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1 Synthesis and characterisation of dimers

1.1 General remarks

All reagents were purchased from commercial sources and solvents were used as supplied. "H-NMR data were
recorded at 400 MHz using a Bruker AVII400 or AVIII400 at 298 K. Chemical shifts are quoted as parts per mil-
lion (ppm) relative to residual CHCIl, (éy = 7.26 ppm). Multiplicity (s = singlet, d = doublet, t = triplet, and m =
multiplet) and coupling constants (J) in Hz are reported whenever possible. MALDI-ToF spectra were measured
at the EPSRC National Mass Spectrometry service (Swansea) using a Bruker MicroflexTM LRF. UV-vis-NIR ab-
sorbance measurements were recorded at 25 °C with a Perkin-Elmer Lambda 20 photospectrometer using 1 cm
silica cuvettes.

1.2 Experimental procedures for synthesis of porphyrin dimers

The bis-zinc dimer, compound Zn,, was synthesized as reported previously.

Synthesis of Fb, and ZnFb

Dichloroacetic acid (1.3 mL, 16 mmol) was added dropwise to a solution of Zn, (150 mg, 37.8 ymol) in CHCI,
(40 mL). The solution was stirred at 20 °C for 2.5h and monitored by TLC, then filtered through a short plug of
silica gel eluting with CHCl, (with 1% pyridine). The product was purified by column chromatography on silica
(eluting with petrol ether to petrol ether/dichloromethane 30:1). Fb, (10 mg, 6.7%) and ZnFb (46 mg, 31%) were
obtained successively as green solids, together with reisolated Zn, (52 mg).

Fby: Ry = 0.88 (petrol ether/dichloromethane 15:1). H-
NMR (400 MHz, CDCl,): § = 9.83 (4H, d, ] = 4.8Hz, H,),
9.62 (4H, d, J = 4.8 Hz, H,), 8.89 (4H, d, J = 4.8 Hz, H,),
8.81 (4H, d, J = 4.8 Hz, H,), 8.29 (8H, s, H,), 8.02 (4H, s, H,),
1.77-0.82 (390H, m, HTHS), -1.83 (4H, s, H,).
MALDI-TOF: m/z = 3847.10 (C,5,H,,,NSi; o, M* requires
3844.10).

UV-vis-NIR (CH,CL): Amax/nm (log €) 448 (5.15), 484 (4.74),
540 (3.84), 627 (4.42), 735 (4.64).

ZnFb: Ry = 0.72 (petrol ether/dichloromethane 10:1). H-
NMR (400 MHz, CDCL,): & = 9.89 (2H, d, J = 4.7 Hz, H,),
9.84 (2H, d, ] = 4.8 Hz, H,), 9.69 (2H, d, J = 4.7 Hz, H,,),
9.61 (2H, d, J = 4.8 Hz, H,), 8.96 (2H, d, ] = 4.7 Hz, Hy), 8.87
(4H, m, H5 and H,,), 8.80 (2H, d, J = 4.8 Hz, H,), 8.28 (8H,
d, J = 6.0 Hz, H, and H,), 8.01 (4H, d, J = 5.3 Hz, H, and
H,,) 1.78-0.86 (390H, m, HTHS), -1.82 (2H, s, H,5,).
MALDI-TOF: m/z = 3910.28 (Cps,H,,0NgSijoZn, M* re-
quires 3908.02).

UV-vis-NIR (CH,CL): Ay /nm (log €) 450 (5.51), 485 (5.18),
547 (4.15), 594 (4.47), 648 (4.74), 725 (4.98).




Synthesis of PdFb and Pd,

Pd(OAc),

_—_—m
CH,Cl,, CH;0H
20°C, 72h

Fb, (33 mg, 8.58 ymol) and Pd(OAc), (1.9 mg, 8.58 umol) were dissolved in CH,Cl, (16 mL) and CH,OH (4 mL).
The mixture was stirred at 20 °C for 3 days under an inert atmosphere. The solvent was evaporated and the
residue was purified through column chromatography (silica gel, eluting with petrol ether). PdFb (7.8 mg, 23%)
and Pd; (5.6 mg, 15%) were obtained as green solids.

