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SUMMARY

Long-range delocalization of unpaired electrons in organic 7-conjugated oligomers is an important
requirement to achieve high charge carrier mobilities in molecular transistors. We have investigated the
polaron delocalization in the radical cations of a series of S ,meso,fFedge-fused porphyrin oligomers
consisting of up to 18 porphyrin units by a combination of cw-EPR, 'H and "N ENDOR, HYSCORE and vis-
NIR-MIR spectroscopy, supported by DFT simulations. The results demonstrate coherent delocalization of
the radical cation over more than ten porphyrin units, which corresponds to an effective coherence length
>8.5 nm. We discovered a remarkably non-uniform distribution of the radical spin density and an increase
in phase memory time with increasing delocalization length (up to T, = 4 ps at 50 K). This study opens new
avenues towards the design of molecular electronic and spintronic materials.
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INTRODUCTION

The one-electron oxidation of a z-conjugated polymer to its radical cation results in a reorganization, or polarization, of the molecular
framework and solvent environment."? This combination of the unpaired electron, positive charge and associated structural changes
comprise a hole polaron.* Maximizing the polaron spatial coherence lengths is essential for the design of organic semiconductors
for efficient charge transport in organic solar cells and field-effect transistors.>'? In addition, organic polymers with long coherence
times and extended polaron delocalization are promising building blocks to sustain spin-polarized currents in molecular spintronics,'*
' and for fabricating single-molecule electronic devices. Charge transport through an electrode/molecule/electrode junction can
either occur by direct tunneling or via multistep hopping."”'® The former mechanism is favored by polaron states delocalized over
the entire molecule.” Porphyrin-based molecular wires with ethyne-links between their meso positions have been found to exhibit
long-range radical delocalization, with negative polarons spanning 7 porphyrin units (~7.5 nm) and positive polarons delocalized
over 5 porphyrin units (~5.6 nm).?2* This efficient polaron delocalization result in high single-molecule conductance.’®*? The edge-
fused porphyrin oligomers pioneered by Osuka are another promising class of molecular wires due to their steeply decreasing z7z*
energy gaps with increasing oligomer length and the shallow length-dependence of their molecular conductance.?* Recent work
has shown that these porphyrin nanoribbons exhibit phase-coherent charge-transport over eight porphyrin units in single-molecule
transistors.' This has sparked interest in the extent of polaron delocalization in this family of molecular wires.

In this work, we have used a combination of continuous wave EPR, 'H and “N Mims electron-nuclear double resonance (ENDOR)
spectroscopy, "*N hyperfine sublevel correlation (HYSCORE) spectroscopy, visible-NIR-MIR spectroelectrochemistry, and supporting
DFT calculations and simulations to probe the radical cation delocalization in a family of porphyrin nanoribbons with up to 18
porphyrin units. Our analysis demonstrates coherent polaron delocalization over more than ten porphyrin units (> 8.5 nm) which
marks the longest coherently delocalized polaron reported in z-conjugated materials to date.?%3
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RESULTS
Synthesis of Porphyrin Oligomers
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Scheme 1. Synthesis of edge-fused porphyrin oligomers
Synthesis of ,meso, Atriply linked oligomers PN N = 2-4, 6, 8, 10, 14, 18 from their singly linked precursors s-PN; i) 2,3-dichloro-5,6-dicyano-p-benzoquinone
(DDQ), Sc(OTH)s, toluene, 80 °C, 2 h; see S| Scheme S1 for the complete synthesis.

Meso-meso singly linked porphyrin oligomers with different lengths were synthesized by a combination of silver-mediated oxidative
coupling and nickel-mediated Yamamoto coupling, and purified by recycling gel-permeation chromatography. Bromination of the
terminal meso positions of each oligomer, followed by Sonogashira coupling to attach the terminal triisopropylsilyl (TIPS) acetylenes,
gave the corresponding porphyrin oligomers s-PN (N = 2-4, 6, 10, 14, 18) (S| Scheme S1). The role of the terminal TIPS-acetylene
units is to protect the ends of the chain during oxidative fusion and to enhance solubility. Subjection of s-PN to oxidative fusion
conditions with DDQ and Sc(OTF); at 80 °C under argon for 2 hours afforded the g meso,f-triply linked oligomers PN in good to
excellent yields (Scheme 1). Monomer P1 was synthesized as a reference compound following published procedures.** Bulky 3,5-
bis(trihexylsily)phenyl substituents were attached to both peripheral meso positions of each porphyrin unit to improve the solubility
of the fused porphyrin oligomers in common organic solvents such as toluene, and to inhibit aggregation. The oxidative fusion
reactions of oligomers bearing TIPS-acetylenes at the terminal meso positions were exceptionally efficient, no demetallation and
partially fused products were identified from the UV-vis-NIR spectra of the products after the reaction. Partial oxidation of PN to the
radical monocations PN** was achieved by addition of 0.5 equivalents tris(4-bromophenyl)-aminium hexachloroantimonate (BAHA)
in a 1:1:1 solvent mixture of CD2Clz:toluene-da: THF-ds, which forms a glass at low temperatures.?3

