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Abstract

The first real examples of luminescent solar concentrators (LSCs) based on Ir(lll) cyclometalates, are
described herein. Two new Ir(lll) tetrazole complexes, namely [Ir(ppy)(iQTZ-PPG)]* and [Ir(npy).(iQTZ-
PPG)]*, where (CAN) = ppy, 2 phenylpyridine or npy = 2-(naphthalen-2-yl)pyridine and iQTZ-PPG = 1-(2-(prop-
2-yn-1-yl)-2H-tetrazol-5-yl)isoquinoline, were synthesized, fully characterized and tested as phosphors for
colourless LSCs. Notably, increasing quantities (0.2 — 1.8 w.t. %) of the new Ir(lll) based phosphors were
dispersed in different acrylate polymers like poly(methyl methacrylate), PMMA, poly(benzyl methacrylate),
PBzMA and poly(cyclohexyl methacrylate), PCHMA, leading to visible transparent polymeric films exhibiting
excellent photostability and bright yellow to orange phosphorescent emissions. The performances as solar
collectors of all the Ir(lll)-doped polymers were investigated, providing results comparable, or superior, to
those obtained from colourless LSC based on organic fluorophores. In fact, the best optical efficiency (nopt Up
to 7%, combined to transmittance close to 80% at 390 nm) was displayed by the polymer film obtained from

physical dispersion of [Ir(ppy)2(iQTZ-PPG)]* (1.4 wt. %) in PCHMA.

Keywords: Ir(lll) Cyclometalated Complexes, Tetrazole ligands, Phosphorescent Metal complexes,

Luminescent Solar Concentrators, Stokes-Shifts, Transparent polymers, Colourless LSCs.
Introduction

The picture that is usually drawn to describe luminescent Iridium (lll) cyclometalated complexes

includes a number of recurring expressions such as chemical stability, extreme tuneability of the
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redox and excited states properties combined with pronounced Stokes Shifts of the phosphorescent
emissions.[1a-b] Taken together, these features showcase most of the reasons that have driven
Ir(Ill) cyclometalates to an outstanding scientific success in all the research areas that rely upon the
interaction of light with matter. Beyond to be used as emissive materials for OLED and LEEC -type
electroluminescent devices for solid state lighting,[2] which is their “core business” application,
luminescent Ir(lll) cyclometalated complexes have been exploited in bioimaging and biosensing [3a-
b] and, as some of the most recent and important developments, in photoredox catalysis for visible
light activated organic reactions [4a-b] and polymerization processes.[5a-b] The opportunity to
transfer the excited state properties of discrete Ir(lll) complexes to polymeric bulk materials led to
various examples of luminescent hybrid macromolecules containing Ir(lll)-based fragments as
comonomer (metallapolymer) as well as side chain groups.[6] In all cases, the incorporation of Ir(lll)
complexes within the polymeric backbone has been demonstrated as a promising perspective for
improving the luminescent performances of the whole material, since the phosphorescent emitters
are most often protected from collisional quenching with dioxygen.[7] In addition, the introduction
of such kind of heavy metal complexes entails the possibility of harvesting both singlet and triplet
excitons, while the use of organic luminophores would involve only emission from singlet excited
states. Taken together, these latter features are not only important for the development of
phosphorescent polymer light-emitting diodes (PhPLEDs),[8] but might be extremely relevant for
the design of polymer-based materials such as luminescent solar concentrators (LSCs). Starting from
their first appearance in 1982, the technology of LSCs has been actively developed both by the side
of academic literature and by the one represented by research patents.[9a-d] The importance of
LSCs is particularly evident in the photovoltaic context, where the combination of LSCs with solar
cells leads to a significant improvement of the energy production as the consequence of the
enhancement of the intensity of the incident light. LSCs indeed consist of appropriate and
transparent polymeric matrix in which luminescent dyes capable of absorbing the solar radiation
and emitting light at lower wavelengths are homogeneously dispersed. Along with traditional LSCs,
in which a dye is most often represented by a red-emitting fluorophore — typically, a highly
conjugated organic molecule — colourless LSCs have gained an important role since they can be used
as architectural windows for building integrated photovoltaics. Notwithstanding, this exciting
approach has provided adequate optical efficiencies with a minor degree of coloured tinting,[10a-
b] challenges are still open to compete with traditional visible absorbing LSC.[11] Since luminescent