PdFb: R; = 0.61 (petrol ether). TH-NMR (400 MHz, CDCI3):
é =9.74 (4H, m, H, and H,), 9.53 (4H, m, H, and H,,), 8.81
(4H, m, H; and Hy), 8.73 (4H, m, H, and H;,), 8.21 (4H, s, H,),
8.18 (4H, s, H,,), 7.94 (4H, s, H, and H,,), 1.70-0.62 (390H,
m, HTHS), -1.92 (2H, s, H,,).

MALDI-TOF: m/z = 395132 (C,s,H,,N;Si,,Pd, M* re-
quires 3948.99).

UV-vis-NIR (CH,CL,): Amax/nm (log €) 448 (5.78), 477 (5.53),
609 (5.08), 635 (5.12), 712 (5.23).

Pd,: Ry = 0.90 (petrol ether). 'TH-NMR (400 MHz, CDCI3):
§=9.81(4H, d, J = 4.9 Hz, H,), 9.65 (4H, d, J = 4.8 Hz, H,),
8.90 (4H, d, J = 4.9 Hz, H), 8.83 (4H, d, ] =4.8 Hz, H,), 8.26
(8H, s, H,), 8.02 (4H, s, H,), 1.54-0.87 (390H, m, HTHS).
MALDI-TOF: m/z = 4056.27 (C,s,H,,5N;Si;oPd,, M* re-
quires 4052.88).

UV-vis-NIR (CH,Cl,):Amax/nm (log €) 448 (5.43), 472 (5.32),
549 (4.42), 610 (4.84), 660 (5.04).

Synthesis of PdZn

THS THS THS THS

Zn(OAC),-Hy0
THS—== == =THS —mm—
CHCl3, CH;0OH
40°C,5h

PdFb (7.8 mg, 19.7 ymol) and Zn(OAc), - H,0 (4.3 mg, 1.97 ymol) were dissolved in CHCl, (10 mL) and CH,;OH
(3 mL). The mixture was monitored by TLC and stirred at 40°C for 5h. Then the mixture was filtered through a
short plug of silica gel eluting with CHCI3 (with 1% pyridine). PdZn(7.9 mg, 100%) was obtained as a green solid.




PdZn: R = 0.3 (petrol ether). 'H-NMR (400 MHz,
CDCL;): § =9.87 (2H, d, ] = 4.6 Hz, H,), 9.81 (2H, d, ] =
4.8 Hz, H,), 9.68 (2H, d, J = 4.6 Hz, H,,), 9.59 (2H, d, ] =
4.8 Hz, H,), 8.95 (2H, d, ] = 4.6 Hz, Hy), 8.86 (4H, m, H; and
H,,), 8.80 (2H, d, J = 4.8 Hz, H,), 8.26 (8H, d, J = 5.1 Hz,
H, and H,), 8.01 (4H, d, J = 5.1 Hz, H, and H,,), 2.05-0.70
(390H, m, HTHS).

MALDI-TOF: m/z = 4015.27 (C,s,H,,sN;Si;,PdZn, M* re-
quires 4011.90).

UV-vis-NIR (CH,CL): Amax/nm (log €) 451 (5.60), 479 (5.40),
553 (4.44), 595 (4.65), 686 (5.10).

1.3 Synthesis of porphyrin oligomers

Palladium(Il) metallated porphyrin oligomers Pdy (N = 3,4, 5,6 and 7), were prepared from the zinc complexes
Zny using the same procedures detailed above for the dimers, by analogy with the reported procedure for syn-

thesis of platinum(Il) metallated oligomers.?

