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control of the molecular electronic properties. This work reports
the influence of an interface between a semiconducting polyani-
line polymer or a polar poly-D-lysine molecular film and one of
two valence tautomeric complexes, i.e., [Co"'(SQ)(Cat)(4-CN-py).]
© [C0'"(SQ),(4-CN-py).] and [Co"'(SQ)(Cat)(3-tpp).] < [Co"(SQ),(3-
tpp)2l. The electronic transitions and orbitals are identified using
X-ray photoemission, X-ray absorption, inverse photoemission,
and optical absorption spectroscopy measurements that are
guided by density functional theory. Except for slightly modified
binding energies and shifted orbital levels, the choice of the
underlying substrate layer has little effect on the electronic struc-
ture. A prominent unoccupied ligand-to-metal charge transfer
state exists in [Co"'(SQ)(Cat)(3-tpp).] « [Co"(SQ).(3-tpp),] that is
virtually insensitive to the interface between the polymer and tau-
tomeric complexes in the Co' high-spin state.

1 Introduction

Spin-crossover (SCO)' and valence tautomerism, an intra-
molecular redox-isomerism,* provide versatile and reversible
means to change the spin state of local-moment molecules.
Transitioning between the low-spin (LS) and high-spin (HS)
electronic configurations profoundly affects the structural,
magnetic, optical, and resistive properties.®>* Isothermal
voltage-controlled switching of the spin state has been demon-
strated in Fe(i1) SCO complexes,>**® opening a route to higher
energy efficiency of non-volatile memory>® and other types of
electronic and sensing devices.>*>® The conductivity of Fe(n)-
based SCO systems can be further enhanced by adding organic
semiconducting polymers, such as polyaniline (PANI) and
polar poly-D-lysine (PDL),*®*° and select molecules.>*>’ Even
interfaces can improve conductivity and mobility within adja-
cent SCO layers and it is likely that this also holds for valence
tautomeric films.

Entropy calculations suggest that the transition between LS
and HS states is more facile in Co(i) than in Fe() complexes,*®
ultimately requiring smaller voltages to operate molecular
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devices. Co-based complexes are also more stable in an
aqueous environment than their iron counterpart as is evident
from extensive electrochemical studies.'™****> The electro-
chemical switching requires very modest voltages'*°™** and
the few fabricated devices hint at even smaller voltages for con-
ductivity and spin-state switching.’® Voltage-controlled switch-
ing should extend to electric field switching of Co-based com-
plexes exhibiting valence tautomerism*® which are regarded as
prospective organic microelectronics devices.>>*°

Many of the existing valence tautomers are Co
complexes® 79 11717:19.2L47°71 in wwhich the ligand-metal inter-
action is key to valence tautomerism, optically driven spin
state transitions, and photo-induced valence tautomerism.
The existence of an intermediate ligand-to-metal charge trans-
fer (LMCT) state®'*™'° that is unoccupied in the ground state
is critical due to optical selection rules and forbidden spin-
flip transitions. Hence, the optical switching dynamics are
complicated, involving a direct transition from the LS Co(m) d®
electronic configuration ground state to a photo-induced
excited LMCT state. The latter decays to a HS state through
several out-of-equilibrium physio-chemical processes,®'>'%%
making the identification of the LMCT state challenging.
Assigning the LMCT state to an unoccupied molecular orbital
helps in identifying this transient excited state.

Here, we report the electronic structure and orbital levels of
two cobalt-based valence tautomeric systems and their depen-
dence on the local environment that varies with the choice of
substrate layers and is essential for any optical, optoelectronic,
and microelectronics application. Our study concerns the LS
and HS state combination of [Co™(SQ)(Cat)(4-CN-py),] <
[Co"(SQ),(4-CN-py),] (Cat = 3,5-di-tert-butylcatecholate, SQ =
3,5-di-tert-butylsemiquinonate, 4-CN-py = 4-cyanopyridine) and
of [Co™(SQ)(Cat)(3-tpp).] < [Co™(SQ)x(3-tpp).] (3-tpp = 3-thie-
nylpyridine) with and without the addition of an adjacent
semiconducting polymer PANI and PDL layer. Throughout the
manuscript, Co-py and Co-tpp will be used to refer to the first
and second tautomeric complex, respectively. The chemical
structures of Co-py and Co-tpp are virtually the same except for
two modified end groups that have a profound impact on the
orbital levels and hybridization of the local-moment ion. The
experiments, leveraging X-ray absorption, X-ray photoemission,
optical absorption, and inverse photoemission spectroscopies,
are guided by ab initio calculations to identify relevant elec-
tronic transitions and orbitals. Aside from slightly modified
binding energies and shifted orbital levels, the electronic
structure and identified the LMCT state remain unperturbed,
independent of the interface between HS Co-py and PANI or
PDL and Co-tpp and PANI or PDL.

