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A B S T R A C T

The photoexcited triplet states of porphyrins show great promise for applications in the fields of opto-
electronics, photonics, molecular wires, and spintronics. The magnetic properties of porphyrin triplet states are
most conveniently studied by time-resolved continuous wave and pulse electron spin resonance (ESR). This
family of techniques is singularly able to probe small yet essential details of triplet states: zero-field splittings, 𝐠-
anisotropy, spin polarisation, and hyperfine interactions. These characteristics are linked to spin–orbit coupling
(SOC) which is known to have a strong influence on photophysical properties such as intersystem crossing rates.
The present study explores SOC effects induced by the presence of Pd2+ in various porphyrin architectures.
In particular, the impact of this relativistic interaction on triplet state fine-structure and spin polarisation is
investigated. These properties are probed using time-resolved ESR complemented by electron-nuclear double
resonance. The findings of this study could influence the future design of molecular spintronic devices. The
Pd2+ ion may be incorporated into porphyrin molecular wires as a way of controlling spin polarisation.
1. Introduction

Spintronic devices, as opposed to conventional electronic devices,
exploit the spin degree of freedom of electrons as well as the charge
for carrying out their function [1–7]. Such devices promise substan-
tial improvements to many of the limitations encountered in classical
electronics such as volatility, processing speeds, power consumption,
and integration densities. This new paradigm of spin-based electronics
envisages a range of multi-functional devices such as spin-FETs (field-
effect transistors), spin-LEDs (light-emitting diodes), optical switches,
and spin qubits. The synthetic tunability and versatility of organic 𝜋-
conjugated molecules, of which porphyrins are preeminent examples,
make them particularly attractive for incorporation into spintronic
devices [4,6,7]. This desirable union between innovative spintronics
and highly tunable molecules requires research into principles by which
spin density can be generated in molecules, the ways in which spin
delocalisation and spin polarisation can be modulated, and methods of
coherent manipulation of the spin states. This work addresses precisely
these issues. The porphyrins investigated here, shown in Fig. 1, provide

∗ Corresponding authors.
E-mail addresses: gabriel.moise@physics.ox.ac.uk (G. Moise), christiane.timmel@chem.ox.ac.uk (C.R. Timmel).

1 These authors contributed equally.

switchable access to spin density by means of photoexcitation. Fur-
thermore, the presence or absence of metal ions within the porphyrin
core modulates both electron spin delocalisation and spin polarisation.
And finally, the methodology of ESR inextricably involves coherent
manipulation of the spin degree of freedom.

Not far from the remit of spintronics, the development of more effi-
cient and cost-effective organic light-emitting diodes [8,9] and organic
photovoltaic cells [4,10] also demands progress in our understanding
of the photo-induced dynamics of triplet state formation. Since one of
the key interactions which leads to the formation of triplet states by
intersystem crossing (ISC) is spin–orbit coupling (SOC), fundamental
photophysics research into SOC mediated processes and properties has
seen a substantial revival in recent years [11]. The present study of the
photo-excited triplet states of porphyrins, particularly those containing
Pd2+ (Fig. 1), further highlights the complexity of the SOC interac-
tion and, in particular, its influence on fine-structure parameters and
electron spin polarisation.

Oligoporphyrin architectures similar to the ones investigated here
are examples of molecular wires which may be used in nano-scale
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Fig. 1. Skeletal structures of the investigated porphyrin monomers and dimers. These
molecules will be referred to using the following abbreviations: Pd, Zn, and Fb for
the palladium(II), zinc(II), and free-base monomers, respectively; homodimers will be
denoted by Pd2, Zn2, and Fb2; the heterodimers are then naturally represented by
PdFb and PdZn. Longer palladium(II) oligomers (up to the heptamer) are discussed in
sections 2 and 3 of the SI.

electronic and spintronic devices [12–16]. Electron spin resonance
(ESR) has long been at the forefront of research dedicated to the study
of such porphyrin based molecular wires [17–31], and countless biolog-
ically relevant 𝜋-conjugated triplet states [32–37]. Although ESR plays
an important role in the characterisation of paramagnetic porphyrin
systems, only a handful of papers mention briefly the fine-structure
and spin polarisation of palladium porphyrin triplet states [38–40].
The magnetic properties of these systems have yet to be described
in any satisfying detail. Addressing this gap in the field of porphyrin
molecular wires is important because the presence of Pd2+ is known
to increase the triplet quantum yield and it will also have a significant
impact on any interaction/property dependent on the relativistic SOC
Hamiltonian [41–45]. As a result, particular emphasis will be placed in
this work on the effect of Pd2+ mediated SOC effects on the magnetic
properties of porphyrins (zero-field splittings, 𝑔-factors, and electron
spin polarisation).

2. Theory and methods

This work employs transient ESR (trESR), pulse electron-nuclear
double resonance (ENDOR), and magneto-photo-selection (MPS) exper-
iments for studying the photoexcited triplet states of porphyrin systems.
Because some of the molecules of interest here contain the heavy Pd2+

ion, it is necessary to introduce a framework which unites the SOC
interaction with the existing porphyrin ESR methodologies [22,23,26,
29] which have hitherto only had minimal reliance on an understand-
ing of relativistic effects. Such a union will be instrumental for data
interpretation.

The ESR spectra of the photoexcited triplet states in this work
are modelled well by the following phenomenological effective spin
2

Hamiltonian:

�̂� =
𝜇B
ℏ
𝐁 ⋅ 𝐠 ⋅ �̂� + �̂� ⋅ 𝐃 ⋅ �̂� (1)

where �̂� is the spin vector operator for triplet states (𝑆 = 1), 𝐁 is the
externally applied static magnetic field vector, and 𝐠 and 𝐃 are the
Zeeman and zero-field splitting (ZFS) interaction tensors, respectively.
In atomic structure theory, the relativistic corrections to the energy
caused by the spin–orbit coupling and the spin–spin coupling (for
example) are referred to as fine-structure interactions because they lead
to small splittings within spectral lines. By analogy, since the 𝐠- and
𝐃-tensors also originate in the spin–orbit and spin–spin interactions,
these two terms in the spin Hamiltonian may also be categorised as
fine-structure interactions. The next section outlines the different con-
tributions to 𝐠 and 𝐃 with the aim of uniting previous porphyrin triplet
state ESR theory with the SOC interaction, thus facilitating subsequent
discussions of the data.

2.1. The origins of 𝐠 and 𝐃

Two particular interactions, spin–spin coupling (SSC) and spin–orbit
coupling (SOC), are often sufficient for understanding the ESR spectra
of organic triplet states. To first-order in perturbation theory, SSC con-
tributes only to the 𝐃-tensor. To second-order in perturbation theory,
the SOC interaction leads to 𝐠-tensor anisotropy and also to a second
contribution to the 𝐃-tensor. The discussion that follows is a summary
drawn from the most relevant aspects in the literature regarding the
origin of ESR parameters [46–51]. Less general expressions for 𝐠 and 𝐃
may be found in textbooks [52–54].