(1) HCI,CCOLH
CHCl;

LTHS _—
(2) Pd(OAG),,
CH,Cly, CH;0H

THSH

1.4 UV-vis absorption spectra
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Figure S1: The normalized UV-vis-NIR spectra of dimers (concentration = 1 yM, CH,Cl,, 25°C).
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Figure S2: The molar absorption coefficient vs. wavelength UV-vis-NIR spectra of dimers (concentration = 1 uM,
CH,Cl,, 25°C).
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Figure S3: UV-vis absorption spectra of all the systems investigated in the main text (concentration = 1 uM,
toluene, 25°C).



1.5 'H-NMR spectra
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Figure S5: 'H-NMR spectrum of ZnFb (400 MHz, CDCl,).
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Figure S7: 'H-NMR spectrum of Pd, (400 MHz, CDCl,).
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Figure S8: 'H-NMR spectrum of PdZn (400 MHz, CDCl,).



1.6 MALDI-TOF spectra
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Figure §9: MALDI-TOF of Fb,.
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2 X/W-band trESRonPd,, -, _

Experimental details. The samples were prepared to a concentration of ca. 200 M using 2-methyl-tetrahydrofuran
for the X-band measurements and toluene for the W-band data. None of the EPR spectra displayed any signifcant
differences at X-band in either solvent. Unless otherwise stated, the trESR spectra were recorded at 20K using

a Bruker Elexsys E680 spectrometer with an EN 4118X-MD4-W1 resonator for X-band and a EN600-1021H Ter-
aFlex ENDOR resonator for W-band. A 3-300 kHz bandpass filter from Stanford Research Systems was used at
W-band. The laser light was directed through the optical window of the cryostat at X-band and through a fibre
optic coupled to the top of the sample tube at W-band. Laser excitation was performed with depolarised light
at 532 nm using an Opotek Opolette HE 355 LD optical parametric oscillator pumped by the third harmonic of a
Nd:YAG laser. The excitation energy was ca. 2m]J at X-band and 0.5 mJ at W-band at a repetition rate of 20 Hz.

Pd

Pd,
Pd,
Pd,
Pd,
Pd
Pd,

250 300 350 400 450
Magnetic field / mT

Figure S14: Experimental (solid black lines) and simulated (red lines) trESR spectra of the Pd, - ; _, 7 systems

acquired at X-band. For the systems up to the tetramer the simulations are a result of global fitting of X- and
W-band data. The data in this figure were acquired using the methodology described in the main text.

System | D/MHz | 1 | P=(P.P,.P)
Pd —2280 | 0.00 | (0.00, 1.00, 0.00)
Pd, —2362 0.06 (0.01, 0.99, 0.00)
Pd, ~2322 | 007 | (0.05,0.95,0.00)
Pd, —2282 | 007 | (0.03,0.97,0.00)
Pd; —2242 | 0.08 | (0.00,0.95,0.05)
Pdg —2229 0.08 (0.00, 0.91, 0.07)
Pd, 2232 | 006 | (0.00,0.89,0.11)

Table 1: Best fit values of the ZFS parameters (D and 1) and relative sub-level populations (the population vector,
P) for the series of porphyrin oligomers. For the oligomers up to the tetramer, the parameters were obtained by
global fitting of the X- and W-band data (figure S15). For the pentamer, hexamer, and heptamer, the parameters
are obtained only from the X-band data and simulations in figure S14. These simulation parameters are not
exactly identical to the ones reported in the main text for Pd and Pd, because they were obtained by global
fitting whereas only the X-band simulation results are shown in the main text.
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X-band W-band

Pd,

oy

250 300 350 400 450 3300 3400 3500
BO/mT BO/mT

Figure S15: Experimental (solid black lines) and simulated (dashed red lines) trESR spectra of the Pd and
Pd;  , < 4 systems acquired at X-band and W-band. The simulations are a result of global fitting using EasySpin. *
The X-band data was acquired as per the details provided in the main text. The W-band acquisition details are
given in this section.
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3 ENDORonPd,-;_5s

Experimental details. All ENDOR spectra reported in figure S16 were acquired using the exact same procedure
as explained in the “Theory and methods’ section in the main text.