Continuous Wave EPR

The room temperature cw-EPR spectra of the radical cations P1°* to P4**, P6"*, and P10°* at X-band frequencies are shown in Figure
1A. The spectrum of P1** is consistent with those previously reported for similar monomer cations.?** The nine prominent hyperfine
lines in the spectrum arise from an isotropic coupling of "Nz, = 4.07 MHz to the four equivalent "N nuclei of the porphyrin and
are further split by an isotropic hyperfine coupling of about "H4;s, = 1.0 MHz to the four equivalent ortho-protons on the aryl rings.
The spectrum of P2** also shows a partially resolved hyperfine pattern that arises from coupling to the eight N nuclei, whereas the
longer oligomers lack a resolved hyperfine structure due to substantial inhomogeneous broadening. If hyperfine interactions are the
main contribution to the spectral envelope width ABy and the radical spin-density is completely and uniformly delocalized, the
theoretical relationship in equation 1 established by Norris et al. can be applied to determine the delocalization length in the series
of porphyrin nanoribbons PN**:

1

ABy = —

ABy-q M
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where N is the number of porphyrin units in an oligomer and ABy_, is the spectral envelope width of the monomer spectrum.* Here,
complete and uniform delocalization refers to an equal amount of spin-density on each porphyrin unit in a chain with an identical
distribution of this spin-density within the porphyrin units. The spectral envelope widths of PN** were determined by fitting the first
derivative of a Gaussian or Lorentzian distribution to the cw-EPR spectra (S| Figures S4, S5). For N < 10, the lineshapes of all cw-EPR
spectra are best described by a Gaussian envelope, which indicates that the main contribution to the spectral shape arises from
unresolved hyperfine couplings.
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Figure 1. X-band cw-EPR spectroscopy

(A) (Left) Experimental cw-EPR spectra of the radical cations PN** (N = 1-4, 6, 10) acquired at 298 K in CD2Clx:toluene-ds:THF-ds 1:1:1 at X-band frequencies.
(Right) Simulated cw-EPR spectra of PN** using the isotropic "N hyperfine couplings “*NAjg, derived from a distributed point-dipole calculation. (B) Comparison
of the experimental and simulated Gaussian envelop widths ABw vs (1/N)"2 (C) Schematic representation of the isotropic "N hyperfine interactions in PN** N = 1—
4 used to simulate the cw-EPR spectra. The radius of the red sphere on each nucleus is proportional to the magnitude of “*NAys,; for P1** the shown radius is
divided by two for clarity. Aryl and silyl solubilizing groups are omitted for clarity; see Sl Figure S8 for the isotropic hyperfine visualization for N = 6 and 10.

The Gaussian spectral envelop widths, ABy, of PN** (N = 1-4, 6, 10) are compared to equation 1 in Figure 1B. Although the width
of the cw-EPR spectra for the series continuously decreases with increasing oligomer length, the experimental envelope widths
deviate from the ideal values predicted by Norris by up to ~90%. As discussed in detail by Moise et al.,?? it is necessary that the
inherent line width Iy of the EPR transitions remains constant (and small) throughout an oligomer series for equation 1 to be
applicable. Previous studies of the radical cations of butadiyne- and ethyne-linked porphyrin oligomers have shown that Iy remains
approximately constant and similar to I3.%%* However, the increased rigidity and length of the porphyrin backbone in PN** might
lead to relevant changes in the rotational correlations times and consequently Iy as a function of oligomer size and warrants further
investigation. If complete and uniform spin delocalization (4y = Ay=1/N) is imposed in the numerical simulation of the cw-EPR
spectra of PN™, the inherent line width I}y required to fit the spectra increases discontinuously with the largest changes in Iy
occurring in oligomers with N < 4 (S| Figure S6). This observation is not in agreement with a continuously increasing line width Iy
with increasing oligomer length expected if changes in the rotational correlation time were behind the experimental trend in Figure
1B. Simulations of the cw-EPR spectra of PN** with a constant Lorentzian line width Iy = 0.07 mT and the isotropic component
"NAig, of the N hyperfine interaction calculated with a distributed point-dipole model for completely delocalized spin density
distributions (vide infra) provide an excellent agreement with the experimental spectra and replicate the trend in the experimental
spectral widths (Figure 1A+B). Importantly, the isotropic hyperfine interactions used in these simulations are not equal for all N
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nuclei. Instead, a non-uniform distribution of N hyperfine interactions spanning all porphyrin units in each oligomer results in the
excellent agreement with the experimental spectra (Figure 1C and Sl Figure S8).