The SSC contribution to the 𝐃-tensor is given by the following
formula:

𝐃SSC =
𝜇0
8𝜋
𝑔2𝑒

(𝜇B
ℏ

)2
⟨

∑

𝑖,𝑗>𝑖

𝟏 − 3�̂�𝑖𝑗 ⊗ �̂�𝑖𝑗
�̂�3𝑖𝑗

⟩

(2)

where the angular brackets indicate integration over the spatial part of
the triplet wavefunction, 𝑔𝑒 is the free-electron 𝑔-value, ⊗ indicates the
outer product of two vectors, �̂�𝑖𝑗 is the inter-electron position vector, �̂�𝑖𝑗
is the corresponding unit vector, and the double sum extends over all
unique pairs of electrons (indexed by 𝑖 and 𝑗).

As mentioned, the SOC interaction contributes to both 𝐠 and 𝐃 as
a second-order perturbation. Assuming that the triplet state of interest
is perturbed by only one other triplet state with relative energy 𝛥, the
𝐠-tensor is:

𝐠 = 𝑔𝑒𝟏 −
√

2
ℏ

⊗ 𝜻
𝛥

(3)

In this equation,  is the matrix element of the total orbital angular
momentum between the spatial parts of the two triplet wavefunctions,
i.e.  = ⟨𝑎|

∑

𝑖 �̂�𝑖|𝑏⟩ where 𝑎 is the triplet state of interest, 𝑏 is the closest
excited triplet state, and the sum extends over the individual angular
momenta of each electron (indexed by 𝑖). Both 𝑎 and 𝑏 are the spatial
parts of triplet state wavefunctions as there are no contributions to 𝐠
from states of different multiplicity. Additionally, for non-degenerate
(i.e. real) spatial wavefunctions, there is no first-order contribution
to 𝐠 because each of the �̂�𝑖 operators is imaginary, i.e. there is no
contribution to 𝐠 from the triplet state of interest (labelled by 𝑎). 𝜻
is a vector with components given by reduced matrix elements of the
spin–orbit coupling Hamiltonian between the 𝑏 and 𝑎 states, i.e. the
components of this vector are given by:

𝜁𝑞 = ⟨𝑏||�̂�𝑞
SOC||𝑎⟩ = ⟨𝑏||

∑

𝑖
�̂�𝑖𝑙

𝑞
𝑖 �̂�𝑖||𝑎⟩ (4)

where 𝑞 ∈ {𝑥, 𝑦, 𝑧} and �̂�𝑖 is a scalar operator related to the gradient
of the electron-nuclear potential energy [11,55]. Both  and 𝜻 are
Cartesian vectors with purely imaginary components. Although irrel-
evant for our purposes, the factor of

√

2 in Eq. (3) is a consequence of
the fact that the components of 𝜻 are reduced, rather than full, matrix



Journal of Magnetic Resonance 355 (2023) 107546G. Moise et al.

w
c

𝐷
h
t
a
t
e
(
a
H
r

𝐷

o
s
c
a
t

w
𝐒
𝑃

{
a

𝑃

w
w
i
m
p
𝐻
i
t
a
e

𝝃

w
i
t

𝐏

T
b
d
C
t
T
s
b
o
S
r
m
m
s
t
e
s
i
D

2

t
a
s
g

(
h
a
r
o
a
o

elements; the emergence of this 𝑆-dependent factor can be understood
by following the derivation of Neese and Solomon [56].

Assuming again that only one excited triplet state perturbs the
triplet state of interest, the second-order SOC contribution to the 𝐃-
tensor is given by:

𝐃SOC = 1
6ℏ
𝛥−1

(

𝜻∗ ⋅ 𝜻 − 3𝜻∗ ⊗ 𝜻
)

(5)

here ∗ denotes complex conjugation and the factor of 6 is again a
onsequence of 𝜻 being a reduced matrix element.

Generally, the total 𝐃-tensor, 𝐃 = 𝐃SSC+𝐃SOC, has three eigenvalues
𝑥, 𝐷𝑦, and 𝐷𝑧 corresponding to three orthogonal eigenvectors which
ave a fixed orientation relative to the molecule. This set of eigenvec-
ors defines the eigenframe of 𝐃, and the eigenvalues are labelled in
ccordance with the convention: |𝐷𝑦| ≤ |𝐷𝑥| ≤ |𝐷𝑧|. Assuming that
he eigenframes of 𝐃SSC and 𝐃SOC have collinear axes, each of these
igenvalues may be written as a sum of SSC and SOC contributions
albeit, the ‘𝑥𝑦𝑧’ labelling of each contribution may be different). This
ssumption is consistent with the experimental results reported here.
owever, since the total 𝐃-tensor is chosen to be traceless, we may

estrict our attention to only two independent parameters:

= 3
2
𝐷𝑧 (6)

𝜆 =
|

|

|

|

𝐸
𝐷
|

|

|

|

= 1
3

|

|

|

|

|

𝐷𝑥 −𝐷𝑦

𝐷𝑧

|

|

|

|

|

(7)

These definitions of 𝐷 and 𝜆 are the same regardless of the origin
of the ZFS interaction. Note that the 𝐷-value may still be decom-
posed into SSC and SOC contributions, 𝐷 = 𝐷SSC + 𝐷SOC, whereas 𝜆
cannot (however, 𝜆SSC and 𝜆SOC may still be defined). Regardless of
origin, the 𝐷-value is the axial ZFS parameter, and 𝜆 ∈ [0, 1∕3] is the
orthorhombicity parameter.

The link between the fine-structure parameters introduced in
Eqs. (2)–(7) and molecular symmetry will be very important for this
work. The points made in this paragraph relate only to the SSC
contribution to the 𝐃-tensor. These issues have also been described
previously [22,23,26]. When 𝜆SSC = 0, the spin density is axially
symmetric, and when 𝜆SSC = 1∕3, the spin density is (maximally)
rthorhombic. By reference to the symmetries of spheroids, the triplet
pin density may be classified as being prolate or oblate. The former
orresponds to a negative 𝐷SSC-value, whereas the latter corresponds to
positive 𝐷SSC-value. Furthermore, in the case of oblate spin densities,

he eigenvector of 𝐃SSC associated with the 𝐷𝑧,SSC eigenvalue is parallel
to the minor axis of the spheroid. For prolate spin densities, the same
eigenvector is parallel to the major axis of the spheroid.

By contrast, the symmetry properties of the 𝐠 and 𝐃SOC tensors
cannot be connected to the spheroidal symmetry of the spin density.
These two tensors are related to both the symmetry species of the triplet
wavefunction of interest and the symmetry species of the excited triplet
state(s). This issue will be explored below in the context of the ESR data
obtained on the palladium porphyrin systems.