Discussion. The conservation of the spin density delocalisation in Pd; relative to Zn, remains a feature of the
entire series of linear palladium oligomers as can be seem from the ENDOR data in figure S16. In particular, the
spectra recorded at the XY~ field position indicate that the largest hyperfine coupling is approximately halved in
all the Pd,, > ; oligomers relative to Pd. The slight increase of the largest coupling in Pdj; relative to Pd, indicates
that the spin density is slightly more localised on the central porphyrin unit whilst simultaneously leaking onto
the peripheral fragments. Beyond Pds, there is virtually no change in the magnitudes of the hyperfine couplings,
indicating that the spin density does not delocalise any further than approximately 2-3 units. The exact same
observations were reported for the Zn,, series.> Furthermore, as pointed out in the caption of figure S16, the
conserved position of the hyperfine peaks relative to the Larmor peaks confirms that the orientation of the D-
tensor is the same throughout the Pd,, series.

The SOC contribution to D is clearly persistent throughout the entire Pd,, series, apart from the apparent re-
duction from monomer to dimer. This is also reflected in the spin polarisation of the series (table 1), which
remains persistently in the out-of-plane direction (within simulation error). Hence, incorporating Pd** into all
the units of a linear porphyrin chain conserves spin delocalisation (relative to the free-base and Zn?** analogues)
and promotes a stronger out-of-plane spin polarisation.

Pd (Z27) Pd (XY7)

Pd2 (Z7) Pd2(XY™)

Pds (Z7) Pds(XY")

Pda (2°)

%
1t

Pda(XY")

Pds (Z7) Pds(XY™)

I
|
[e)]
||
N
[e)]

-4 -3 =2 -1 0 1 2 3 -4 0 2 4
(v — vy)/MHZz (v — vy)/MHz

Figure $16: Mims 'H-ENDOR spectra of the Pd,, systems up to the pentamer. The spectra were recorded anal-
ogously to the ENDOR data in the main text at the field positions corresponding to the Z~ and XY~ transitions
in the ESR spectra. The magnitude of the largest hyperfine coupling is smaller in all the oligomers beyond the
monomer by a factor of approximately two. This indicates that the spin density is delocalised over approximately
2-3 units in the longer oligomers, akin to the zinc porphyrin oligomers.? Since all these ENDOR spectra are ac-
quired at approximately the same field position and the hyperfine peaks do not swap to the other side of the
Larmor peak across the entire series, we may conclude that the orientation of the D-tensor is the same through-
out the series.
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4 MPS on Pd,
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Figure S17: MPS results on the Pd, system. The MPS effect is weak for this system at both of the indicated
wavelengths. Unfortunately, no other position in the absorption spectrum yielded a more pronounced effect than
what is observed here at 550 and 610 nm. The data is consistent with a negative D-value for the Pd, system. When
E || B, the Z canonical orientations of the D tensor are enhanced whereas the XY positions remain effectively

unchanged (if not slightly diminished). This indicates that the D, axis is reasonably close to the optical transition
dipole moment, 7, and hence, D < 0.

5 Wavelength and time (in)dependence of the PdFb trESR spectra
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Figure S18: Time evolution over a range of 8 us of the trESR spectra of the PdFb system measured by excitation
at the indicated wavelengths. All other acquisition parameters are analogous to the X-band trESR data in the
main text. The colourmap is as follows: early times are predominantly green and as time progresses the lines
become predominantly blue. These data illustrates that the overall shape of the ESR spectrum is conserved as a
function of time regardless of excitation wavelength.
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Figure S19: Time averaged trESR spectra of PdFb obtained over a range of 800 ns after the maximum signal
in time-domain (figure S18). There is no change in the ZFS and spin polarisation as a function of wavelength.
In other words, the same final triplet state is observed regardless of where photoexcitation takes place in the
absorption spectrum.