3,14-16,21

2 Experimental
2.1 Synthesis

Co-py was synthesized as previously reported.”” This complex
is in the HS state at room temperature as the valence tautomer-
ism-SCO transition occurs at ~110 K. Both crystal structure
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and purity were confirmed by correlating the room-tempera-
ture powder X-ray diffraction data obtained with a Panalytical
XPert Pro X-ray diffractometer equipped with an XCelerator
detector and a Cu-K, source with the modeled data
(CrystalDiffract software; ESI Fig. 1). For the synthesis of Co-
tpp, a solution of [Co(SQ),]s (270 mg, 0.13 mmol) in 8 mL of
toluene is layered on top of a solution of 3-tpp (172 mg,
1.07 mmol) in 5 mL of dichloromethane. Dark-blue crystals
that form after two weeks were harvested, washed with
toluene, and dried under vacuum at 100 °C for 24 hours to
yield the desired product as dark-green powder (180 mg, or
42%). The elemental analysis for C,sHs5CoN,0,4S, (Co-tpp)
reveals: found (calculated) C 66.84 (67.13), H 6.73 (6.74), N
3.31 (3.40). The crystal structure determination was carried out
by single-crystal X-ray diffraction on a Rigaku Synergy-S diffr-
actometer using a Mo-K, radiation source. The final structure
of Co-tpp has been deposited with the Cambridge
Crystallographic Data Centre (reference 2221051). Magnetic
properties of Co-tpp are analyzed in terms of the magnetic sus-
ceptibility y recorded with a Magnetic Property Measurement
System (MPMS-XL, Quantum Design), yielding a valence tauto-
merism-SCO transition temperature of ~370 K (ESI Fig. 27).
The conversion is incomplete even at 400 K where the yT value
reaches ~3.1 emu K mol ™" remaining shy of ~3.7 emu K mol™*
of the HS Co-py state.®® Assuming similar yT values for HS Co-
py and HS Co-tpp due to similar coordination environment
and electronic structure, we estimate that roughly 80% of the
Co-tpp molecules are in the HS state at 400 K. The low-temp-
erature state reveals a yT value of ~0.6 emu K mol™, which is
close to the spin-only expectation value (~0.38 emu K mol ™)
for S = 1/2 LS state. The discrepancy between experimental and
analytical data is likely caused by a sizable fraction of mole-
cules trapped in the HS state at low temperature.

Polyaniline was synthesized using an oxidative polymeriz-
ation method, where 10 mL of a 1 M hydrochloric acid (HCI)
solution of 0.25 M ammonium persulfate (APS) is added to
30 mL of a 0.25 M solution of aniline in water. The suspension
was stirred for 6 hours at 0 °C and overnight at room tempera-
ture. The resulting green precipitate was washed with 1 M HC],
ethanol, and water until the supernatant turned clear and left
to dry in vacuum. Mixing 5 mg of PDL hydrobromide (Sigma
Aldrich) and PANI in 6.25 mL and 4 mL of distilled water
yields poly-D-lysine (PDL) and polyaniline (PANI), respectively.
Solutions of HS Co-py and Co-tpp were prepared by mixing
5 mg of the corresponding complex in 4 mL of toluene. 150 pL
of the Co-py or Co-tpp solutions are drop-casted either directly
on a (1 x 1) cm® HOPG substrate or on top of dried PDL or
PANI substrate layers on HOPG. The dried polymer films were
prepared using 150 pL of either PDL or PANI solution. The
HOPG substrate was chosen as it is one of the few substrates
that reliably does not perturb the SCO molecular spin state nor
the spin state transition.”?

