GDCh
~~

Porphyrins

Communication

W) Check for updates

Angewandte
intermasionalEdiiony Chermie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2025, 64, €202417429
doi.org/10.1002/anie.202417429

High Charge Carrier Mobility in Porphyrin Nanoribbons
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Abstract: Polydisperse edge-fused nickel(II) porphyrin
nanoribbons have been synthesized by Yamamoto
coupling followed by gold(III)-mediated fusion, with
average degrees of polymerization of up to 37 repeat
units (length 31 nm). Time-resolved optical-pump ter-
ahertz spectroscopy measurements indicate that photo-
generated charge carriers have dc mobilities of up to
205cm?’V~!'s™' in these nanoribbons, exceeding the
values previously reported for most other types of
nanoribbon or n-conjugated polymer. )

Charge carrier mobility is a key performance metric for
organic semiconductors, particularly for applications in
field-effect transistors.!!. One approach to optimizing the
carrier mobility in conjugated polymers is to create rigid
ladder-type structures, to prevent torsional disorder and
enhance orbital overlap.”! Graphene nanoribbons (GNRs)
benefit from this ladder-type conformational control and
multiple n-conjugation pathways, which probably contribute
to their excellent charge carrier mobilities.”! Recently, there
have been several studies of charge mobility in other types
of n-conjugated nanoribbons, not derived from the graphene
hexagonal lattice.*”! Here, we present the synthesis of a
polydisperse nanoribbon consisting of edge-fused Ni(II)
porphyrins f~PN (Scheme 1), with an average degree of
polymerization of up to 37 porphyrin repeat units and an
extremely low band gap of 0.47 eV. Time-resolved optical-
pump THz-probe spectroscopy experiments® show that
these materials have charge mobilities of up to about
200 cm®V's™! higher than most values reported for GNRs,
measured by the same technique.”!
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Scheme 1. Synthesis of f-PN. (COD is 1,5-cyclooctadiene. Ar is a bulky
aryl solubilizing group as shown in full for f-PN.)

Edge-fused porphyrin oligomers of the general type f-
PN (also known as ‘porphyrin tapes’) were first synthesized
by Osuka and co-workers.”! These nanoribbons exhibit
remarkably small HOMO-LUMO gaps. Polarons in these
nanoribbons are highly delocalized, covering more than ten
porphyrin units (>8.5 nm)."®! Single-molecule charge-trans-
port experiments demonstrate that these nanoribbons exhib-
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it phase-coherent ballistic transport, with molecular con-
ductances almost independent of length.”'” All these
features suggest that porphyrin nanoribbons are likely to
have high charge-carrier mobilities.

Previously, monodisperse porphyrin nanoribbons con-
sisting of up to 24 porphyrin units have been synthesized.’
In this study, we chose to prepare polydisperse nanoribbons,
so as to access long chains directly from readily available
precursors. We decided to work with Ni(II) porphyrins
because Ni-porphyrin nanoribbons are more stable and less
easily oxidized than the corresponding Zn complexes.*!"
Bulky 3,5-diaryl mesityl solubilizing groups (Scheme 1) were
used to enhance solubility and hinder aggregation. The
methyl substituents ortho to the porphyrin prevent acciden-
tal fusion of the aryl group to the porphyrin (5-membered
ring formation), during the final step in synthesizing f-
PN. [5.11-13]

Yamamoto coupling of the singly-linked dibromo por-
phyrin dimer s-P2-Br, with bis(cyclooctadiene)nickel(0) and
2,2’-bipyridyl in DMF/THF was used to prepare polymer s-
PN. The molecular weight distribution from this reaction
showed batch-to-batch variation (probably due to accidental
traces of O, or water in the reaction mixture). In this study,
we compared three batches designated s-PN(1), s-PN(2)
and s-PN(3). The gel-permeation chromatography (GPC)
trace of the crude reaction mixture for s-PN(3) is compared
with traces for all three batches, after removal of short
oligomers by preparative GPC, in Figure 1a. The number-
average molecular weights (M,) and degrees of polymer-

ization (N,), measured by GPC relative to polystyrene
standards, are listed in Table 1. There is excellent agreement
between these degrees of polymerization and the range of
oligomers observed by MALDI-TOF mass spectrometry, as
illustrated for s-PN(3) in Figure 1b, and by the data listed in

Table 1 (N, vs. Nyarpr, pea S€€ also Figure S5).