6 CASSCEF spin densities of Fb, Zn, and Pd

Computational details. The spin densities depicted in figure S20 were obtained using ORCA.® An initial ge-
ometry optimisation using DFT was performed with the BY3LYP functional and the def2-SVP basis for C, H, N,
and def2-TZVP for Zn and Pd. The DFT wavefunction was then used for the CASSCF calculation with an active
space of 4 electrons and 4 orbitals. The CASSCF calculation was performed on a triplet block comprised of four
electronic states. The displayed spin densities are for the lowest energy triplet state.

Fb

Figure S20: Spin densities of Pd, Zn, and Fb obtained from a CASSCF calculation with an active space of four
electrons and four orbitals. The dipolar contribution to the D-value obtained from these spin densities are (in
MHz): +918, +910, and +1027 for Pd, Zn, and Fb, respectively. The latter two values are in excellent agreement
with the experimental values reported in the main text (which validates the supposition that the D-value of
Zn and Fb is purely dipolar in origin). These results illustrate that the spin density distribution in the three
monomer systems is approximately the same. The importance of this result is to provide a theoretical basis for
the assumption made in the discussion of the ENDOR data in the main text, ie. that the hyperfine tensors in
the the three systems are approximately the same and hence, the orientation of D in Pd can be determined from
ENDOR.
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7 An exploration of 4! = 24 possible energetic orderings of the excited states

This section expands the discussion associated with figure 5 of the main text to all the remaining orderings of the
four excited states. The purpose of the discussion is to shed light on the SOC contribution to the fine-structure and
spin polarisation of the Pd system. In the main text, the following ordering was explored: *By, —3 B3, —! By, —! By,
in order of increasing energy from left to right. The following assumptions are made throughout:

(a) Symmetry. The system blongs to the Dy, point group. The three components of the SOC operator trans-
form as By; — R;, Bog = Ry, Bsg — R,. The subscripts x, y, z refer to the molecular axes.

(b) Initial singlet state.

(¢) Rapid ergodicity. The photophysical cascade initiated by light excitation is energetically downhill until
the final triplet state is formed. This is the triplet state detected in the trESR data. No thermally activated,
or otherwise, uphill processes are considered. No intermediates are detectable.

(d) Total spin conserving processes are fastest. In other words, the rate of internal conversion (IC) is larger
than ISC. This assumption is not necessary; it does, however, simplify the discussion.

(e) Conservation of the spin polarisation during IC. Strictly speaking, this is not, in fact, an assumption in
the framework of these particular excited states. The SOC interaction may mediate the conversion between
the two triplets, *Bs, and 3By, only via the z-component. For IC between the singlets, this statement is
irrelevant.

(f) Closest electronic state contributes to D. In other words, the second-order pertubational correction to
the D-tensor is truncated to the term closest in energy. Although not discussed in the main text, singlet
states may also contribute to D.”

(g) Closest triplet state contributes to g. There is no singlet-triplet contribution to the g-tensor.”
Regarding the 24 possible orderings: 12 will correspond to a singlet state being the lowest energy excited state.
Such orderings are irrelavant because they would not lead to a triplet state detectable by ESR, by the ergodicity
assumption.

The remaining 12 orderings, with a lowest triplet state, have *By, either higher or lower than 3Bs,. Supposing
3Bs, were the trESR detected triplet, only 6 orderings need to be considered. This ®Bs, state must have been
formed either by ISC from a !By, via the z-component of SOC or by a polarisation conserving IC step from *By,
which, in turn, could only have emerged by ISC from !Bjs,. Both ISC events are promoted by the z-component of
SOC, and the IC step does not change spin polarisation. Although not necessary, for the ISC-IC scenario, we may
now rule out (from the remaining 6) the 2 orderings which have *By, as the highest energy excited state because
it can never be reached due to ergodicity. Overall, the only possible outcome is an out-of-plane spin polarisation.
The arguments are trivially the same for the case when By, is lowest in energy.

Assumptions (f) and (g) immediately imply that the orientations of g and D are independent of the energetic
ordering because either tensor will always originate in the mixing of a B,, term with a Bs, term, exactly as
already described in the main text.
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