-Mrozek bond multiplicity indexes®® are considered. The
stabilities (AE) are calculated with respect to the most stable
structure. Thus, they are relative stabilities, but allow to com-
pare different systems with the same number of K dopant in
different positions. Adsorption energies (E,qs) of the K dopant
to the TMTPP have been obtained as the difference between
system after the interaction with the dopant and the isolated
ones:

Eadgs = Exermree — (Ex + Etvrep)

where Ex.ryrpp is the energy of the TMTPP system after the
interaction with the K dopant, Ex and Eqvrpp are the energy of
the isolated K atom and TMTPP molecule, respectively. The
calculated adsorption energies are further supported by the
analysis of the Nalewajski-Mrozek bond multiplicity indexes
("™1), which provide a quantitative estimate of bond strengths.
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