The NMR and mass spectra of s-PN showed that the
terminal meso-positions bear hydrogen atoms, not bromine,
due to reductive debromination during Yamamoto coupling
(Figure S20). The next step was to brominate these
positions, to prevent accidental meso-meso coupling during
the formation of the f~PN nanoribbon. Treatment of s-PN
with N-bromosuccinimide gave s-PN-Br in high yield
(Scheme 1). Oxidative fusion and planarization of s-PN-Br
to f-PN was achieved using AuCly/AgOT£."*'l The reaction
was monitored by UV-vis—NIR spectroscopy, and oxidation
was continued until there was no further change in the
absorption spectrum (Figure S36). Essentially identical spec-
tral changes were observed when s-PN-Br was oxidized with
DDQ/TfOH,*"! indicating that both reaction conditions
give full conversion to f~PN, but we prefer the AuCl;/AgOTf
conditions because they allow easier purification of the
product. Three batches of the nanoribbon, designated f-
PN(1), f~PN(2) and f-PN(3), were synthesized from s-
PNQ), s-PN(2) and s-PN(3). The vis-NIR spectra of these
three batches (recorded as thin films on a CaF, plate,
Figure 2) are very similar, but a slight red-shift in the NIR
absorption is observed with increasing chain length, as
expected, with absorption maxima at 2178, 2222 and
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Figure 1. (a) GPC traces of three individual batches of fPN: s-PN(1)
(red), s-PN(2) (green) and s-PN(3) (blue) and a trace of the crude
reaction mixture (gray dashed) for s-PN(3); (b) MALDI-TOF mass
spectrum of s-PN(3) measured with trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) as the matrix, in the
linear mode.

Table 1: Molecular weight distributions of three batches of s-PN."

batch M, (kDa) D N, Nwmavol, peak
s-PN(1) 23.8 1.08 15 18
s-PN(2) 42.2 1.21 27 26
s-PN(3) 57.7 1.39 37 30

[a] M, is the number-average molecular weight, determined by GPC in
chlorobenzene, relative to polystyrene standards; D is the polydisper-
sity, M,,/M,.. N, is the number-average degree of polymerization from
GPGC; Nyaioi,peak is the most abundant chain length observed by
MALDI-TOF mass spectrometry.

2276 nm, respectively.'”! These absorption wavelengths are
consistent with those previously reported for nickel porphyr-
in nanoribbons,”™ which are blue-shifted relative to zinc
porphyrin nanoribbons.”*!! The optical band gap of f-PN,
estimated from the onset of the absorption band, is 0.47 eV
(within error, the same for all three batches).

The singly-linked porphyrin polymer s-PN is soluble in
organic solvents. While the f~PN nanoribbon is sufficiently

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Visible-NIR absorbance spectra of three batches of Ni(ll) v
porphyrin nanoribbons: f-PN(1) (red), f-PN(2) (green) and f-PN(3) -08 -
(blue), recorded on thin films.!"! L L L L L
0 2 4 6 8
Pump-probe delay time (ps)
soluble for recording solution-phase UV/Vis-NIR spectra, it (D) 15} £-PN(3)
is not soluble enough for solution-phase NMR spectroscopy. M
Therefore, we compared the solid-state NMR spectra of s- O e e & = o= .| GTEE DS fit
PN-Br and f-PN. The solid-state magic-angle spinning 0707 0:0::0::0.0:10..0...0..0..0..0..0..:0-- 00"
(MAS) 'H NMR spectra of s-PN-Br and f-PN exhibit broad -15} )
peaks in the aromatic region, and the shoulder assigned to S-
protons diminishes on conversion of s-PN-Br to f-PN = o f-PN(2)
(Figure S21), indicating removal of these hydrogen atoms. » ol M
Comparison of the cross polarization non-quaternary sup- ’F.’o 0"0""g "1 0:0:10+:0:10..0...0..0..0.- 0100 0Oy
pression (CP-NQS) “C NMR spectra of s-PN-Br and f-PN % _g
shows the formation of new quaternary carbon environ- 8
ments in f-PN, consistent with successful fusion and ‘25 6r £PN(1)
dehydrogenation (Figure S23). - M
Ultrafast optical-pump THz-probe spectroscopy is a O &7
powerful technique to measure the intra-chain mobility of N 000 S
photo-generated charge carriers, without requiring electrical -6t

contacts.”) Here, we used this technique to study the charge
carrier mobility in three batches of f~PN, as thin films on
silica. Free charge carriers were generated using an optical
pulse (400 nm, 100 fs duration). The transient photoconduc-
tivity (Ac) was probed by a single-cycle THz pulse (with a
bandwidth of ~2 THz). The real part of THz conductivity is
proportional to the attenuation of transmitted THz electric-
field by free charge carriers. In contrast, excitons, bound
electron-hole pairs, merely cause a phase shift of the
waveform through the imaginary component of the con-
ductivity (i.e., the induced polarizability).”! The photo-
conductivity dynamics (Figure 3a) show a sub-picosecond
rise in the time-resolved complex photoconductivity, due to
the generation of free carriers. The signal then decays due to
exciton formation, evidenced by a relative increase in
imaginary conductivity.’™! Figure 3a shows that photocon-
ductivity increases with the ribbon length, implying that
longitudinal confinement affects THz conductivity.