2.2 Experiment

X-ray absorption spectroscopy (XAS) was carried out at 300 K in
the total electron yield mode at the Advanced Light Source

This journal is © The Royal Society of Chemistry 2023
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(bending magnet beamline 6.3.1). X-ray photoemission spec-
troscopy (XPS) was performed at different temperatures using
an Al K, X-ray source with a photon energy of 1486.6 eV.
Inverse photoemission spectroscopy (IPES) was conducted
using an electron gun and power supply system (ELG-2/
EGPS-1022) from Kimball Physics, Inc. combined with a chan-
neltron detector. Optical absorption spectroscopy was per-
formed using a Thermo Fisher Scientific G10S UV-Vis. The
XPS spectra are analyzed using CasaXPS and Shirley back-
ground. The number of peaks is chosen to guarantee best fit.
The binding energies are referenced to the carbon 1s peak at
284.7 eV to compensate for charging effects. Owing to negli-
gible contributions from inelastic scattering of excited elec-
trons, the commonly used product functions consisting of an
asymmetric Lorentzian and Gaussian’*”” to fit XAS and IPES
spectra can be simplified to a finite set of symmetric
Gaussians. The corresponding resonances are assigned to
groups of orbital levels derived from density functional theory.

2.3 Theory

The structural and chemical complexity of valence tautomeric
systems requires the numerical modeling of the partial density
of states to identify contributions of ligands and the Co metal
center to the absorption spectra. Density functional theory
(DFT) with the projector-augmented wave (PAW)’®”” and the
plane-wave basis set, as implemented in the Vienna ab initio
Simulation Package (VASP),”® was used to calculate the elec-
tronic structures of the unoccupied states of single-molecule
Co-py and Co-tpp in the HS state. We employed the hybrid
functional Heyd-Scuseria-Ernzerhof (HSE06)"*®*° to calculate
the electronic structure of the molecules as it has proven to be
a reliable predictor for molecular systems, including the
valence and conduction bandwidth and HOMO-LUMO
gap.®"®? This approach is computationally demanding. Prior
to determining the electronic structure, we have thus obtained
the molecular geometric structure through ionic relaxation
using the generalized-gradient approximation (GGA) in the
form of the Perdew-Burke-Ernzerhof (PBE)**®** functional
together with DFT-D3 correction®® to describe the electronic
exchange correlation. The strong self-interaction of the Co 3d
electrons during the structure relaxation is modeled by a
Hubbard-like repulsion term (U = 3.0 eV) following the method
by Dudarev et al® The electron kinetic energy cut-off for
plane-wave expansion is 500 eV. The simulation supercell
includes one molecule surrounded by a 1.5 nm-thick vacuum
shell. The Brillouin zone was sampled with one point at the
zone center. Gaussian smearing was used for the integration
over the Brillouin zone with a standard deviation ¢ = 0.1 eV
during relaxation and ¢ = 0.05 eV for electronic structure calcu-
lation. Convergence for electronic cycles and ionic relaxation
was reached at 107 eV and 107> eV A™", respectively. Our dis-
cussion focuses on the HS Co-py and Co-tpp complexes since
calculations of the electronic structure in the LS state are less
accurate due to an underestimated correlation energy yielding
a smaller energy gap (lower LUMO levels) than for the HS state
and experimentally observed (ESI Fig. 31). For both LS Co-py
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and Co-tpp complexes, the cobalt orbitals are hybridized with
ligand orbitals in contrast to the HS state discussed below.

