Volume 45 Number 34|14 September 2016 | Pages 13247-13616

Dalton
Transactions

An international journal of inorganic chemistry
www.rsc.org/dalton

ISSN 1477-9226

ROYAL SOCIETY COMMUNICATION

OF CHEMISTRY Pedro B. Coto, Athanassios G. Coutsolelos, Rubén D. Costa et al.
Cunning metal core: efficiency/stability dilemma in metallated porphyrin
based light-emitting electrochemical cells




Published on 22 June 2016. Downloaded by Universitat Erlangen Nurnberg on 03/01/2018 13:16:50.

Dalton
Transactions

COMMUNICATION

CrossMark
& click for updates

Cite this: Dalton Trans., 2016, 45,

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

Cunning metal core: efficiency/stability dilemma
in metallated porphyrin based light-emitting

15284 electrochemical cellst

Received 8th June 2016,
Accepted 21st June 2016

DOI: 10.1039/c6dt02293f

www.rsc.org/dalton

The syntheses, photophysical/electrochemical characterizations
of different metallated porphyrins — i.e., Zn**, Pt>*, Pd®*, and
Sn** porphyrins — as well as their first application in light-emitting
electrochemical cells are provided. A direct comparison demon-
strates that depending on the metallation either efficient (Pt-por)
or stable (Zn-por) devices are achieved, demonstrating that
the choice of the metal core is a key aspect for future
developments.

Metallated porphyrins have been successfully applied to
develop deep-red lighting sources based on the organic light-
emitting diode (OLED)" ™™ and the light-emitting electro-
chemical cell (LEC)"" concepts. One of the most important
advantages of porphyrins is the mature control of their photo-
physical features by means of a proper molecular design,
namely (i) the expansion of the n-conjugation of the pyrrole
unit to red-shift the emission to the near-infra red region,” (ii)
the use of substituents at the meso position in order to
enhance the photoluminescence quantum yields (¢),* to
promote self-assembling,®'® and/or to open up the preparation
of porphyrin dyads with efficient energy/electron transfer
processes, "' and (iii) the use of different metal cores
to provide new photoluminescence (PL) mechanisms like
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phosphorescence®” 8

rescence (TADF).”

Recently, we have demonstrated that an efficient energy
transfer process from peripheral BODIPY units to the zinc
porphyrin core in dyad-like compounds can be exploited to
decouple charge transport and emission processes in LECs.""
This leads to very stable deep-red emitting devices, but with a
moderate efficiency. The latter might be limited by the spin
statistics that indicate the formation of excitons with a 1:3
spin distribution of singlets and triplets upon electron-hole
recombination. Since both the PL and electroluminescence
(EL) behaviours are related to a fluorescence mechanism,
the management of the formed excitons is therefore not
optimized. In addition, films prepared with mixtures of zinc
porphyrin and ionic polyelectrolyte feature the formation of
aggregates that act as both emission quenching and charge
carrier disruptor centers.

As state-of-the-art red-emitting LECs, several groups
have explored a few more systems, such as polymers,'>"®
coordination complexes,'”™*° dyads based on small-molecules
linked to a coordination complex,”® and, more recently, small
molecules.>’>® Despite efforts, the design of stable and
efficient red-emitting electroluminescent compounds still
remains as one of the contemporary challenges in LECs.
Herein, we investigate a new strategy to enhance porphyrins
towards efficient LECs. In view of the above-mentioned, this
contribution demonstrates how to increase the efficiency of
porphyrin-based LECs by changing the metal core in combi-
nation with bulky phenyl substituents attached to the meso
positions - Scheme 1. On one hand, we provide a direct com-
parison between different metallated porphyrins, that is, zinc
(Zn-por), tin (Sn-por), platinum (Pt-por), and palladium (Pd-
por) porphyrins. As a matter of fact, each metal core opens up
new exciton radiative mechanisms involving one - ie., fluo-
rescence (Zn-por) or phosphorescence (Pt-por) - or two - ie.,
dual emission (Pd-por) or TADF (Sn-por) - excited states. On
the other hand, all the porphyrins are decorated with bulky tet-
raphenyl groups - ie., 3,5 di-tert-butyl phenyl substituents —

and thermally activated delayed fluo-
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Scheme 1 Chemical structures and synthetic protocol of the metal-
lated porphyrins.

placed at the meso position — Scheme 1. The latter might
enhance the quality of the film morphology, while preventing
self-quenching due to close proximity between porphyrins.