Ir(lll) cyclometalated complexes meet most of the requirements needed to envisage their use in



LSCs technology - i.e. brightly intense emissions tuneable over the whole range of the visible region,
large Stokes shifts and excellent photostability, herein we describe the preparation and the
characterization of the first examples of polymeric LSCs doped with Ir(lll)-based phosphors. For this
specific purpose, by taking advantage of our extensive studies on phosphorescent cyclometalated
Ir(lll) tetrazole complexes with general formula [Ir(CAN)2(N~N)]*,[12a-c] we have designed and
prepared two new red emitting Ir(lll) tetrazole complexes (Scheme 1) differing for the nature of the
cyclometalating (CAN) ligand, while maintaining the same N”N tetrazole ancillary ligand. More
specifically, the two new Ir(lll) compounds, abbreviated as [Ir(CAN)2(iQTZ-PPG)]*, where (CAN) =
ppy, 2 phenylpyridine or npy = 2-(naphthalen-2-yl)pyridine and iQTZ-PPG = 1-(2-(prop-2-yn-1-yl)-
2H-tetrazol-5-yl)isoquinoline (Scheme 1), were physically dispersed into different polymers and the
performances of the corresponding LSCs materials were investigated, highlighting promising

potential for the development of colourless LSCs.

(CAN) = ppy, [Ir(ppy).(iQTZ-PPG)]*
(CAN) = npy, [Ir(npy)(iQTZ-PPG)]*

Scheme 1: Ir(lll) complexes and relative acronyms employed in this work.
Results and discussions

Synthesis and optical properties in solution

The choice of using cationic Ir(lll) tetrazole complexes such as [Ir(ppy)2(iQTZ-PPG)]* and
[Ir(npy)2(iQTZ-PPG)]* (Scheme 1) is explained in consideration of obtaining well soluble phosphors
capable of providing red colored emission, a desirable requirement for the organic and lanthanoid-
based emitters employed in the LSC technology.[9a-d], [13] Indeed, we have demonstrated how the
decoration of the coordinated tetrazolato ring with various alkyl groups is a key factor to determine
the consistent shift to lower energy of the emissions of the parent Ir(lll)-tetrazolato complexes. In
addition, the introduction of a pendant propargyl moiety (PPG), instead of the alkyl residues that

we have considered so far was done to pave the way to further functionalization of the Ir(lll)



complexes, possibly resulting in their chemical anchoring to monomers [6] or to other organic

chromophores.
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Scheme 2: Synthetic protocol used for the preparation of Ir(lll)-tetrazole based complexes with relative
acronyms and numeration of the tetrazole ring adopted in this work.