3 Results and discussion
3.1 Partial density of unoccupied states

The partial density of states derived from DFT reveals a strong
spin-polarized SQ ligand contribution near the Fermi level
(0 ev) and 1.5 to 2 eV above (Fig. 1). The unoccupied ligand
orbitals of 4-CN-py and 3-tpp for HS Co-py and HS Co-tpp,
respectively, appear at 2.5 to 4 eV. The 3-tpp orbitals are
shifted by +0.5 eV with respect to the 4-CN-py levels. Moreover,
the Co-py complex has two 4-CN-py levels compared to three
3-tpp orbitals in the depicted energy range. Aside from the
third 3-tpp orbital located at 3.8 eV that is heavily hybridized
with cobalt orbitals, the low-lying unoccupied molecular orbi-
tals are non-polarized and reveal a minor cobalt contribution
indicating weak orbital hybridization. The latter is also evident
from the electron orbitals themselves, displayed as iso-energy
surfaces in Fig. 1. As a result, the orbital of the unoccupied
cobalt level in Co-py lying at 3.7 eV is localized in contrast to
the two cobalt levels in Co-tpp that are symmetric around the
third 3-tpp orbital level at 3.7 and 3.9 eV (Fig. 1). Considering
the small differences in the chemical structure and similar
coordination environment of both tautomeric molecules, it is
remarkable that the spin-polarized cobalt orbitals span the entire
Co-tpp molecular plane likely yielding a large magnetoresistance.
To correlate the modeled orbital levels with spectroscopy
studies, orbitals with similar energies are grouped and labeled
using roman numerals (Fig. 1). The unoccupied electronic
states were experimentally probed by means of soft X-ray (XAS)
and optical absorption as well as inverse photoemission (IPES)
spectroscopies. The varying information depth of IPES
(~2 nm) and XAS using total electron yield (6 nm) allows to
distinguish ligand and metal contributions. Additionally, the
selection rules for IPES and XAS are distinct.®” XAS probes
dipole transitions (p — d) where the symmetry of the system
plays a minor role. The selection of symmetry groups in IPES
is much more narrow providing insight into the net molecule
orientation. Based on the orbital distribution (Fig. 1), we
expect a weak IPES signal for the central Co atom in Co-py and
a strong IPES signal for SQ levels. The signal intensity is to be
seen in reference to the corresponding XAS signal. To compare
XAS with IPES spectra, it is critical to account for the core level
binding energy offset, accessible through X-ray photoemission
spectroscopy (XPS). By these means, the photon energies used
in XAS can be correlated with the unoccupied state binding
energies relative to the Fermi energy Er as E — Eg. In cationic
materials, the chemical potential (Fermi energy) aligns close
to the highest occupied molecular orbital (HOMO) and the gap
between the HOMO and the lowest unoccupied molecular
orbital (LUMO) is merely the binding energy in IPES. The
same approach was used to represent the partial density of
unoccupied states (Fig. 1) and allows to probe the unoccupied
density of states leveraging XAS, IPES, and optical absorption.
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Partial Density of States [arb. units]

3
Energy E - E [arb. units]

HOMO

3
Energy E - E, [arb. units]

HOMO

Fig. 1 Partial density of states derived from ab initio Heyd—Scuseria—Ernzerhof calculations. Contributions of cobalt (red), SQ ligand (gray), and
4-CN-py or 3-tpp ligand (blue) to the largely unoccupied electronic structure of (a) high-spin state Co-py and (b) high-spin state Co-tpp. Spin-up
and spin-down components are displayed in the upper and lower half of each panel, respectively. The wave function of select unoccupied molecular
orbitals are depicted as insets with an iso-surface value of 0.005 e~ A=3. The zero-energy level is set to the highest occupied molecular orbital
(HOMO) level. Orbitals with similar energies are grouped and labeled using roman numerals for correlation with spectroscopy studies. Group Il is

absent in Co-py.

3.2 Influence of adjacent substrate layer

XPS near the Co 2pj;/, absorption edge of HS Co-py and Co-tpp
molecular films reveals minor changes in the fine structure for
films with and without adjacent PANI or PDL layers, including,
in particular, the Co 2p;, multiplet structure around 781 eV
(Fig. 2, Table 1). These values coincide with binding energies
reported for other Co 2ps, valence tautomeric complexes®*
and show no evidence of a high-binding energy features
indicative of oxidation.>"®® All spectra are taken above the SCO
transition temperature, which is 110 K for Co-py’> and 370 K
for Co-tpp (ESI Fig. 11). The broad valence tautomerism-SCO
transition infers that at least 60% of the Co-tpp molecules are
in the HS state at 380 K. This estimate is expected to be well
below the actual HS state population which typically increases
under X-ray irradiation.”” The XPS Co 2ps/, spectra contain,
due to its highly out-of-equilibrium nature of excitation, satel-
lites of multiplets, two-hole bound states (shake-ups), or
shake-offs. Satellite features at 4 and 6 eV larger binding
energy than the principal Co 2p;, core level energy are consist-
ent with excitations from the HOMO to the LMCT state dis-
cussed below. Note that multiplets resulting from configur-
ation interactions and j-J coupling in the photoemission final
state cannot be excluded. Overall, the resonances of Co-tpp are
shifted toward smaller (larger) binding energies on PDL (PANI)
substrate layers with respect to HOPG indicating an anionic
(cationic) character (Fig. 2, Table 1). HS Co-py becomes more

Nanoscale

Intensity [arb. units]

790 780 770
Binding Energy [eV]