2.2. Electron spin polarisation

The triplet states investigated here are formed by photoexcitation
in the presence of a magnetic field followed by an ISC event mediated
by the SOC interaction. Hence, the spin sub-level populations are not
at equilibrium and the ensemble is said to be spin polarised. In the
interest of simplicity, the following assumptions are made: (1) the
ISC event happens within the limits of the Fermi golden rule, i.e.
coherences are neglected, (2) only one crossover event is relevant, i.e.
from the first excited singlet state to the triplet state of interest, (3)
relaxation and anisotropic kinetic effects are ignored, (4) the impact
of the magnetic field strength and orientation is determined exactly by
the overlap of the zero-field eigenstates with the true eigenstates of �̂�
3

c

from Eq. (1). The final assumption means that the populations, 𝑃𝜓 , of
the true eigenstates, |𝜓⟩, are computed according to [26]:

𝑃𝜓 = 𝑃𝑥 |⟨𝑋|𝜓⟩|2 + 𝑃𝑦 |⟨𝑌 |𝜓⟩|
2 + 𝑃𝑧 |⟨𝑍|𝜓⟩|2 (8)

here |𝑋⟩, |𝑌 ⟩, and |𝑍⟩ are the eigenstates of the ZFS Hamiltonian,
̂ ⋅𝐃 ⋅ �̂�, with eigenvalues −𝐷𝑥, −𝐷𝑦, and −𝐷𝑧, respectively, and 𝑃𝑥, 𝑃𝑦,
𝑧 are the zero-field populations.

Within the Fermi golden rule limit, the population 𝑃𝑞 with 𝑞 ∈
𝑥, 𝑦, 𝑧} (at zero field) is related to the reduced matrix element of �̂�𝑞

SOC
ccording to:

𝑞 ∝
|

|

|

⟨𝑆||�̂�𝑞
SOC||𝑇 ⟩

|

|

|

2
≡ |𝜉𝑞|

2 ⟺ 𝐏 = 𝝃∗ ⊙ 𝝃 (9)

here |𝑆⟩ and |𝑇 ⟩ are the spatial parts of the singlet and triplet
avefunctions, including the vibrational part. The imaginary number 𝜉𝑞

s a component of a Cartesian vector, 𝝃, encapsulating the SOC reduced
atrix element along with any proportionality factors. Therefore, the
opulation vector 𝐏 is the Hadamard product, ⊙, of 𝝃∗ and 𝝃. Since
̂ 𝑞

SOC depends on the gradient of the electron-nuclear potential energy,
t will depend on the positions of the nuclei, and by extension, on
he vibrational mode coordinates. For simplicity, suppose there exists

SOC active mode. To first-order in perturbation theory, 𝝃 may be
xpanded around the matrix element of the mode coordinate, 𝜈:

≈ 𝝃0 + 𝜕𝝃0𝜈 (10)

here 𝝃0 is the (vectorised) equilibrium SOC matrix element, and 𝜕𝝃0

s the derivative of 𝝃 with respect to the mode coordinate evaluated at
he expansion point. By substituting Eq. (10) into (9):

= 𝝃0∗ ⊙ 𝝃0 + 2𝜕𝝃0∗ ⊙ 𝝃0𝜈 + 𝜕𝝃0∗ ⊙ 𝜕𝝃0𝜈2. (11)

herefore, three different mechanisms leading to spin polarisation may
e distinguished [11,55]: (1) the direct/Franck–Condon mechanism
riven by the first term in the equation above, (2) the mixed Franck–
ondon/Herzberg–Teller mechanism driven by the middle term, (3)
he pure Herzberg–Teller/vibronic mechanism driven by the final term.
he symmetry constraint on the direct mechanism is dictated by the
ymmetry species of the singlet and triplet wavefunctions as well as
y the symmetry of �̂�𝑞

SOC, which is equivalent to the symmetry species
f the rotation matrices around the 𝑞-axis. This leads to the usual El
ayed rules [57]. The pure vibronic mechanism relaxes the El Sayed
ules in the presence of a vibrational mode with a sufficiently large
ode derivative, 𝜕𝝃0, and an appropriate symmetry species. The mixed
echanism is subject to both the El Sayed and the vibronic coupling

election rules. In organic chromophores without heavy elements (e.g.
he Fbn systems), the direct and mixed mechanisms are intuitively
xpected to be small. Hence, the vibronic mechanism is the prime
uspect for the emergence of spin polarisation in such systems. This
s consistent, for example, with the experimental observations of van
orp et al. [58], Tait et al. [22,23] and with the present work.

.3. Experimental methods

Synthesis and characterisation. The Pd system was prepared from
he Fb system using the same procedure as shown in the SI for Pd2
nd reported previously by Therien and coworkers [44,45]. All relevant
ynthetic procedures for the dimer systems introduced in Fig. 1 are
iven in section 1 of the SI.
Transient ESR (trESR). The samples were prepared to an oligomer

monomer/dimer) concentration of ca. 200 μM using 2-methyltetra-
ydrofuran. The X-band trESR spectra were recorded at 20 K using
Bruker ELEXSYS E680 spectrometer with an EN 4118X-MD4-W1

esonator. The laser light was directed through the optical window
f the cryostat. Laser excitation was performed with depolarised light
t 532 nm using an Opotek Opolette HE 355 LD optical parametric
scillator pumped by the third harmonic of a Nd:YAG laser. The ex-

itation energy was ca. 2 mJ at a repetition rate of 20 Hz. All data
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Table 1
Best fit values of the ZFS parameters (𝐷 and 𝜆), relative sub-level populations (the population/polarisation
vector, 𝐏), and 𝑔-values obtained from simulations of the data shown in Fig. 2. All subscripts (𝑥, 𝑦, 𝑧) refer to
the eigenframe of the 𝐃-tensor (described in more detail later with reference to Figs. 4, 6 and 7). For the new
systems, the signs of the 𝐷-values were determined via ENDOR and MPS experiments, as discussed in the
main text. As part of the supporting files, we provide a compilation of the following: *.mat files containing
all data from Fig. 2, and *.m files containing the simulation scripts with all simulation parameters including
HStrain and DStrain. For the purposes of the discussion, the following approximate uncertainties should be
assumed: ±10MHz for 𝐷, ±0.05 for 𝜆, ±0.05 for the elements of 𝐏, and ±0.001 for the elements of 𝐠.
System 𝐷 / MHz 𝜆 = |𝐸∕𝐷| 𝐏 = (𝑃𝑥 , 𝑃𝑦 , 𝑃𝑧) 𝐠 = (𝑔𝑥 , 𝑔𝑦 , 𝑔𝑧)

Pd −2271 0.00 (1.00, 0.00, 0.00) ( 1.966, 2.011, 2.006)
Zn +906 0.18 (0.12, 0.00, 0.88) (2.006, 2.007, 2.004)
Fb +1024 0.14 (0.50, 0.50, 0.00) (2.009, 2.009, 2.008)

Pd2 −2367 0.05 (0.92, 0.08, 0.00) (1.983, 2.006, 2.005)
Zn2 −1125 0.22 (0.95, 0.00, 0.05) (2.006, 2.007, 2.007)
Fb2 −1029 0.28 (0.00, 0.20, 0.80) (2.007, 2.001, 2.009)

PdZn −1109 0.27 (0.95, 0.05, 0.00) (2.005, 2.007, 2.009)
PdFb +1020 0.26 (0.00, 0.14, 0.86) (2.007, 2.007, 2.006)
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analysis and simulations were performed using the EasySpin package
in MATLAB [59]. All trESR data displayed throughout this work have
been corrected to a common microwave frequency of 9.75 GHz. This
correction of the field axis is valid because the systems are in the high-
field limit. The displayed spectra are obtained from the time domain
data by averaging over a time window of 1.2 μs (the normalised spectra
do not change significantly with the length and position of the time
averaging window). Further experimental results are shown in the SI
accompanied by the relevant acquisition details.