To determine whether additional spin density distributions predicted by DFT can also describe the electronic structure of PN, their
cw-EPR spectra were simulated following an approach by Moise et al.2%: the isotropic nitrogen hyperfine interactions *“NAg, used in
the simulations were obtained by multiplying the DFT predicted "N spin populations for N > 1 with the McConnell constant
calculated as the proportionality factor between *NA;y, and the N spin populations in P1** (see S| Section 3.4).22% Calculations
with the B3LYP functional predict a non-uniform distribution of radical spin density over at least ten porphyrin units in PN**. These
spin densities give simulated cw-EPR spectra that are in excellent agreement with the experiment (Sl Figure S7) and were used to
guide the spin density distributions behind the point-dipole calculations (vide infra). The influence of the DFT functional on the
calculated spin densities and subsequent cw-EPR simulations was investigated by screening additional functionals with different
range-separation parameters and Hartree-Fock exchange, which strongly influence the predicted electron delocalization.?4° All
simulations that result in a close agreement with the experimental cw-EPR spectra are based on similar spin densities to the ones
found with B3LYP, whereas different spin density distributions result in stark deviations from the experiment (Sl Figure S7). This
further strengthens the validity of the Mulliken populations calculated at the B3LYP level and suggest that the deviation from
equation 1 in Figure 1B results from the non-uniform spin distribution in the porphyrin nanoribbons with approximately equal
amounts of spin density on each porphyrin unit and a remarkably different distribution of this spin density in the individual porphyrins
(see Sl Section 2). The average non-uniformity of the spin densities in PN** is substantially larger than for previously investigated
butadiyne- and ethyne-linked porphyrin oligomers, which suggests that oligomers with stronger porphyrin-porphyrin electronic
coupling exhibit more pronounced non-uniform spin distributions (SI Figure S2, Table S2). The spectral widths for P14** and P18**
show an abrupt increase and deviate substantially from the trend observed for their shorter analogues (Sl Figure S4). This is probably
the result of significant anisotropic broadening, due to the slow tumbling of these long, rigid, rod-shaped molecules in solution, and
prevents a more detailed analysis of their cw-EPR spectra in comparison to their shorter counterparts.

W-band Pulsed EPR

Low-temperature Spectra

The W-band echo-detected field sweep spectra of PN** (N = 1-4, 6, 10) measured in frozen solution at 50 K are consistent with a
rhombic g-tensor with small anisotropy as expected for organic zradicals (Sl Figure S9, Table S5).4'#? Supporting DFT calculations
are qualitatively consistent with the experimentally determined g-tensors and predict an alignment to the tensor principle axes with
the out-of-plane axis (g.), the axis along the aryl solubilizing sidechains (g,), and the long axis of PN** defined by the g,meso, Striply
fused motives (gy).
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Figure 2. Phase memory time

Comparison of the phase memory coherence times T, of PN* (N = 1-4, 6, 10) at 50 K in CD.Clz:toluene-dg:THF-ds 1:1:1 performed at magnetic fields
corresponding to the principal values g, gy, and g. of the anisotropic g-tensors. For P1** and P2** the g« and g, field positions are not sufficiently resolved in the
experimental spectra and the reported coherence times correspond to gx,. The error margins show a 95% confidence interval of the fitted Ty values.