Fig. 2 X-ray photoemission spectra of (a) HS Co-py and (b) Co-tpp on
different organic substrate layers near the cobalt 2p3,, absorption edges
recorded at 320 K and 380 K, respectively. Vertical lines indicate the Co
2p3/2 core level energy. The spectra are fitted using five resonances after
removing the Shirley background (brown curve) and vertically shifted for
visibility. The total fitting curve is plotted behind the experimental data.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Resonance energies of core level excitations derived from
X-ray photoemission spectra plotted in Fig. 2. (C) and (A) refer to cat-
ionic and anionic character or larger and smaller binding energies with
respect to HOPG, respectively

Substrate E; [eV] E, [eV] E; [eV] E, [eV] Es [eV]
Co-py

HOPG 771.9 776.4 780.5 782.5 786.0
PDL (C) 771.4 775.6 781.2 784.1 787.0
PANI (C) 772.2 776.8 781.4 784.8 787.6
Co-tpp

HOPG 771.8 775.7 781.2 784.3 787.1
PDL (A) 771.1 775.6 780.8 784.1 787.0
PANI (C) 772.3 776.4 781.6 786.1 789.0

cationic in contact with either PDL or PANI films (Fig. 2,
Table 1). This tendency has ramifications for molecular
transistors.

XAS tends to show the spectral weight of unoccupied states
associated with the initial-state core level yielding a less
complex spectra than XPS. The Co 2p XAS spectra taken at
300 K for a HS Co-py molecular film on HOPG, PDL, and PANI
substrate layers are nearly the same as are the spectra for Co-
tpp on HOPG, PDL, and PANI substrate layers (Fig. 3) and
resemble those previously reported.*””*’%”! Notably, the
spectra differ from XAS studies of cobalt-based SCO complexes
in the LS state that do not undergo a valence tautomeric tran-
sition.®® Small differences between HS Co-py and Co-tpp are
expected due to distinct density of states (Fig. 1) and SCO tran-
sition temperatures. With a valence tautomerism-SCO tran-
sition temperature of 370 K, Co-tpp will retain a significant
amount (<90%) of the LS Co-tpp in contrast to fully HS Co-
py.”> This estimate is based on magnetic susceptibility
measurements and likely exceeds by a significant amount the
actual value owing to X-ray induced electron excitations into
the HS state.”” The high-energy shoulder observed for all Co-py
films is the result of three compared with four (Co-tpp) reso-
nances discussed below (Fig. 4 and 5) that probably originate
from the mixture of LS and HS states.”">*”" Both the XAS and
XPS data suggest that the Co metal center in both tautomeric

f Co-py
‘\J Co-tpp

Intensity [arb. units]

780 790 800 780 790 800
Photon Energy [eV] Photon Energy [eV]

Fig. 3 X-ray absorption spectra of HS Co-py and Co-tpp near the
cobalt 2pz/, absorption edges and at 300 K. (a) Spectra vertically shifted
for visibility. Dashed (solid) curves refer to Co-tpp (Co-py) films. (b)
Spectra overlayed revealing virtually the same electronic transitions for
each tautomeric film independent of the substrate layer.

This journal is © The Royal Society of Chemistry 2023
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systems is unaffected regardless of the molecular matrix and
environment.

3.3 LUMO levels of Co-py

The unoccupied molecular orbitals of Co-py were experi-
mentally identified by fitting the IPES and XAS spectra near
the Co L (2ps/,) absorption edge with the smallest number of
symmetric Gaussians. By these means, both resonance energy
and relative weight of the electronic transitions are determined
for correlation with theory and underlying substrate layer
(Fig. 4, Table 2). The individual resonances, which are broad-
ened by finite temperature effects and limited energy resolu-
tion, are labeled and color-coded as defined in Fig. 1a. IPES
reveals all theoretically predicted ligand orbital levels, includ-
ing those at 0 eV and with negligible metal weight (Fig. 4a)
that are absent in XAS (Fig. 4b). Group IV corresponds to 4-CN-
py and Co molecular orbitals with major contributions from
the former (latter) appearing in IPES (XAS). The molecular
orbitals of group IV are, according to DFT (Fig. 1a), not hybri-
dized preventing an optically active LMCT state (Fig. 4c).
Group V consists of unoccupied molecular orbitals of SQ,
4-CN-py, and Co that are both hybridized (Fig. 1a) and optically
active (Fig. 4c). Both IPES and optical absorption spectroscopy
hint at a continuous spectrum, ie., high density of orbital
levels, at energies exceeding the numerically explored range
(>5 eV). Comparing the final state configuration unveils excel-
lent agreement between E; (XPS) and En, (IPES) resonances,
including, in particular, the substrate-dependent shift in
binding energy of 0.5 eV for PANI and PDL with respect to
HOPG (Tables 1 and 2).