Magneto-photo-selection (MPS). The MPS experiments were per-
formed to determine the orientation of the 𝐃-tensor relative to the
optical transition dipole moments of the molecule. The data were
collected analogously to the trESR data, with the exception of the
wavelength and polarisation of the laser light (these are stated in the
relevant figure captions). Care was taken to ensure identical pulse
energies for each polarisation. The data were simulated according to
the methodology described by Tait et al. [60].

Electron-nuclear double resonance (ENDOR). The proton hy-
erfine couplings in these systems were investigated at 20 K using
he Mims ENDOR pulse sequence employing 16 ns microwave pulses,
15 μs radiofrequency pulse, and by tau-averaging stimulated echo

elays of 120, 180, and 240 ns, as per previously published results on
imilar systems [22,23,26,29]. All ENDOR spectra were obtained by
aser excitation at 532 nm.

. Results and discussion

The experimental trESR spectra of the porphyrin systems are shown
n Fig. 2 together with the results of numerical simulations. The most
elevant simulation parameters are collated in Table 1. The Zn, Zn2,
b, and Fb2 systems have been extensively characterised by ESR in
revious publications, such as in the work of Tait et al. [22,23] It is
ow necessary to give a brief account of the known properties of these
our species before proceeding to elucidate the ZFS, 𝐠-tensors and spin
olarisation properties of the new systems.

.1. The Zn and Fb systems

The Zn and Fb monomer systems have a positive 𝐷-value corre-
ponding to a situation where the 𝐷𝑧 principal axis is perpendicular to
he porphyrin macrocycle. Although the orthorhombicity parameters,
, of these species is close to 1∕6 (the midpoint between axial and
rthorhombic), the positive 𝐷-value is in keeping with the expected
uasi-oblate symmetry of the triplet spin density. The 𝐷-value in both
n and Fb primarily stems from the SSC contribution shown in Eq. (2).
he similarity of the 𝐷- and 𝜆-values indicates that the average distance
etween the electron spins is similar in the two monomers suggesting
imilar spin densities. The slight reduction of 𝐷 in the Zn system could
4

e attributable to a small and negative contribution from SOC [56]. s
The Zn spectrum is essentially an ‘upside down’ version of the Fb
pectrum as reflected by the spin polarisation parameters in Table 1.
n Fb, the absence of heavy elements means that the ISC mechanism
s driven purely vibronically as discussed in the previous section.
alculations by Perun et al. [61] suggest that free-base porphyrins

ndeed have spin–orbit active vibrational modes which drive ISC via the
erzberg–Teller mechanism. These spin–orbit active modes involve ger-
de displacements of the peripheral carbon atoms of the unprotonated
yrrole rings in Fb [61]. Within the 𝐷2ℎ point group, the symmetries
f these modes are 𝐵2𝑔 and 𝐵3𝑔 [61]. As will be discussed later, these
ibrations are of the right symmetry to promote the observed in-plane
pin polarisation of Fb (because 𝐷 > 0, the in-plane axes correspond to
𝑥 and 𝑃𝑦). By contrast, the Zn spin polarisation is primarily in the out-
f-plane (𝑃𝑧) direction [62,63]. This effect has been shown to originate
n the direct SOC mechanism [58,64]. The small non-zero value of 𝑃𝑥
n Zn could be a result of the vibronic mechanism [22]. The fact that
he SOC interaction is strong enough to affect the spin polarisation of
n but not the 𝐃 or 𝐠-tensors is unsurprising; as discussed, the former
ffect is first-order in perturbation theory whereas the latter tensors are
econd-order in the SOC interaction.

.2. The Pd system

The trESR spectrum of Pd is strikingly different to the spectra of
he other monomer systems: it is wider by almost a factor of two
ue to a larger |𝐷|-value of 2271 MHz, and it is asymmetric due to a
arger 𝐠-anisotropy. The asymmetry is more pronounced in the W-band
ata shown in Figure S14 of the SI. If the 𝐷-value is assumed to be
egative, the sub-level population vector is (1.00, 0.00, 0.00) as shown in
able 1. On the other hand, if the 𝐷-value is assumed to be positive, the
ame simulated spectrum is obtained with a population vector given by
0.00, 0.50, 0.50). From the symmetry arguments presented later in this
aper, this latter spin polarisation pattern implied by a positive 𝐷-value
ould be highly unusual. In order to confirm that 𝐷 is in fact negative

n Pd, MPS and ENDOR experiments were carried out as will be shown
ow.

MPS is an effect observed in trESR experiments which may be
mployed for the determination of the orientation of the 𝐃-tensor
f photoexcited triplet states relative to an optical transition dipole
oment, 𝝉, of the molecule [22,29,65–67]. The measurements are done

n frozen glassy solutions such that the molecular orientations relative
o the static external magnetic field are fixed. If the electric field of
he incoming laser light is denoted by 𝐄, then the probability that the
olecule undergoes a transition is proportional to the square of the

calar product 𝐄 ⋅ 𝝉. For example, if 𝝉 is parallel to the polarisation of
he incoming laser, the molecule has the largest probability of being
hotoexcited and eventually forming a triplet state. In MPS, two trESR
pectra are typically recorded: one with the polarisation of the laser
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Fig. 2. X-band trESR data and numerical spectral simulations for the species depicted
in Fig. 1. The associated simulation parameters are shown in Table 1. The turning
points of each of the ESR spectra are labelled as 𝑄± where 𝑄 ∈ {𝑋, 𝑌 ,𝑍} refers
to the orientations of the 𝐃-tensor which are resonant at the field position of the
elevant turning point. For example, 𝑋 means that the signal originates in molecules

which have 𝐷𝑥 aligned parallel to the static external magnetic field. The ± superscript
denotes the pair of triplet sub-levels involved in the transition: the + refers to the
𝑀𝑆 = 0 → +1 transition and the - refers to the 𝑀𝑆 = −1 → 0 transition. All spectra
ave been normalised to the absolute maximum and were stacked for display purposes.
ositive/negative peaks represent microwave absorption/emission. The assignment of
he signs of 𝐷 is discussed in the text.

arallel to the external magnetic field, and another with perpendicular
olarisation. In the first case, 𝐄 ∥ 𝐁, the laser preferentially selects
olecules which have 𝝉 closely aligned to 𝐁. In the second case, 𝐄 ⟂ 𝐁,

he laser preferentially selects molecules which have 𝝉 perpendicular to
. Since the 𝐃-tensor orientation is fixed relative to 𝝉, the two trESR
5

pectra will show enhanced intensity in features corresponding to the
xes of 𝐃 which have been preferentially selected. Strictly speaking, it
s not the axes of 𝐃 which are selected but rather molecular orientations

which correspond to particular anisotropic distribution patterns of the
orientation of 𝐃 relative to 𝐁.