All porphyrin oligomer cations show a field dependence of their phase memory times Tn at 50 K with longer coherence times
observed at the field positions corresponding to gx«and gy (Figure 2). Anisotropic relaxation times have been reported in the literature
for a variety of systems and were attributed to decoherence originating from changes in the effective g-values through molecular
motion.***5 We suggest that libration in the porphyrin xy-plane dominate the relaxation processes in PN** at 50 K as T is typically
longest along the axis of molecular motion.* Noticeably, the phase memory times of PN**, N = 1-4, 6, 10, continuously increase
with increasing chain length under identical acquisition conditions, as exemplified by the more than threefold increase in the phase

4
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memory time at the gx field position from 1.0 ps for P1°* to 3.8 us for P10°*. This trend could be explained by smaller perturbations
of the radical coherence via nuclear-spin diffusions due to smaller anisotropic hyperfine interactions in the longer oligomers.

Mims ENDOR Spectroscopy and Hyperfine Coupling Calculations

The anisotropic 'H and "N hyperfine interactions of PN were determined by pulse Mims ENDOR spectroscopy in frozen solutions
at 50 K. Although decomposition of the Mims ENDOR spectra is not feasible due to the large number of nuclei with similar hyperfine
couplings that contribute to the spectra, they still provide valuable insight into the electronic structure of the porphyrin radical
cations: Dynamic polaron migration or electron hopping can occur rapidly on the EPR time-scale at room temperature and can
therefore contribute to the apparent spin density distribution.* However, these processes are typically not observed by EPR
spectroscopy at cryogenic temperatures in a frozen matrix providing a better probe of the radical delocalization.?* In addition, due
to the lack of dynamical averaging in a frozen solvent matrix the anisotropic hyperfine interactions may be resolved and ENDOR
measurements provide additional information beyond what can be obtained from cw-EPR spectroscopy in the isotropic limit.
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Figure 3. W-band 'H and "N Mims ENDOR spectroscopy

(A) H (black) and "N (blue) Mims ENDOR spectra of PN** acquired at 50 K in frozen CD2Clz:toluene-ds: THF-dg 1:1:1 at W-band frequencies together with
their simulations (red) using anisotropic hyperfine tensors derived from distributed point-dipole calculations. The individual contributions to the 'H Mims
ENDOR spectra from the ortho- and f-hydrogens are highlighted in green and orange, respectively. The 'H and N ENDOR spectra were measured at
field positions corresponding to g and gxy, respectively. (B) Schematic representation of the anisotropic 'H hyperfine tensors "4 of PN** N = 1-4 shown
as ellipsoids centered at the corresponding 'H nuclei with dimensions proportional to the eigenvalues of M4 and are oriented in the molecular frame
based on their Euler angles. The tensors of the ortho- and f-protons that give rise to the highlighted contributions in (A) are shown in green and orange;
additional tensors are shown in grey as reference; see Sl Figure S22 for the hyperfine visualization for N = 6 and 10. (C) Trend of the full width at half
maximum (FWHM) of the experimental and simulated ENDOR spectra.
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The W-band 'H and "N Mims ENDOR spectra of PN** (N = 1-4, 6, 10) are shown in Figure 3A. The proton spectra presented here
were measured at the field positions corresponding to g. and are complemented by a detailed analysis of the '"H ENDOR spectra
measured at the gx, field position in Section 4.4 of the Supplemental Information. All 'H and N ENDOR spectra are centered at the
Larmor frequency of the relevant nucleus and split into symmetric peaks by the hyperfine interactions. This is characteristic for nuclei
in the weak coupling limit with smaller hyperfine couplings than the Larmor frequency (A < 2w). Hyperfine spectroscopy is a powerful
tool to probe the spin distribution of organic z-radicals. The magnitude of the individual hyperfine interactions, and consequently
the width of the ENDOR signal, decreases for an increasingly delocalized radical (although the total number of hyperfine interactions
increases) if the delocalization does not result in substantial changes to the hyperfine anisotropies.* The trend in width of the
experimental ENDOR spectra of PN** as a function of oligomer length is shown in Figure 3C with the full width at half maximum
(FWHM) as measure of the experimental spectral width. The FWHM of the N ENDOR spectra continuously decreases for N = 2-10
which indicates a sustained decrease of the largest "N hyperfine interaction (which determines the FWHM) consistent with coherent
delocalization of the radical spin density over at least ten porphyrin units in PN**. The FWHM of the 'H ENDOR spectra initially
decreases for N = 1-2 as expected for an increasingly delocalized radical. Surprisingly, this trend is inverted for N = 3-10, with a
continuously increasing FWHM accompanied by the emergence of a clearly resolved shoulder in the '"H ENDOR spectra in Figure
3A. Analogous behavior is found for the '"H ENDOR spectra measured at the gx, field position (S| Figures $19, S20) in stark contrast

to the "N ENDOR results and previous reports on ethyne- and butadiyne-linked porphyrin radical cations, which exhibit continuously
narrowing 'H ENDOR widths until their effective polaron delocalization lengths are reached.??%
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Figure 4. Modeling of hyperfine interactions