3.4 LUMO levels of Co-tpp

Spectroscopy studies reveal five major differences between Co-
tpp and Co-py: an enhanced resonance II; the existence of reso-
nances III and E; an optically active LMCT state IV; and both
cationic (PANI) and anionic (PDL) character corroborating the
aforementioned XPS data. By analogy with Co-py, we observe
resonances I and II in IPES mostly originating from SQ ligands
(Fig. 5a). For Co-tpp, group II contains only SQ, while Co-py
contains SQ and 4-CN-py orbital levels (Fig. 1b). To this extent,
resonance II is significantly more prominent than theoretically
predicted and even more pronounced when in contact with
PANI. Samples on a PDL substrate layer reveal a reduced reso-
nance II. The sizable modification of resonances associated
with these low-lying LUMO levels divulges the expected depen-
dence on the local environment, which is not taking into
account by our ab initio calculations done for single Co-tpp
molecule in vacuum. The third resonance in IPES at 2.5 to 3.5
eV (Fig. 5a, Table 2) corresponds to group III, ie., isolated
3-tpp ligand orbitals, that is absent in Co-py films. The corres-
ponding 4-CN-py orbital levels in Co-py merge into group II
(Fig. 1a). For PANI substrate layers, resonance 1III is shifted by
1 eV with respect to HOPG and PDL following a similar trend
as the Co-weighted E; (XPS) and Ery (IPES) resonances. Both E;
and Eyy are roughly +0.5 eV off for PANI and PDL with respect
to HOPG (Tables 1 and 2) inferring a substrate-dependent cat-
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[
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——  PDL

Intensity [arb. units]

Co-py

Absorption

10
Photon Energy [eV]

Fig. 4 Absorption spectra of the unoccupied states of HS Co-py films
recorded at 300 K using (a) inverse photoemission, (b) X-ray absorption,
and (c) optical absorption spectroscopies. Spectra are plotted on both
photon energy and relative energy scales to ensure compatibility with
ab initio calculations. Relative energies are taken with respect to the
binding energy (Fermi energy). Resonances are fitted with symmetric
Gaussians and labeled using roman numerals according to Fig. 1. The
total fitting curve is plotted behind the experimental data.

ionic and anionic character without doping for PANI and PDL,
respectively. Resonances IV, V, and VI appear in IPES and XAS
(Fig. 5a and b) due to both ligand and cobalt weighted orbitals
(Fig. 1b). In contrast to Co-py, the Co-tpp resonance 1V is opti-
cally active due to orbital hybridization (Fig. 1b) representing
the LMCT state at 4 eV (Fig. 5c). The optical absorption V at a
photon energy of 4.5 eV also appears in IPES (Fig. 5a) and XAS
(Fig. 5b) that corresponds, according to DFT (Fig. 1b), to a set
of SQ and 3-tpp ligand levels with minor cobalt weight. Groups
IV, V, and VI contribute in the same way (energy, weight,
shape) to the XAS peak as in Co-py (Fig. 4b and 5b, Table 2).
These resonances and orbitals are virtually unaffected by the
local environment, ie., substrate layer, yielding the same XAS
spectra (Fig. 2b). Resonance E exclusively appears in the X-ray
and optical absorption of Co-tpp indicating a secondary Co
oxidation state =2 eV off the main Co resonance IV. The
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Fig. 5 Absorption spectra of the unoccupied states of Co-tpp films
recorded using (a) inverse photoemission, (b) X-ray absorption, and (c)
optical absorption spectroscopies. X-ray absorption and inverse photo-
emission were recorded at 300 K; the optical absorption spectrum of HS
Co-tpp on HOPG is taken at 400 K. Spectra are plotted on both photon
energy and relative energy scales to ensure compatibility with ab initio
calculations. Relative energies are taken with respect to the binding
energy (Fermi energy). Resonances are fitted with symmetric Gaussians
and labeled using roman numerals according to Fig. 1. Resonance E
exclusively appearing in the X-ray and optical absorption indicates a sec-
ondary Co oxidation state, which is absent in Co-py films. The total
fitting curve is plotted behind the experimental data.