For the porphyrin systems investigated here, the link between the
orientation of the 𝐃-tensor in the molecular frame and the sign of the
𝐷-value will be necessary in order to interpret the MPS results. When
𝐷 > 0, the 𝐷𝑧 axis is perpendicular to the porphyrin plane(s), and when
𝐷 < 0, the 𝐷𝑧 axis lies within the porphyrin plane(s). Furthermore,
or the systems investigated here (including Pd), the optical transitions
ccurring in the Q-band region of the UV–Vis absorption spectra (above
a. 500 nm, see Figures S1–2) are known to correspond to transition
ipole moments, 𝝉, which lie close to the porphyrin plane [68,69]. This
act can also be gleaned from the group theoretical arguments discussed
ater (see Fig. 5). Note that for the purposes of interpreting the MPS
esults, it is not necessary to specify the 𝑥/𝑦 label of the transition
ipole moment (the knowledge that 𝝉 is close to the porphyrin plane is

enough for our purposes). The MPS data recorded for the Pd system
re shown in Fig. 3 alongside the results of numerical simulations
erformed as mentioned in the ‘Theory and methods’ section. At either
f the excitation wavelengths, the simulations predict that 𝝉 is within
= 35–36◦ of the 𝐷𝑧 axis, and so, it is close to (although not exactly
ithin) the porphyrin plane. The fact that 𝛼 is not exactly zero from

he simulations may also be caused by the many possible sources of
rror associated with MPS data interpretation as discussed in detail
n previous work [29]. Fortunately, a qualitative inspection of the
ata in Fig. 3 already provides compelling enough evidence as to the
rientation of 𝐃 in the Pd system. At 550 nm, the spectrum with 𝐄 ∥ 𝐁

shows a pronounced reduction in the signal corresponding to the 𝑋𝑌
transitions (by comparison with the 𝐄 ⟂ 𝐁 data). Therefore, the 𝐷𝑥 and
𝐷𝑦 axes are effectively perpendicular to 𝝉. The same effect is observed
in the 588 nm data, but now with an additional important observation:
at this wavelength, when 𝐄 ∥ 𝐁, the 𝑍 transition is enhanced relative
to the 𝐄 ⟂ 𝐁 spectrum implying that 𝐷𝑧 is closely aligned with 𝝉, i.e.
𝐷 < 0.

The second piece of evidence for 𝐷 being negative in Pd comes from
comparing its Mims 1H-ENDOR spectra with the equivalent data for Zn
as shown in Fig. 4. Before discussing the data, it is important to mention
some of the key features observed in ENDOR spectra of triplet elec-
tronic states coupled to spin-1/2 nuclei. When the bandwidths of the
microwave pulses are smaller than the frequency difference between
the 𝑀𝑆 = −1 → 0 and 𝑀𝑆 = 0 → +1 transitions (which is true in our
case), these electronic transitions may be excited selectively. Therefore,
the ENDOR spectra will be asymmetric relative to the nuclear Larmor
frequency. Additionally, all such spectra will contain a sharp peak at
the Larmor frequency which comes from nuclei coupled to the 𝑀𝑆 = 0
electronic state. Furthermore, the position of a particular peak relative
to this Larmor peak depends on the sign of the hyperfine coupling and
on whether the measurement is done on the 𝑀𝑆 = −1 → 0 or 𝑀𝑆 =
0 → +1 transition. In turn, the identity of the electronic transition at a
particular field point is linked to the sign of 𝐷 (as shown, for example,
in Fig. 2). For example, positive hyperfine couplings appear on the left
of the Larmor peak when the ENDOR measurement is conducted on the
𝑀𝑆 = 0 → +1 transition.

The Zn data (Fig. 4, left) have been discussed previously in the
literature, as has the sign of 𝐷 in this system [22,23,26]. For the
purposes of this discussion, it suffices to focus our attention on two
important characteristics: the peaks corresponding to the largest hyper-
fine coupling (assigned by Tait et al. [23] to the beta proton adjacent
to the ethyne group), and the position of these peaks relative to the
Larmor peak at 𝜈rf − 𝜈H = 0. The orientation of 𝐃 (and sign of 𝐷) in Pd
can be determined from ENDOR only if the orientation of the hyperfine
tensors is known a priori. Therefore, in order to interpret the ENDOR
data in Fig. 4, the following assumption is required: the spin density

distribution of Pd is almost the same as for Zn. From an experimental
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Fig. 3. Experimental and simulated X-band MPS data for the palladium monomer porphyrin, Pd. Two pairs of spectra were obtained by photoexcitation at 550 nm (left panel)
and 588 nm (right panel). These wavelengths contribute to the Q-band region of the UV–Vis spectra shown in Figures S1–2 of the SI. The solid black lines correspond to light
polarised parallel to the magnetic field of the ESR spectrometer, whereas the spectra in solid blue correspond to perpendicular polarisation. The simulations are shown by the
dashed red and magenta lines. The 𝛼 and 𝛽 angles refer to the orientation of the transition dipole moment, 𝝉, relative to the axes of the 𝐃-tensor as indicated by the inset in the
right panel.
Fig. 4. Summary of Mims 1H-ENDOR data for Zn and Pd acquired at the field positions indicated by 𝑄± in the diagrams of the trESR spectra shown above the two main panels.
The relative orientation of the 𝐃-tensor is shown as the red vectors overlaid on the molecular structure of each system (inferred from the ENDOR data shown here and the
MPS results in Fig. 3). The green arrows represent the projections of the beta-proton hyperfine tensor axes onto the principal axes of the 𝐃-tensor (corresponding to the largest
magnitude hyperfine couplings). Hence, these arrows are shown as parallel to the eigenframe of 𝐃. The 123 labelling scheme was chosen instead of the more usual 𝑥𝑦𝑧 scheme
because the interpretation of the ENDOR spectra is much clearer when a gauge-independent labelling scheme is adopted for the hyperfine projections. The blue and red lines
superimposed on the trESR spectra correspond to simulations of the individual sub-spectra of the 𝑀𝑆 = 0 → +1 and 𝑀𝑆 = −1 → 0 sub-level transitions, respectively. As discussed
in the main text, the main hyperfine tensor of the two systems is assumed to be approximately the same both in magnitude and orientation relative to the molecular frame. The
𝐃-tensor of the Pd system is reoriented relative to Zn, such that the 𝐷𝑧 axis is within the porphyrin plane, as per the discussion in the main text.
point of view, this assumption is validated by the fact that almost all
the peaks observed in the ENDOR spectra of Pd can be approximately
mapped to peaks in the Zn ENDOR data (albeit, at different field
positions and, by extension, 𝐃-tensor axes). From a theoretical point of
view, Figure S19 of the SI shows the results of spin density calculations
on Zn and Fb employing the complete active space self consistent field
(CASSCF) method. The similarity of the CASSCF spin densities of Zn
and Pd, depicted in the SI, provides further evidence that the largest
hyperfine coupling tensor in both systems has approximately the same
magnitude and orientation relative to the porphyrin backbone.
6

The left-most (low-field) peak in the trESR spectrum of Zn is known
to represent the 𝑍+ transition because 𝐷 > 0 in this system, i.e. it
corresponds to the 𝐷𝑧 axis of the ZFS tensor and to the 𝑀𝑆 = 0 →