(A) Representation of the approach to derive the 'H and "N hyperfine interactions of PN** from their Mulliken spin populations with a distributed point-dipole

model (exemplarily shown for P2**). (B) Visualization of the spin populations p of each porphyrin unit (purple bars) and set of "N nuclei (black circles) used to
calculate the hyperfine interactions in PN** N = 2-4, 6, 10.

The surprising evolution of the 'TH Mims ENDOR spectra of PN** can be explained by computational simulation. It is not feasible to
simulate the EPR spectra of PN** using DFT-calculated hyperfine tensors, due to the high computational cost of accurately calculating
hyperfine interactions in molecules with more than four porphyrin units. To overcome this limitation, we calculated the hyperfine
tensors directly from the spin density distributions in PN** following the approach schematically summarized in Figure 4A and
detailed in Section 4.3 of the Supplemental Information. In brief, we assigned a spin distribution to each oligomer guided by DFT-
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calculated Mulliken spin populations that were systematically modified to account for the effects of solubilizing sidechains and silyl
protecting groups omitted in the calculations. All assigned spin populations show full delocalization of the radical cations over all
porphyrin units in each oligomer (Figure 4B and Sl Figure S16). At the same time, the radical spin populations are non-uniformly
distributed over the individual porphyrin units for N = 2, as exemplified by the N spin populations in Figure 4B. The isotropic
component of the hyperfine tensors is proportional to the spin on each nucleus, while the anisotropic component was calculated via
a distributed point-dipole approximation of the dipolar electron-nuclear interactions typically used to obtain structural information
from ENDOR measurements.*>##8 The full hyperfine tensors “*NA and "M4 obtained from this approach were employed in all
simulations presented in this work (see Sl Figures $S17, $18 for a schematic visualization of the calculated hyperfine tensors).

The simulated 'H and "N Mims ENDOR spectra of PN** (N = 1-4, 6, 10) shown in Figure 3A are in good agreement with the
experimental spectra and qualitatively reproduce the trend in the experimental ENDOR FWHM as a function of oligomer length in
Figure 3C. This is strong evidence for a coherent radical distribution over at least ten porphyrin units in PN** on the EPR time-scale
in the frozen solution. The reason behind the discontinuous trend in the 'H ENDOR FWHM, despite coherent delocalization over at
least 10 porphyrin units in PN**, becomes evident from the simulations of the individual hyperfine contributions to the ENDOR
spectra (Figure 3A). For P1°* and P2**, the width of the 'H ENDOR spectra is determined by the anisotropic hyperfine couplings to
the ortho-protons of the aryl side groups, which decrease as expected from the monomer to the dimer. However, from the trimer
onwards, the largest anisotropic hyperfine interactions switch from the ortho-protons to the inner f-protons of the terminal porphyrin
units (fs-protons), as shown schematically in Figure 3B. This is accompanied by the emergence of a resolved shoulder in the
experimental '"H ENDOR spectra that can be directly attributed to the £ hyperfine interactions in PN**. Changes in the protons with
the largest anisotropic hyperfine interactions can occur with increasing oligomer length, as illustrated by the ethyne-linked porphyrin
radical cation oligomers.?? The sustained increase in the 3 hyperfine interactions in the terminal porphyrin units is however so far a
unique feature of PN** and gives rise to the continuously increasing width of the '"H ENDOR spectra. This increase is driven by a
systematic redistribution of the spin density in the terminal porphyrin units with increasing oligomer length that locally
overcompensates for the overall decrease of spin density per porphyrin with increasing radical delocalization (SI Figure S23).
Ultimately, this change in the relative spin distribution, which is directly predicted by DFT calculations at the B3LYP/6-31G* level of
theory, leads to larger anisotropic hyperfine contributions to 'H4 and consequently broader 'H ENDOR spectra.