The frequency-resolved complex photoconductivities for
each sample, recorded at 1.5 ps after the maximum THz
photoconductivity, are plotted in Figure 3b. These curves
are well described by the Drude-Smith model, following
Equation (1):
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Figure 3. (a) Time-resolved complex photoconductivity measured for
thin films of fPN(1), f-PN(2) and f-PN(3). (b) Frequency-resolved THz
photoconductivity of fPN(1), fPN(2) and f-PN(3) measured at
t,~1.5 ps after the maximum THz photoconductivity. The data are
fitted by the Drude—Smith model.

2
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where ¢, is the vacuum permittivity, e, is the plasma
oscillation resonance of charge carriers, and 7pg is the
averaged carrier momentum scattering time. The parameter
¢ (—1<c<0) describes the spatial confinement experienced
by charge carriers, limiting long-range dc transport. The
obtained absolute values of ¢ decrease with increasing
ribbon length (in the range —0.97 to —0.93) for all batches
of f~PN (Table 2), indicating a reduced spatial confinement
for charge transport in long ribbons. The scattering times for
all three batches lie in the range 30-46 fs, which is in the
range previously reported for GNRs (see the overview of
high-mobility nanoribbons in SI, Table S2).! The values of
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Table 2: THz photoconductivity data for nanoribbon f-PN determined
by fitting the data to the Drude-Smith model.”!

batch average chain ¢ Tps Hde

length (nm)®! (fs) (em*V7's™)
FPN(T) 13 0974001 3343 6422
FPN(2) 22 —0.95+£0.01 39+2 127 +£26
FPNG3) 31 0934001 4541 205430

[a] ¢ is the localization parameter; 7 is the carrier scattering time; py.
is the intrinsic carrier mobility in the dc limit, calculated from
Equation (2). [b] The chain length is estimated by multiplying the
calculated length of a repeat unit (0.84 nm) by the average degree of
polymerization (N,) from Table 1.

7ps and ¢ can be used to estimate the mobility for each
sample in the dc-limit, uy., using Equation (2):

et
Hac = Eeﬁs‘ (I+0) 2

where e is the elementary charge and m* is the effective
mass, which has previously been estimated from band
structure calculations on nickel(I) porphyrin nanoribbons
(0.027 my, where m; is the mass of an electron).”'® Values of
Ug. are in the range 64-205 cm®V~'s™! for f~PN(1) to f-PN(3)
(Table 2). The inferred dc carrier mobilities are limited by
backscattering effects originating from structural deforma-
tions and/or the limited ribbon lengths.”™™ In long and
deformation-free ribbons, aligned with the electric field, the
intrinsic carrier mobility is expected to approach
3000 cm*V~'s™! (based on tpg=45fs). The intrinsic local
carrier mobility of porphyrin nanoribbons is among the
highest reported for any solution-synthesized nanoribbon
characterized by terahertz spectroscopy (Table S2).e>17)
Comparison of the scattering time and band structure of the
nickel(II) porphyrin nanoribbon with those of solution-
synthesized GNRs, shows that the high intrinsic carrier
mobility of f~PN can be attributed to its strong band
dispersion, which results in a small effective mass. The
extremely high intrinsic mobility of the nickel(II) porphyrin
nanoribbon is in line with a recent GNR field-effect device
in which a mobility over 1000 cm®*V~'s™" was reported.!"
Previously, we investigated the hole mobility in butadiyne-
linked porphyrin polymers, as non-covalent ladder com-
plexes, using time-resolved microwave conductivity.” The
much lower mobility inferred from those experiments
(0.93cm*V~'s™") compared with that for f~PN from THz
spectroscopy, probably reflects the different technique as
well as the weaker electronic coupling in butadiyne-linked
porphyrin polymers.”

In conclusion, this work has demonstrated the synthesis
of porphyrin polymers with a high degree of polymerization

(N'=37; number-average length 31 nm) through Yamamoto
coupling. Oxidative fusion gives the porphyrin nanoribbon
J-PN, which was characterized by solid-state NMR and UV-
vis—NIR absorption spectroscopy (band gap 0.47 eV). Opti-
cal-pump THz-probe experiments show that charge carriers
are exceptionally mobile. Three batches of the nanoribbon
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with different average chain lengths were compared, reveal-
ing that the mobility increases dramatically with increasing
chain length. This strong length-dependence emphasizes
that the longitudinal confinement in porphyrin nanoribbons
limits the THz conductivity. The highest charge carrier
mobility in these samples reaches 205 cm?V~!s™!, in dc-
limit.'¥ These results reveal that porphyrin nanoribbons
have higher charge mobilities than most solution-synthesized
GNRs, highlighting the potential applications of these
materials in molecular electronics.
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