absence of a corresponding IPES resonance and weak optical
absorption infer a negligible hybridization with ligand levels.
This resonance likely represents the Co LS state with a smaller
binding energy compared with the Co HS state.”"**”" As
articulated above, the ratio of HS-to-LS state population (1/9)
derived from magnetic susceptibility measurements (ESI
Fig. 1) is expected to underestimate the actual value in
valence tautomerism-SCO molecules by a significant amount

This journal is © The Royal Society of Chemistry 2023
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Table 2 Resonance energies and weights (integrals) for Co-py and Co-tpp films on different organic substrate layers retrieved from inverse photo-
emission and X-ray absorption spectroscopies, depicted in Fig. 4 and 5. Energies are given relative to the Fermi level. Weights are in arbitrary, relative
units. Cobalt resonances Ey in IPES show the same shift as Ez in XPS. XAS values are the same for each substrate

Substrate E;[eV] I Ey [eV] Iy Emy [eV] I Ew [eV] Iy Ey [eV] Iy Eyi [eV] I
Co-py IPES

HOPG -0.1 0.1 1.0 0.16 3.0 0.80 4.6 1.20 6.2 1.27
PDL 0.0 0.0 1.6 0.17 3.8 0.89 5.1 0.59 6.2 1.06
Co-py XAS

HOPG 3.3 2.80 4.6 0.06 6.1 0.64
Co-tpp IPES

HOPG 0.0 0.04 1.5 0.20 2.7 0.14 4.2 0.93 5.8 1.01 7.0 1.68
PDL 0.0 0.04 1.6 0.13 2.5 0.22 3.8 0.80 5.1 0.94 6.5 1.27
PANI 0.5 0.12 2.1 0.39 3.4 0.13 4.5 0.90 5.9 1.00 7.0 1.77
Co-tpp XAS

HOPG 5.3% 0.44¢ 3.2 2.82 4.5 0.03 6.3 0.85

“Values are given for resonance E exclusively appearing in the X-ray and optical absorption of Co-tpp samples associated with a secondary Co oxi-

dation state ~2 eV off the main resonance IV.

due to X-ray induced LS-to-HS state excitations’” yielding a
ratio of 6.4 (Table 2).

The existence of the LMCT states, unoccupied in the
ground state, is essential for the optically driven transition
from HS to LS state’>®" since a direct excitation is forbidden
by spin selection rules: Al = +1 (orbital moment) and As = 0
(spin moment). Given that the LMCT state for HS Co-tpp is 4
eV above the chemical potential (Fig. 1 and 5, Table 2) with a
corresponding LS state seen in theory, excitations from the
ground state should be in the near ultraviolet, i.e., <410 nm.
This estimate ignores the Coulomb interaction between the
photohole and the excited-state electron, which can lead to
optical absorption at much lower energies. The optical absorp-
tion suggests, though, that these effects are modest (Fig. 5c).
While the HOMO to LUMO gap might not be large, as evident
from the unoccupied density of states just above the chemical
potential (Fig. 5a), transitions to the LMCT state require larger
excitation energies and may explain why X-rays are so effec-
tively converting LS Co-tpp to HS Co-tpp. Relevant to prospec-
tive optoelectronics applications, the LMCT states are virtually
unaffected when Co-tpp is placed adjacent to a PANI or PDL
molecular layer despite profoundly enhancing conductivity
and mobility.>®

4 Conclusions

The electronic structures and spin states of HS Co-py and Co-
tpp films remain, according to IPES, XPS, and XAS to a great
extent, unperturbed by either an adjacent PANI or PDL thin
film. Alteration of the electronic structure are limited to slight
modifications to binding energy, i.e., cationic and anionic
character, and shifted orbital levels. No sizable change in the
Co 2p absorption spectra is observed corroborating an elec-
tronic structure of the central Co atom that is unaffected by
the environment. Comparing density functional theory with
IPES, XAS, and optical absorption spectra after spectroscopic
core level alignment, reveals a remarkable agreement and indi-

This journal is © The Royal Society of Chemistry 2023

cates the existence of an optically active ligand-to-metal charge
transfer (LMCT) state in Co-tpp that are absent near the Fermi
level in HS Co-py. The spin-polarized, delocalized LMCT state
originates from the hybridization of 3-tpp and Co orbitals and
bears great potential for magnetoresistive applications. This is
the first experimental evidence of the commonly invoked
LMCT or metal-to-ligand charge transfer (MLCT) states in SCO
and valence tautomerism-SCO molecules.
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