The hyperfine interactions in P14** and P18** were probed by W-band 'H and N Mims ENDOR spectroscopy in frozen solutions at
50 K and compared to the ENDOR spectra of P10** (S| Figure S27b). The 'H ENDOR spectra of P14** measured at the g«y and g.
field positions show a further increase in spectral width compared to P10**, whereas the spectral shape and width of P14** and P18**
are virtually identical. No significant changes in the width and shape of the *N ENDOR spectra of PN**, N = 10, 14, 18 are evident
within the signal to noise of the experimental data. This suggests a limit for coherent delocalization of the radical cation spin density
between 10 and 14 porphyrin units in PN**. Attempts to simulate the ENDOR spectra of P14™* and P18"* to precisely determine the
effective delocalization length were not successful due to the unreliable description of the radical spin populations by DFT in these
extended structures.
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“N HYSCORE Spectroscopy
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Figure 5. X-band “N HYSCORE spectroscopy
"N HYSCORE spectra of P1** to P4** measured at 80 K in frozen CD:Clz:toluene-ds:THF-ds 1:1:1 at X-band frequencies at field positions corresponding to guy.
The simulated spectra were obtained using anisotropic *N hyperfine tensors derived from distributed point-dipole calculations and "N quadrupole interactions

calculated by DFT (B3LYP/EPR-II).

The anisotropic N hyperfine interactions of PN** N = 1-4 were measured by HYSCORE spectroscopy at X-band frequencies to
complement the study of the hyperfine interactions by Mims ENDOR spectroscopy (Figure 5). These measurements confirm the
significant reduction in the nitrogen hyperfine couplings from P1°* to P2, as indicated by the shift of the strongest signal
contributions from the (—,+) to the (+,+) quadrant of the HYSCORE spectra. This trend continues for the HYSCORE spectrum of P3**
with a further reduced signal in the (-,+) quadrant followed by a slightly higher spectral contribution in the (-,+) quadrant for P4**.
Simulations of the HYSCORE spectra using nitrogen hyperfine tensors obtained via the distributed point-dipole approximation are
in good agreement with the experimental spectra. This provides additional evidence for the coherent delocalization of the radical
spin density over at least four porphyrin units in PN**. In addition, the substantially better agreement of these simulations with the
experiment compared to simulations with DFT calculated hyperfine interactions further strengths the validity of the hyperfine tensors
calculated via the distributed point-dipole approximation (S| Figure S24). The simulated spectra also reproduce the experimentally
observed trend of a continuously reduced signal in the (—,+) quadrant for N = 1-3 followed by a slight increase for N = 4 caused by
an initial reduction of the largest out-of-plane nitrogen hyperfine coupling from 11.7 MHz in P1** to 4.96 MHz in P3** followed by
an increase to 5.47 MHz in P4"* (Sl Table Sé). This is further experimental evidence for the non-uniform spin density distribution in
PN**.
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Accidental Oxidation of Extended Porphyrin Nanoribbons

The characterization of the edge-fused porphyrin nanoribbons PN by solution-phase 'H NMR spectroscopy shows a substantial
broadening of the proton resonances for N > 4 (Sl Figure $25b), as previously reported by Osuka.?**’ This prompted us to investigate
samples of PN prior to chemical oxidation by EPR spectroscopy. Cw-EPR spectra of P2, P6, and P10 at room temperature and X-
band frequencies without chemical oxidation confirm the closed-shell, diamagnetic character of P2 and the emergence of increasing
amounts of an EPR active, paramagnetic species in Pé and P10 (S| Figure S25a). Quantification of the radical content of the samples
before and after chemical oxidation with BAHA by changes in the double-integrals of their cw-EPR spectra confirms that about 2%
of P6 and 12% of P10 form radicals under ambient conditions. The nature of these radicals was investigated by a combination of
room temperature X-band cw-EPR and W-band pulse EPR spectroscopy in a frozen solution at 50 K (S| Figure S26). The cw-EPR
spectra and echo-detected field sweep spectra of P6 and P10 both exhibit identical spectral shapes and g-anisotropies with and
without chemical oxidation. In addition, both species have identical anisotropic proton hyperfine interactions as confirmed by the
identical width and shape of their 'H Mims ENDOR spectra measured at field positions corresponding to gxy and g.. In combination,
this spectroscopic evidence demonstrates that the partial open-shell character of P6 and P10 prior to chemical oxidation results from
the spontaneous formation of radical cations, presumable due to aerobic oxidation. No degradation of the partially oxidized samples
was observed during purification by silica and size-exclusion chromatography or while they were stored as solid samples. Due to
their even further extended 7zsystems, P14 and P18 exist predominantly as radical cations after exposure to air under ambient
conditions. The formation of the radical cations shifts the absorption spectra to longer wavelengths, as discussed in the next section
(Figure 6).