As depicted in Scheme 2, the synthetic strategy to the preparation of the Ir(lll) complexes involved
the preliminary formation of the tetrazole ligand iQTZ-PPG, which was accomplished by
functionalization of the isoquinolyl tetrazole molecular scaffold (iQTZ) with a propargyl moiety
(PPG). As previously observed for electrophilic additions on 5-aryl tetrazoles and related complexes,
[12a-c], [14a-€], [15] the reaction of 1-(1H-tetrazol-5-yl)isoquinoline (iQTZ-H) with a slight excess of
propargyl bromide (Scheme 2), led to the formation of the propargyl appended tetrazole iQTZ-PPG
as a mixture of N-3 and N-4 substituted regioisomers (see Scheme 2 for atom numbering).[14d] The
steric hindrance exerted by the appended PPG group allows for an efficient chelate coordination
only in the case of the N-3 regioisomer, in which both isoquinoline and substituted tetrazole rings
can adopt the coplanar geometry that is essential to provide a stable chelate -type coordination to
the Ir(lll) metal ion. Once the the undesired N-4 regioisomer was removed from the crude mixture
of regioisomers, the reaction of iQTZ-PPG (N-3) with the appropriate dichloro-bridged iridium dimer
[Ir(ppy)2-p-Cl]2 or [Ir(npy)2-p-Cl]2, provided the target complexes [Ir(ppy)2(iQTZ-PPG)]* and
[Ir(npy)2(iQTZ-PPG)]* (Scheme 2). The identity of each compound was deduced at first by Electron
Spray lonization Mass Spectroscopy (ESI-MS), which returned m/z signals compatible with the
occurrence of the expected cationic complexes under the form of the corresponding
hexafluorophosphate (PF¢’) salts (Figures S9, S10). The NMR characterization (*H and *3C, Figures S5
— S8) of the new Ir(lll) species provided results congruent with previously reported Ir(lll)-tetrazole
based complexes with the same C; symmetry,[12a-c], [14a-d]. In addition, the chelate coordination

of iQTZ-PPG as the N-3 regioisomer to the Ir(lll) metal centre, was suggested by the typically



downfield-shifted tetrazole carbon resonance (6 C:), found in all cases at ca. 168 ppm (Figures S5,

S7). [12a-c], [14a-d]
Photophysical and Theoretical Characterizations

Table 1: Photophysical Data Summary

Complex Absorption Emission 298 K" Emission 77 K¢
CH2Cl; as the solvent ?\(nm) Aem Tox Tdeox Dox  Ddeox Aem T
10°M 10 (cm™M™) (nm)  (us)  (us) (%) (%) (nm) (ms)

249 (3.94), 300 (1.55), 366 544, 590,
(0.82) 402 (0.51) 650 0.19 0.32 4.0 12.0 610
)

236 (4.21), 275 (3.35), 349
(0.42) 395 (0.23)

2: “ox” means air equilibrated solutions, “deox” means deoxygenated solutions under argon atmosphere; °:

[Ir(ppy)2(iQTZ-PPG)]* 5.16

[Ir(npy)2(iQTZ-PPG)]* 636 020 071 10 5.0 548,592 1.05

[Ru(bpy)s]Cl2/H,0 was used as reference for quantum vyield determinations (@, = 0.028)[16]; © :in frozen
CH,Cl,.

The absorption spectra of [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* were obtained from the
corresponding diluted (10 M) CH,Cl, solutions at room temperature. For both Ir(lll) complexes
(Table 1, Figure 1, left, Figure S11) the absorption profiles typically consisted of intense ligand
centred (LC) transitions in the UV region, followed by weaker absorption features tailing beyond 400
nm. In agreement with our previous reports dealing with Ir(lll) tetrazolato and Ir(lll)-tetrazole
complexes, [12a-c], [14a-d] these latter transitions were assigned to the occurrence of ligand-to-

ligand charge transfer (LLCT) and metal-to-ligand charge transfer (MLCT) processes.
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Figure 1: (left) Absorption profiles of [Ir(ppy)2(iQTZ-PPG)]* (black trace) and [Ir(npy).(iQTZ-PPG)]* (blue
trace), 10°M, CH,Cl,, 298K; (right) Normalized emission profiles of [Ir(ppy)2(iQTZ-PPG)]* (black trace) and
[Ir(npy)2(iQTZ-PPG)]* (blue trace), CH,Cl,, 298K.