Hence, this work reveals the impact of the metal core in a
new porphyrin skeleton on the LEC performance, providing a
much clearer prospect of this type of compounds for develop-
ing single-layer deep-red emitting sources. These results are
supported by a comprehensive photophysical and electro-
chemical characterization in solution and/or solid-state in
concert with a device analysis by means of electrochemical
impedance spectroscopy (EIS) and long-term device measure-
ments. Overall, we show that although the device efficiency
can be enhanced up to one order of magnitude - e.g., Pt-por
vs. Zn-por based LECs, there is a trade-off related to the device
stability due to the electrochemical features of the Pt-por that
might affect both injection and transport processes.

The synthesis of the metallated porphyrins is shown in
Scheme 1 and details are provided in the ESLf{ In short,
Zn-por** and Sn-por*® were synthesized according to previous
reported literature procedures. For the synthesis of Pt-por and
Pd-por, free-base porphyrin (H,-por) was added in refluxing
solution of benzonitrile containing either PtCl, or PdCl,. The
new compounds Pt-por and Pd-por were fully characterized on
the basis of their '"H and *C NMR spectra - Fig. S1-S4,F
MALDI-TOF mass spectra, and elemental analysis. The
corresponding data for Zn-por and Sn-por were in perfect
agreement with the literature. The most noticeable feature in
the '"H NMR spectra is the lack of the characteristic peaks of
inner protons of H,-por. Pt-por was also characterized by
means of single-crystal X-ray crystallography - Fig. S5 and
Tables S1-S4.f The compound exhibits a planar molecular
structure with four-fold symmetry and Pt-N bond lengths of
1.975(8) and 2.021(7) A.

As a first step, cyclic (CV) and square wave (SQ) voltammetry
assays were performed in THF to investigate the impact of the
metal substitution on the electronic structure of this series -
see ESI.f Their redox features are summarized in Table S5,
while Fig. S6-S9t display the CV and SQ graphs. In particular,
the Zn-por shows two reversible oxidation processes at 1.04
and 1.31 V vs. SCE and one reversible reduction process at
—1.41 V vs. SCE. Similar features were noted for the Pd-por,
that is, reversible oxidation and reduction processes centered
at 1.43 and —1.19 V vs. SCE, respectively. In stark contrast, the
Pt-por and Sn-por show an irreversible oxidation wave at 1.53 V
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vs. SCE and a featureless graph in the applied positive voltage
window, respectively. However, both compounds show quasi-
reversible reduction processes centered at —1.24 and —1.70 V
vs. SCE, as well as —0.79 and —1.33 V vs. SCE for Pt-por and
Sn-por, respectively. These values are in good agreement with
the literature.>®>® Taking into account that all the processes in
LECs - ie., the charge injection, charge transport, electron-
hole recombination, and emission processes — are performed
by the electroluminescent material, we can postulate that the
Zn-por and Pd-por are highly suitable for this lighting concept,
while stability problems might be noted for Pt-por and Sn-por
devices.

Next, the absorption and emission features of the metal-
lated porphyrins were determined - Fig. 1 and S10-S13.}
The former consist of an intense Soret band located at
375-450 nm range and two Q-bands in the 475-600 nm -
Fig. S10.1 This series show emission features in aerated solu-
tions spanning from the deep-red to the near-infrared regions
of the visible spectrum - Fig. 1 and S11.1 In detail, the Zn-por
shows an emission band with two peaks at around 600 and
650 nm that corresponds to a fluorescence process as
suggested by the ¢ of 3.8% and a monoexponential excited
state lifetime (7) of 1.9 ns. Similar emission features are noted
for Sn-por with a fluorescence band centered at 610 and
665 nm associated to ¢ of 1.2% and 7 < 1 ns. In contrast,
the Pd-por shows the typical dual-emission from fluorescence
and phosphorescence processes located at 565-610 nm and

—e— Pd-por
~—a— Pt-por
—v— Sn-por
—— Zn-por

Normalized Emission

650 700 750 800
Wavelength (nm)

550 600

—d— Pt-por rt
—— Pt-por 77 K
—v— Sn-por rt
—=— Sn-por 77 K|
—— Zn-por rt
—o=—2Zn-por 77K