Optical vis-NIR-MIR Spectroelectrochemistry

Optical spectroscopy of organic mixed valence compounds such as PN provides important information about their reorganization
energy 4 and electronic coupling energy H, and probes the polaron delocalization on a fs-time-scale in solution.?*® A simple model
to describe polaron delocalization is the Marcus—Hush theory briefly summarized in Section 5.1 of the Supplemental Information.>'*2
In this theoretical framework, the extent of polaron delocalization is determined by the ratio of the electronic coupling H and the
reorganization energy A and allows for the classification of mixed valence compounds into three categories: i) the electronic coupling
between the individual sites is weak (H = 0) and the charge is predominantly localized on one site of the system (Robin-Day class |);
ii) the electronic coupling is significant (0 < 2H < A) resulting in partial charge delocalization (Robin-Day class lI); iii) the electronic
coupling is so strong (2H > 1) that it leads to complete charge delocalization (Robin-Day class Ill) (SI Figure $28).>** Compared to
their neutral analogues, radical cations of 7-conjugated oligomers typically feature two characteristic low energy absorption bands
P1and P2 in their optical absorption spectra which approximately correspond to HOMO - SOMO and SOMO — LUMO transitions,
respectively (S| Figure 529).34+3¢
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Figure 6. Vis-NIR-MIR spectra of neutral and oxidized porphyrin oligomers

Vis-NIR-MIR normalized absorption spectra of PN (black) and PN** (blue) from spectroelectrochemistry in CH>Cl2 (0.1 M Bu:NPFs, 298 K). The vertical bars indicate
the TD-DFT (LC-@wHPBE/6-31G*; w = 0.1) calculated wavelengths and oscillator strengths f for the electronic transitions of the neutral and oxidized oligomers.
Attempts to perform TD-DFT calculations for P18 and P18 were unsuccessful due to the extensive computational requirement.

The vis-NIR-MIR absorption spectra of PN were measured as a function of electrochemical oxidation in CH2Clz containing BusNPFs
(0.1 M) as electrolyte under an argon atmosphere. Deconvolution of the raw data gave the absorption spectra of several different
oxidation states in each oligomer (S| Figure S30). Square wave voltammetry of PN N = 2-4, 6 shows a continuous decrease of the
first oxidation potential with increasing oligomer length (SI Figure S35). The absorption spectra of neutral and oxidized oligomers
P2 to P4, P6, P10, and P18 obtained from spectroelectrochemistry are shown in Figure 6. The spectra of the neutral oligomers
shown here are under slight electrochemical reduction to avoid the accidental oxidation observed under aerobic conditions. The
absorption spectra of neutral PN exhibit three characteristic peaks |, Il, and Ill that originate from the By, Bx, and Qx transitions of a
porphyrin monomer, respectively.” TD-DFT calculations of PN with LC-wHPBE (@ = 0.1) as functional indicate that band Il arises
from the HOMO — LUMO transition in each neutral oligomer in agreement with previous reports.?#?4? The absorption spectra of
the radical cations PN** each exhibit an additional low energy absorption peak. This contrasts with the previously reported optical
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signatures of oxidized butadiyne-linked porphyrin oligomers which feature two distinct electronic transitions: P1 at 2000-5000 nm
and Pzat around 1000 nm.* TD-DFT calculation of the excitation energies of PN and PN** (N = 1-4, 6, 10) at the LC-wHPBE/6-31G*
(w = 0.1) level of theory are in good agreement with the experimental observations (Figures é and 7). Attempts to perform TD-DFT
calculations for P18 and P18™* were unsuccessful due to the extensive computational requirement. Comparison of the calculated
electronic transitions to those observed in the deconvoluted experimental spectra suggest that the characteristic low energy
absorption bands of PN™* mainly arise from SOMO — LUMO transitions and therefore correspond to the P2 bands of the hole
polarons. The P1 bands of PN** are dipole forbidden, merged with the SOMO — LUMO transition, or occur at relatively higher
excitation energies depending on the length of the oligomer and functional employed in the TD-DFT calculations. Therefore, we
focus on the P2 bands for the following analysis.

number of porphyrins N number of porphyrins N
1810 6 4 3 2 1810 6 4 3 2
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Figure 7. Trend in the long-wavelength absorption energies
Trend in the experimental and TD-DFT (LC-wHPBE/6-31G*; @ = 0.1) calculated transition energies E for the lowest energy absorption bands of PN and the P>
bands in PN** in CH:Cl,.