+1 transition. The ENDOR spectrum recorded at this field position
therefore contains peaks originating in the projections of the hyperfine
tensor(s) on the 𝐷𝑧 axis. In particular, the largest such hyperfine
coupling is the peak in the 3–4 MHz region marked with 𝐴1 in the left
panel of Fig. 4. For Pd, the exact same peak appears in the ENDOR data
recorded on the low-field XY position in the trESR spectrum. Therefore,
given the above discussion about the similarity of the spin densities
of Zn and Pd, the low field 𝑋𝑌 transition of Pd must belong to the
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Fig. 5. (Top) Structure of a porphyrin monomer system and assignment of the molec-
ular axes based on the assumption that the system is approximately 𝐷2ℎ symmetric.
(Bottom) Proposed energy level diagram (not to scale) of a porphyrin monomer system
showing the ground singlet state, 1𝐴𝑔 , and two excited triplet and singlet states of
𝐵2𝑢 and 𝐵3𝑢 symmetry. The transition dipole moments of the optical excitation are
represented as 𝜏𝑥 and 𝜏𝑦; the subscript indicates the molecular axis along which the
direct product of the dipole moment operator (𝐵1𝑢 → 𝑧, 𝐵2𝑢 → 𝑦, 𝐵3𝑢 → 𝑥) is totally
symmetric under the 𝐷2ℎ direct product table. The wavy arrows indicate non-zero
elements of the spin–orbit coupling vectors 𝜻 and 𝝃 introduced in section 2. The spin–
orbit operator, ∑𝑖 �̂�𝑖𝑙

𝑞
𝑖 �̂�𝑖, is assumed to transform as the 𝑅𝑞 rotation matrix within the

𝐷2ℎ point group, i.e. 𝐵1𝑔 → 𝑅𝑧, 𝐵2𝑔 → 𝑅𝑦, 𝐵3𝑔 → 𝑅𝑥. As explained in the main text,
the difference between the Fb, Zn, and Pd electronic states is mainly driven by the
presence/absence of a significant LCAO 𝑑-orbital coefficient on the transition metal.

𝑀𝑆 = 0 → +1 transition, i.e. it is the 𝑋𝑌 + transition and hence, 𝐷 < 0
for Pd. Furthermore, the Pd spectrum recorded at the 𝑍− position
shows a smaller main hyperfine coupling between 1–2 MHz (labelled
by 𝐴3). This coupling is also observed faintly in the Zn data recorded
on the 𝑋− transition reported by Tait et al. [22].

Another noteworthy difference between the Zn and Pd systems is
that for the latter, the orthorhombicity parameter, 𝜆, is very close to
zero. This is the reason why the transitions in Fig. 4 are labelled by
𝑋𝑌 in Pd and only by 𝑌 in Zn (which has 𝜆 = 0.18). Furthermore,
this fact also implies that the 3–4 MHz peak of Pd corresponds to the
projections of the hyperfine tensor on both 𝐷𝑥 and 𝐷𝑦 axes, i.e. 𝐴1 and
𝐴2. Indeed, the same 3–4 MHz peak is observed very clearly in the 𝑌 ±

data shown here for Zn and the 𝑍± data reported by Tait et al. [23].
The above arguments, strongly imply that 𝐷 < 0 for Pd, and thus,

the 𝐷𝑧 axis is in the plane of the porphyrin. It seems now prudent to
justify this fact from the perspective of the electronic structure of the
molecule. This problem is most clearly resolved by group theoretical
arguments which will shed more light on the origin of 𝐃 in Pd and
on the ISC mechanism in this species. The porphyrin monomers are
considered to have an approximate 𝐷2ℎ symmetry (with Cartesian axes
depicted in Fig. 5) and the frontier molecular orbitals are taken as 𝑎𝑢,
𝑏1𝑢, 𝑏2𝑔 , and 𝑏3𝑔 , by performing a descent in symmetry, 𝐷4ℎ → 𝐷2ℎ, on
the well-known Gouterman four-orbital model (which mostly assumes
the 𝐷4ℎ point group) [69]. The electronic states resulting from this
model are depicted in Fig. 5. The ground state of the molecules will be
|

1𝐴𝑔⟩ corresponding to the 𝑎2𝑢𝑏
2
1𝑢 configuration. The excited states are

|

1𝐵2𝑢⟩/|3𝐵2𝑢⟩ from the 𝑎2𝑢𝑏
1
1𝑢𝑏

1
3𝑔 configuration, and |

1𝐵3𝑢⟩/|3𝐵3𝑢⟩ from
the 𝑎2𝑢𝑏

1
1𝑢𝑏

1
2𝑔 configuration. The energetic ordering of the states shown

in Fig. 5 is consistent with the literature on Pd2+ porphyrins [68,69].
Despite the fact that the ordering of the electronic states will have
no impact on the symmetry arguments below, we explore each of the
4! = 24 possible orderings of the 4 excited states in the SI.

For Zn and Pd, the nature of the triplet SOMO, 𝑏2𝑔 , and triplet
LUMO, 𝑏 , is expected to be different compared to the Fb system. The
7

3𝑔
metal 𝑑𝑥𝑧 and 𝑑𝑦𝑧 orbitals have the right symmetry to mix with these or-
bitals. Therefore, the excited state wavefunctions (for both singlet and
triplet states) will have a significant LCAO coefficient on these metal
based orbitals. The greater radial extent of the palladium 4𝑑-orbitals
leads to larger overlap with the porphyrin orbitals and significant LCAO
coefficients on the palladium centre. For these reasons, the effects of
SOC will manifest themselves in the Pd system most strongly not least
because it also contains the heaviest metal. These aspects were also
noted briefly in the work of Mulyana and Ishii [40].

The spin–orbit coupling Hamiltonian transforms approximately as
one of the 𝑅𝑞 rotation matrices, i.e. 𝐵1𝑔 → 𝑅𝑧, 𝐵2𝑔 → 𝑅𝑦, 𝐵3𝑔 → 𝑅𝑥.
Therefore, by taking direct products in the𝐷2ℎ point group, the 𝜻 vector
(Eq. (5)) is along the molecular 𝑧-axis:

𝜻 =
⎛

⎜

⎜

⎝

0
0
𝜁𝑧

⎞

⎟

⎟

⎠

(12)

where 𝜁𝑧 = ⟨

3𝐵3𝑢||�̂�𝑧
SOC||

3𝐵2𝑢⟩. We emphasise once more that the 𝑧
subscript of 𝜁𝑧 in Eq. (12) refers to the molecular frame defined by the
𝐷2ℎ point group (Fig. 5), not the eigenframe of 𝐃. By applying Eqs. (5)
and (7), the SOC contribution to the 𝐷-value may be evaluated:

𝐷SOC = −
|𝜁𝑧|2

3ℏ𝛥
. (13)

It is therefore obvious that the SOC contribution leads to a reduction
in the net 𝐷-value. For Fb and Zn, this contribution probably only
has a small effect potentially evidenced by a slight reduction in 𝐷
from the former to the latter (Table 1). However, the value of 𝜁𝑧
is expected to be much larger for the Pd system, as per the above
discussion. Assuming the SSC contributions to be similar in Zn and Pd
the simulation parameters in Table 1 suggest that 𝐷SOC in Pd is of the
order of ca. −3GHz.