Normalized Emission

pee————— — — T T T
550 600 650 700 750 800
Wavelength (nm)

Fig. 1 PL spectra of Zn-por, Sn-por, Pt-por and Pd-por in THF at rt
(top) and in thin films with the composition of the device at rt and 77 K
(bottom).
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700 nm, respectively. Here, we noted two ¢ of 0.047 and
0.0013% and two 7 of around 1 and 600 ns depending on the
probed wavelength - i.e., 610 and 700 nm, respectively. Finally,
the Pt-por shows a pure phosphorescence emission with
maxima at ca. 675 and 730 nm with ¢ of 0.095% and 7 of
681 ns. Corroborating the nature of the emission processes,
Fig. S121 displays the emission spectra of the porphyrins
in degassed solutions, showing a similar spectra shape for
Zn-por, Sn-por, and Pt-por, but only the phosphorescence
feature located at around 700 and 775 nm for Pd-por. Impor-
tantly, we also noted a strong increase of ¢ and z values up to
0.3% and 9 ps, as well as 3% and 6 ps for Pd-por and Pt-por,
respectively, while they remain almost constant for Zn-por
and Sn-por — Table Sé6.f Finally, a similar emission spectra
shape featuring red- (Zn-por) and blue-shifted (Pt-por, Pd-por,
and Sn-por) maxima were noted at 77 K - Fig. S13.1 This
is accompanied by the phosphorescence feature at around
750-800 nm for the Zn-por and Sn-por, suggesting that a TADF
process could be involved in the PL process.”

Similar spectroscopic investigations were also carried out in
thin films. The latter were prepared via spin-coating from THF
solution with a mixture of the porphyrins with the ionic poly-
electrolyte as used in the device fabrication - see ESL.1 To the
naked eye, the Zn-por, Sn-por, and Pt-por films show a homo-
genous morphology that is suitable for device fabrication,
but despite our efforts, we were unable to prepare homogenous
Pd-por films - see ESI for details and Fig. S14.} This incident
seems to be common since, in general, there is a lack of light-
ing devices prepared with Pd-por derivatives. More in detail,
the morphology of the Zn-por, Sn-por, and Pt-por films was
investigated via Atomic Force Microscopy (AFM) - Fig. 2.
Although all the films look homogeneous, the morphology of
Zn-por and Sn-por films show a less and a more prominent
phase separation along with aggregates and holes, respectively.
In contrast, the Pt-por shows no phase separation, but
the presence of small aggregates. This is reflected in the PL
features of the Pt-por, Sn-por, and Zn-por films - Fig. 1. Here,
the Sn-por and Zn-por films show broad and red-shifted
(15-30 nm) emission bands with different relative peak inten-
sities compared to those in solution - Fig. 1. This is expected

8 ¥ & 8 8 3 8

Fig. 2 AFM images of Zn-por (left), Sn-por (middle), and Pt-por (right)
films as used in devices.
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due to the above-mentioned phase separation and/or aggregation
features that typically lead to a red-shifted emission and a
further PL quenching - e.g., ¢ of 0.34% and 2.30% for Sn-por
and Zn-por films, respectively. Indeed, the Pt-por films show a
very similar emission spectra to that in solution with the
highest ¢ (5.78%), corroborating the lack of phase separation.
Finally, the emission spectra of the films measured at 77 K
were similar to those at room temperature with a slight red-
shift — Fig. 1. Noteworthy, none of the phosphorescence
features were noted for Sn-por and Zn-por films, suggesting a
lack of TADF in the films.” To further support this notion, we
monitored the changes in the emission intensities upon
increasing the temperature from 77 to 430 K in an attempt to
accelerate the back intersystem crossing from the triplet to the
singlet excited states that might lead to an increase in the fluo-
rescence intensity.” As shown in Fig. $15,7 the emission inten-
sity gradually reduces with the increase of the temperature due
to the enhancement of the thermally activated vibrational de-
activation mechanism. As last complement, we also performed
theoretical calculations to qualitatively describe the energy
splitting between the singlet and triplet excited states of
Sn-por. We notice that this value is around 5000 cm™" (Tables
S7 and S87) that is far beyond the maximum value for TADF
(ca. 800 cm_l). Hence, we can state that no TADF features are
observed in this series, even though the Sn-por substituted
with fluorine atoms poorly showed this process.”