The lowest energy absorption bands (Ill) of PN and P2 bands of PN** exhibit a continuous bathochromic shift with increasing oligomer
length which is replicated by TD-DFT calculations and consistent with a continuous narrowing of their optical excitation gaps (Figure
7, Sl Table S7). This trend fits a particle-in-a-box model, as shown in Supplemental Figure S31. For the neutral oligomers PN, the
experimental trend and fit both show that the progressive bathochromic shift of band Ill does not saturate for N < 18 which suggests
an effective conjugation length Ne = 18 porphyrin units. In contrast, Osuka reported an effective conjugation length of 14-16
porphyrin units for PN.% The radical cation P2 bands shows a similar trend to band Il in the neutral oligomers, although with a clear
shift to lower energies over the entire oligomer series. This points towards a limit of coherent radical delocalization beyond 18
porphyrin units in PN"*.

To describe electron transfer processes in molecular chains comprised of N repeat units, Rathore and co-workers developed the
multistate parabolic model (MPM) which extends the Marcus—Hush theory of mixed valence systems to an arbitrary number of
electron transfer sites (see Sl Section 5.3).” Modelling of the trend in the experimental P, excitation energies Ee2 for PN** N = 3, 4,
6, 10, 18 with the MPM Hamiltonian gives an electronic coupling H/2 = 8.3 between neighboring porphyrin units (SI Figure S32).
This implies that porphyrin nanoribbon radical cations PN** are best described as Robin-Day class Ill mixed valence compounds.
However, beyond this qualitative classification the multistate parabolic model struggles to accurately describe the electronic
structure of the extended porphyrin oligomer cations which suggests a limited suitability of the MPM approximation for electron
transfer processes in very strongly coupled oligomers.

Discussion and Summary

We have investigated the extent of delocalization in the radical cations of a series of ,meso,S-triply linked porphyrin oligomers PN
by a combination of EPR and optical spectroscopy and supporting DFT simulations. Cw-EPR spectroscopy at room temperature in
solution, together with 'H and N Mims ENDOR spectroscopy in frozen solutions at 50 K, demonstrate coherent polaron
delocalization over 10 to 14 porphyrin units in PN**. These conclusions have been guided by simulations of the experimental spectra
using '"H and "N hyperfine interactions calculated from a fully delocalized spin density distribution in each oligomer via a distributed
point-dipole approximation. The versatility and accuracy of this approach is highlighted by the fact that all cw-EPR spectra, 'H and
N ENDOR spectra, and, where applicable, *N HYSCORE spectra, of an oligomer could be simulated with the same set of hyperfine
interactions. The simulations also demonstrate that the deviation of the cw-EPR spectral width from an ideal Norris trend and the
discontinuous trend in the 'H ENDOR full width at half maximum result from a non-uniform spin density distribution and local
redistributions of spin density and do not contradict a full delocalization of the radical spin density. This highlights the importance
of theoretical modelling to guide the interpretation of experimental EPR results and that discussions based merely on trends in the
experimental spectra are insufficient to determine the delocalization of organic radicals. The continuous bathochromic shift of the
P2 lowest energy absorption band in the vis-NIR-MIR absorption spectra of PN** in combination with TD-DFT calculations suggest
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an effective polaron delocalization length of more than 18 porphyrin units in PN**. In conclusion, the combined spectroscopic analysis
clearly shows radical cation delocalization over more than 10 porphyrins in PN**. This corresponds to an effective polaron
delocalization length greater than 8.5 nm and marks, to the best of our knowledge, the longest coherent polaron delocalization
reported in 7-conjugated molecular materials to date.??2% For comparison, the polaron coherence length in poly(3-hexylthiophene)
(P3HT) is approximately 4—7 repeat units, which corresponds to 1.5-2.7 nm.?®*° These long delocalization lengths combined with the
increasing coherence times in extended oligomers show that porphyrin nanoribbons are exceptionally effective molecular wires.
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