As shown in Table 1, the spectral simulations of the trESR data
predict that the 𝐠-tensor of the Pd system is aligned with the 𝐃-tensor
with the following projections along the eigenframe of 𝐃: 𝑔𝑥 = 1.966,
𝑔𝑦 = 2.011, and 𝑔𝑧 = 2.006. As can be seen from Eqs. (3) and
(5), the anisotropy of the 𝐠-tensor is subject to the exact same group
theoretical selection rules as the 𝐃SOC-tensor. Hence, by symmetry, the
largest negative 𝑔-shift is expected to be along the out-of-plane axis, as
observed experimentally (𝑔𝑥 is the lowest).

The spin polarisation of Pd is given by the polarisation vector 𝐏 =
(1.00, 0.00, 0.00) shown in Table 1. Since the 𝐷-value is negative, the
𝐷𝑥 axis is the out-of-plane axis of Pd as shown in Fig. 4. Therefore,
the spectral simulation predicts that spin polarisation is exclusively
along the out of plane axis (𝑃𝑥 = 1). By symmetry, the direct SOC
mechanism is only able to mediate ISC between the 1𝐵3𝑢 state and the
3𝐵2𝑢 state, or between 1𝐵2𝑢 and 3𝐵3𝑢. Whatever the ordering of the
states, if internal conversion (IC) is assumed to be much faster than
ISC, the resulting spin polarisation pattern is the same. The ISC process
is allowed by the 𝑧-component of the SOC operator which transforms as
𝐵1𝑔 . Therefore, the SOC matrix element, 𝝃, from Eq. (11) is expected to
be exclusively in the molecular out-of-plane direction, i.e. the 𝐷𝑥 axis,
exactly as observed experimentally.

3.3. The dimer systems

Having elucidated the behaviour of the Pd system, the discussion of
the dimer follows more easily. First of all, the Pd2 system has a similar
𝐷-value to Pd, which is obvious by comparing the overall widths of
the trESR spectra in Fig. 2. Furthermore, the ENDOR data in Fig. 6
confirm that the orientation of the 𝐃-tensor is the same in Pd and
Pd2. When the ENDOR spectra are recorded at the same field position
in the trESR spectrum (either Z or XY), the peaks corresponding to
the largest hyperfine coupling remain on the same side of the Larmor
peak. Assuming that the largest hyperfine interaction in Pd (the beta
proton marked in Figs. 4 and 6) maps to the same nucleus in Pd ,
2
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Fig. 6. Mims 1H-ENDOR results on the Pd and Pd2 systems. The spectra were recorded at the field positions indicated in the diagrams on the left which represent the experimental
trESR spectra and the simulated sub-spectra of the individual electron spin transitions (analogously to Fig. 4). The data are consistent with the same orientation of the 𝐃-tensor in
both systems and with the fact that the spin density is delocalised in the dimer leading to a halving of the corresponding hyperfine couplings. The fact that the largest hyperfine
peaks observed in measurements at almost the same field position remain on the same side of the Larmor peak proves that the orientation of the 𝐃-tensor is the same in both
species.
then we may conclude that the pair of monomer/dimer ENDOR spectra
correspond to a transition between the same pair of triplet sub-levels.
Therefore, the sign and orientation of the 𝐃-tensor are the same. The
same conclusion can be reached from MPS experiments performed on
the Pd2 system, albeit the MPS effect is weaker in this system (see
Figure S16).

As shown in Fig. 6, the magnitude of the largest hyperfine interac-
tion is halved in Pd2 relative to Pd, indicating complete delocalisation
of the spin density in the dimer. The same effect is observed in the EN-
DOR spectra of Zn vs. Zn2, and Fb vs. Fb2 reported by Tait et al. [23].
The delocalisation of the spin density in the zinc and free-base dimers
is responsible for the negative 𝐷-values of these systems (Table 1).
The symmetry of the spin density changes from oblate to prolate, and
since the SSC contribution is dominant in the Zn2 and Fb2 systems, the
result is a change in the sign of 𝐷 relative to the monomers. For Pd2,
the ENDOR data in Fig. 6 also suggest that the spin density becomes
prolate (because the hyperfine coupling is halved), and so, the 𝐷SSC
value would change from positive to negative. This would be consistent
with the previously mentioned similarity of the spin densities of the Zn
and Pd systems (see Figure S19). However, the total 𝐷-value in Pd2
remains similar to the 𝐷-value of Pd. The conclusion is that the 𝐷SOC
contribution in Pd2 must decrease in magnitude by almost a factor
of three (becoming of the order of −1GHz). We have, unfortunately,
been unable to establish why 𝐷SOC decreases by a factor of three in the
palladium dimer system, nor why this decrease is not mirrored by a
significantly smaller 𝐠-anisotropy. Nonetheless, the crucial observation
remains: had the SOC contribution been neglected from the discussion
of the 𝐷-value in the palladium systems, the conclusions would have
been dramatically erroneous. More precisely, if it were assumed that
the 𝐷-values in Pd and Pd2 are only a dipolar effect, then it would
follow that the two systems have the exact same spin density (which
contradicts the ENDOR results).

Within error, the spin polarisation of the Pd2 system is approx-
imately the same as Pd. There is, however, a small 𝑃𝑦 contribution
which could be caused by the vibronic mechanism. Although tentative,
the assignment of this 𝑃𝑦 value in Pd2 to the vibronic mechanism is
motivated by the results of Tait et al. on the Znn series [23], which
exhibited a progressive increase from 𝑛 = 1 to 6 of one of the in-plane
populations due to the vibronic mechanism. In the SI, it can be seen
that the longer Pd2+ oligomers, Pdn, have a greater tendency to remain
out-of-plane polarised as the chain length increases cf. Znn [22]. This
is most likely due to the larger direct SOC contribution to ISC in the
presence of Pd2+.

We now examine the ZFS, 𝐠-tensors and spin polarisation of the
heterodimer systems, PdFb and PdZn. Inspection of the absolute values
of 𝐷 from Table 1 reveals that PdFb is effectively the same as Fb,
8

whereas PdZn is akin to Zn2. This observation is validated by the data
summarised in Fig. 7. In both systems, the palladium side appears to
have a spin density deficit. As illustrated by the DFT computed spin
densities (Fig. 7, top), the deficit on the palladium is less pronounced
in the PdZn system relative to PdFb.

Precise quantification of the relative spin density on the two sides
of the heterodimers is not a trivial problem. As an approximation,
the average Mulliken spin populations may be explored. In the PdFb
system, the absolute spin population is 83% localised on the free-base
side. This is immediately clear from the diagram shown in the top left
panel of Fig. 7. A Gaussian deconvolution (with 9 components) of the
ENDOR spectra of Fb and PdFb reveals an average hyperfine coupling
of −3.1 MHz for PdFb, and −3.4 MHz for Fb, with a corresponding
ratio of 91%. These average values are calculated from the peaks below
ca. −1 MHz because these correspond to the porphyrin protons (rather
than side chain protons). Another noteworthy observation is that the
peak between −6 and −4 MHz in Fb maps to two peaks in the same
region of the PdFb spectrum. This may be consistent with the descent
in symmetry of the heterodimer relative to Fb, leading to inequivalent
hyperfine couplings. The assignment of these peaks is unclear; based on
the DFT computed spin populations they may tentatively be assigned
to two of the 𝛽-pyrrole protons on the free-base side of the molecule.
For PdZn, an analysis of the spin populations is less conclusive than
for PdFb. The average Mulliken spin population is predicted to be 58%
localised on the palladium side, which is at odds with the spin density
surface depicted in Fig. 7. This discrepancy in the average value is
probably the result of the more severe non-uniformities of the spin
density in this system (note how in the top right panel of Fig. 7, there
are locally rather large contributions on the palladium side).