As a final step in our study, the EL features of Zn-por,
Pt-por, and Sn-por were directly compared in LECs - see ESIT
for more details. Fig. 3 displays the EL response over time and
representative EL spectra, pointing out three main con-
clusions. Firstly, the EL spectra of Zn-por and Sn-por devices
are broader than the PL in thin films with emission bands at
ca. 650 nm, while Pt-por devices show a well-structured
EL emission band centred at 650 and 750 nm - Fig. 1 and 3.
As expected, the x/y colour coordinates are 0.65/0.32, 0.68/0.29,
and 0.64/0.32 for Zn-por, Pt-por, and Sn-por devices, confirm-
ing that they are deep-red lighting sources. Secondly, all the
devices show a similar electronic behaviour, that is, an initial
applied voltage at around 4-5 V that raises over time up to
steady values of 8-9 V for Zn-por and Sn-por devices and 5.5 V
for Pt-por devices. The lower applied voltage and the well-
defined structure of the EL spectrum of the latter highlight the
better morphology of the films. Concerning the emission
response, the devices show an instantaneous irradiance that
maximizes in less than one hour for Sn-por (~5 min) and Pt-
por (~45 min) devices and several hours for Zn-por devices.
This is related to the differences in the ion conductivity — vide
infra. Thirdly, as expected from the PL features, the irradiance
maxima increases going from Sn-por, to Zn-por, and to Pt-por
devices. The latter shows the highest external quantum
efficiency (EQE) with a value of 0.16%, but with the drawback
of a low lifetime of only a few hours. In stark contrast, the
Zn-por and Sn-por devices feature EQE of 0.017% and 0.0061%
with lifetimes of hundreds of hours. Noteworthy, the Pt-por
device shows similar EQEs to those of both small-molecules
LECs*'* and porphyrin OLEDs."">*?

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Average voltage (symbols) and irradiance (line) vs. time of Zn-por
(top), Pt-por (central), and Sn-por (bottom) devices driven by an average
pulsed current of 7.5 mA. Inset: Normalized EL spectra obtained at the
maximum irradiance.

The efficiency differences between the Sn-por and Zn-por
devices are expected from the ¢ in thin films, but that between
Zn-por and Pt-por devices might be related to both a better
¢ and film morphology. Strikingly enough is the low lifetime
of the Pt-por devices that we relate to its intrinsic poor redox
stability — vide supra. To unveil the impact of the latter on
the device mechanism, static EIS assay was performed at the
beginning (fresh) and the end (dead) of the long-term
measurements - see ESL.{ Fig. S167 shows that the resistance
trends are similar for the fresh devices upon increasing
the applied voltage. However, it is worth to notice that the
conductivity of Zn-por devices is much lower than that of
Pt-por and Sn-por devices - i.e., 6.0 x 107*° vs. 7.0 x 10~° and
3.7 %1077 S em™, respectively. This explains the differences in
the time needed to reach the maximum irradiance - Fig. 3.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Communication

The same EIS analysis of the dead devices show that the resist-
ance increases for the Pt-por device in one order of magnitude,
while those of Sn-por and Zn-por devices show a decrease of
two orders of magnitude. This points to the formation of
degraded products in Pt-por devices. They are likely related to
the oxidized species that might affect both the charge injection
and transport, limiting the device stability.

In summary, this work describes a comprehensive compari-
son of different metallated porphyrins - i.e., Zn**, Pt>*, Pd*",
and Sn"" cores - with respect to their EL responses towards
efficient and stable deep-red LECs. This is assessed by
the thoughtfully analysis of the photophysical/electrochemical
features, the film morphology, and the electronic device behav-
iour. Overall, although the metal cores rule the PL nature, they
also have a detrimental impact on the electrochemical features
and the film morphology when mixed with a standard ionic
polyelectrolyte - e.g., the lack of homogeneous Pd-por films
and the prominent phase separation in Sn-por films. As such,
either efficient (Pt-por) or stable (Zn-por) devices can be
achieved, demonstrating that the choice of the metal core is a
key aspect for future developments. In this context, the design
of redox stable Pt-por along with derivatives to decouple
charge transport and emission processes is ongoing.
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