Upon photoexcitation (Aexc = 350 nm) of the corresponding diluted solutions at 298K, [Ir(ppy)2(iQTZ-
PPG)]* and [Ir(npy)2(iQTZ-PPG)]* displayed red emissions peaking at Amax = 630 and 650 nm

respectively (Figure 2, Figures S12, S15). In both cases, the broad and structureless shape of the



emission profiles suggested the prevalent charge transfer (CT) nature of the emissive excited states.
Further in support to this assignment was the pronounced rigidochromic blue shift displayed by each
of the emission profiles upon passing from 298 to 77K (Figures S14, S17). The emissions stemming
from both [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* displayed marked sensitivity to dissolved
dioxygen. Indeed, upon degassing, the solutions of the Ir(Ill) complexes in CH.Cl,; showed increased
guantum yield (®), with a concomitant elongation of the excited states lifetimes (t, Table 1).
therefore suggesting the triplet multiplicity of the emissive excited states. Taken together, these
features are consistent with the minimum energy geometries and the electronic structures of
[Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]*, which were characterized by the means of DFT and
TD-DFT calculations including the effect of the solvent medium (i.e. CH2Cly). In regards of the ground
electronic state of the Ir(lll) complexes, both systems displayed HOMO levels mainly centred on the
transition metal, with relevant contributions from the cyclometalated ligands ppy and npy. On the
contrary, in excellent agreement with our previous reports dealing with similar cationic Ir(lll)
tetrazole complexes,[12a], [14c,d] the LUMO levels are prevalently localized on whole mt-conjugated
system of the tetrazole ligand (iQTZ-PPG), without any contribution of the cyclometalated

ligands.(Figure 2).
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Figure 2: (left) Minimum-energy geometries and isodensity surface plots of the HOMO and LUMO of
Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* (contour value set to 0.005 au). Colour legend: green for C
atoms, blue for N atoms, purple for Ir atoms and white for H atoms; isodensity positive and negative values
are in yellow and cyan, respectively; (right) Energy level diagram from HOMO-6 to LUMO+6 for both singlet
(S) and triplet (T) optimized geometries of Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy).(iQTZ-PPG)]*: occupied orbital
(blue), unoccupied orbital (red).

The vertical excitation energies for the spin-allowed electronic transitions are listed in Table 2.
According to the experimental data, the intense high-energy absorption bands are composed of LC

transitions, with Aca = 302/335 and 324/332 nm for [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]*,



respectively. Instead, the weak lower energy bands beyond 400 nm can be assigned to MLCT and
LLCT transitions. In the case of [Ir(npy)2(iQTZ-PPG)]*, the LC transitions mostly involve the (npy)
ligands, whereas in [Ir(ppy)2(iQTZ-PPG)]* both (ppy) and (iQTZ-PPG) are involved. Moreover, the
two Ir(lll) complexes were optimized in the triplet state, which is speculated to be the final excited
electronic state from which the emission occurs. The comparison between singlet and triplet
optimized geometries displayed no significant structural variations, with only one of the two
cyclometalated ligands (ppy or npy) coming closest to the chelate tetrazole ligand (iQTZ-PPG),
where the triplet state is mostly localized (consistently with the positions of the singlet’s LUMOs).
The computed vertical emission have returned transition located in the red region at Aem = 574 and
616 nm for [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]*, respectively, and could be therefore

ascribed to MLCT-LLCT spin-forbidden transitions, as observed experimentally.

Table 2: TD-DFT calculated lowest excited singlet states and character of the transitions for the two

complexes [PBEQ/SDD/6-31G++(d,p)/PCM=CH,Cl,].

Complex AEcal Acal fe Electronic transition Nature of the
(ev)© (nm)® assignment ¢ transition
HOMO-1 2 LUMO+3
4.11 302 0.077 (54%) LC
) HOMO-2 2 LUMO+2
(24%)
[Ir(ppy)2(iQTZ-PPG)]* 3.70 335 0.128  HOMO-6 > LUMO (68%) LC
3.45 359 0078  HOMO = LUMO+2 (41%) MLCT + LLCT
' HOMO-3 = LUMO (37%)
3.31 374 0.072 HOMO - LUMO+1 (66%) MLCT + LC
2.50 496 0.001 HOMO = LUMO (70%) MLCT + LLCT
HOMO-2 2 LUMO+2
3.83 324 0.208 (46%) LC + MLCT
HOMO - LUMO+6 (43%)
HOMO-2 2 LUMO+1
3.73 332 0.341 (59%) LC + MLCT
[Ir(npy)2(iQTZ-PPG)]* HOMO = LUMO+4 (27%)
HOMO-1 = LUMO+1
3.49 354 0.191 (50%) LC + MLCT
HOMO-5 = LUMO (44%)
3.04 407 0.040 HOMO=> LUMO+1 (68%) LC + MLCT
2.35 526 0.0002 HOMO = LUMO (69%) MLCT + LLCT