The free-base unit of PdFb contains most of the spin density which
translates to a positive 𝐷-value in this system. The MPS data show
this effect clearly: the 𝑋 and 𝑌 peaks are enhanced when 𝐄 ∥ 𝐁,
i.e. 𝝉 is closely aligned with the 𝐷𝑥 and 𝐷𝑦 axes. Furthermore, by
comparing the ENDOR spectra of PdFb and Fb recorded on the high-
field side of the trESR spectra (the 𝑍− transition of Fb), we observe
hyperfine features on the same side of the Larmor peak. This means that
equivalent field positions in the trESR spectra correspond to the same
electron spin transition, identified as 𝑀𝑆 = −1 → 0 for the Fb system,
and so the sign of 𝐷 is the same in both. The hyperfine couplings in
PdFb are slightly smaller than the ones in Fb; this is because some of
the spin density is on the palladium side. For the same reason, the larger
value of 𝜆 in PdFb vs. Fb is reflective of the increased distortion from
axiality of the spin density.

For PdZn, the MPS data are consistent with a negative 𝐷-value,
just as expected for a system which is so similar to Zn2. The 𝑋 and 𝑌
features are diminished when 𝐄 ∥ 𝐁, whereas the 𝑍 feature is enhanced.
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Fig. 7. (Top) DFT computed spin densities of the PdFb (left) and PdZn (right) triplet states. The calculations were performed in ORCA using the B3LYP functional in conjunction
with the def2-SVP basis set for the light elements and def2-TZVPP for palladium and zinc [70]. These calculations are only for illustration purposes, hence the relatively small
basis sets used. The spin density in the PdFb system is localised significantly on the free-base side. By contrast, in PdZn, the spin density is shifted slightly towards the zinc side.
(Middle) Experimental MPS data obtained for the two heterodimer systems. The PdFb data were recorded at a wavelength of 550 nm whereas the PdZn data were recorded at
692 nm. Both of these excitation wavelengths correspond to the Q-band regions of the UV–Vis spectra (Figures S1–2). For PdFb, the labels indicate that there is an enhancement
of the 𝑋 and 𝑌 transitions when 𝐄 ∥ 𝐁, in accordance with a positive 𝐷-value. For PdZn, the observed MPS effects are consistent with a negative 𝐷-value. In both panels, the
usual (unpolarised) trESR spectra of the Fb and Zn2 are shown for comparison purposes. The black vertical lines indicate the field positions at which the ENDOR spectra were
acquired. (Bottom) Mims 1H-ENDOR spectra of the mixed dimers. The PdFb spectrum most closely resembles the spectrum of the Fb system, whereas PdZn is similar to Zn2. The
ENDOR data are in agreement with the interpretation of the MPS data and with the assignment of the sign of the 𝐷-values for the two heterodimers. In the mixed dimers, the
larger orthorhombicity parameter causes the 𝑍 and 𝑋 transitions to overlap more strongly (hence the labelling indicated in the bottom panels). For PdFb the ENDOR measurement
corresponds to a dominant 𝑍− component (overlapping with a minor 𝑋+ component), whereas for PdZn to a dominant 𝑋− component (overlapping with a minor 𝑍+ component).
This overlap of the different components is caused by the larger 𝜆 values of the heterodimer systems.
By the same arguments as outlined for PdFb, the ENDOR data also
agree with the assignment of a negative 𝐷 for PdZn. Importantly, the
largest hyperfine coupling in PdZn is larger than the same coupling
in Zn2. This is because the spin density is partially localised on the
zinc side of the heterodimer. It is also clear that the largest hyperfine
coupling of the PdZn systems is intermediate in value between the Zn
system (Fig. 4) and the Zn2 system (Fig. 7).

The spin polarisation reported in Table 1 for PdZn is the signature
of a predominantly direct SOC mechanism for ISC. Both metals have
sufficient SOC to account for this effect. By contrast, a remarkable spin
polarisation effect is observed in the PdFb system: the ZFS parameters
are the same as for Fb and yet, the trESR spectrum is inverted. The
inversion is caused by the Pd2+ which drives the ISC process via the
direct SOC mechanism, exactly as it did in all the other palladium por-
phyrin systems. Clearly, the photophysical cascade of events initiated
9

by light excitation of PdFb must involve an intermediate excited state
which has a significant coefficient on the palladium ion. Unfortunately,
attempts to capture such an intermediate excited state via trESR have
been unsuccessful: the trESR signature of PdFb shows only a uniform
decrease in signal intensity as a function of time after laser excitation
(i.e. no change in ZFS or spin polarisation), and measurements at dif-
ferent wavelengths yielded identical spectra (see Figures S17 and S18).
It is very likely that this intermediate is part of the prompt dynamics
occurring on a sub-nanosecond time scale (undetectable by trESR).
However, the importance of the PdFb systems lies in the fact that by
photoexcitation, almost the exact same spin density is formed as for the
Fb system, yet the spin polarisation of the former is almost exclusively
out-of-plane rather than the typical in-plane spin polarisation of the
latter. In an alternative perspective, the inclusion of one Pd2+ ion
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into the Fb2 structure pushes the spin density to the other side of the
olecule and causes an out-of-plane spin polarisation.

. Conclusions

The work presented here describes the influence of the SOC inter-
ction on the spin Hamiltonian parameters and spin polarisation of
orphyrin monomers and dimers. This issue was addressed by analysing
he trends in 𝐷 and 𝐏 in a series of porphyrin systems with/without
alladium including previously published results relating to zinc and
ree-base porphyrin oligomers [22,23,26,29]. An understanding of the
elationship between the symmetry of the spin density and the ISC
echanisms in Zn, Zn2, Fb, and Fb2 guided the interpretation of the
ata for all Pd2+ porphyrins. The results of trESR, MPS, and 1H-ENDOR

showed that the 𝐷-value in the palladium systems is dominated by the
SOC contribution and that the sign of 𝐷 is negative throughout the
series. The SOC contribution complicates the interpretation of the ZFS
of the palladium porphyrins, a problem which was addressed here from
the vantage point of group theory. Nonetheless, it was found that the
dipolar contribution to 𝐷 is largely unaffected by the presence of Pd2+;
xcept for the heterodimer systems, PdFb and PdZn, which featured
artially localised spin densities. The main difference is that all palla-
ium systems have a predominantly out-of-plane spin polarisation due
o the direct SOC mechanism mediated by the heavy metal. Regarding
pintronics, we envisage integrating Pd2+ into future oligoporphyrin
olecular wires as a way of controlling spin polarisation without

ompromising the delocalisation length of the spin density.
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