3 AEac is the main transition energy; ®: A is the calculated Amax; ©: f is the oscillator strength; ¢ Main
Kohn-Sham orbital contribution to the electronic transition.

Preparation and optical properties of LSCs



In order to assess their potential as phosphorescent dopants for colourless LSCs, increasing
quantities (0.2 — 1.8 wt. %) of the Ir(lll)-based phosphors [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-
PPG)]* were physically dispersed into different acrylate polymers. In particular, aside to the
“conventional” poly(methyl methacrylate) (PMMA, Mw = 350,000 g/mol, Tg = 105 °C), other
amorphous and visibly transparent polymer matrices such as poly(benzyl methacrylate) (PBzMA, Mw
=100,000 g/mol, Tg = 54 °C) and poly(cyclohexyl methacrylate) (PCHMA, Mw = 65,000 g/mol, Tg = 104
°C), were considered. The obtained polymeric films were initially screened for their homogeneity
and transparency. In this regard, both complexes [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]*
were found to be compatible with PMMA within the range of the investigated concentrations (0.2
—1.8 wt. %) and optically very similar under ambient and UV light excitation. As an example, pictures
of PMMA polymer films containing from 0.2 to 1.8 wt.% of [Ir(npy)2(iQTZ-PPG)]* deposited onto

Edmund 50x50x3 mm glass are reported in Figure 3.

0.2 wt% 0.6 wt% 1.0 wt% 1.4 wt% 1.8 wt%

Figure 3. Left to right: PMMA polymer films containing from 0.2 to 1.8 wt. %of [Ir(npy).(iQTZ-PPG)]*
deposited onto Edmund 50x50x3 mm glass irradiated with a) under ambient light and b) under near UV lamp
(Amax 366 nm).

Conversely, transparent and homogeneous polymeric films based on PBzMA and PCHMA were
obtained from [Ir(ppy)2(iQTZ-PPG)]* only, being [Ir(npy)2(iQTZ-PPG)]* found to be less compatible
with the less polar PBzMA and PCHMA matrices (Figure S18). Epifluorescence microscopy images
displayed the distribution within the PMMA matrix of very small [Ir(ppy)2(iQTZ-PPG)]* aggregates
that downsized to almost molecular level when embedded into highly compatible less polar PBzMA

and PCHMA matrices (Figure 4).[17a-b]

100 pm




Figure 4. Epifluorescence images of 1.4 wt. % [Ir(ppy):(iQTZ-PPG)]* doped a) PMMA, b) PBzMA and c) PCHMA
polymer films (Aexc 365 nm). Scale bar = 100 pm.

The transparent and colourless appearance of all the Ir(Ill) doped polymer films was correlated with
the lack of any appreciably intense transition in the visible region of the corresponding absorption
spectra, with transmittance values close to 80% for the films containing 1.4 wt. % of fluorophore
doping (Figure S19). Indeed, the absorption profiles of the Ir(lll) complexes dispersed within the
various polymer matrices and deposited onto optically pure 50 X 50 X 3 mm Edmund glass (Figure
5A and 5C) were found to be very similar to those obtained from the corresponding
dichloromethane solutions, with intense ligand centred (LC) transitions peaking in the UV region
and weaker CT processes centred at lower energy and marginally tailing off the visible region. In
addition, the intensity of the various transitions was found to vary according to the different

contents of the Ir(lll) complexes in the polymeric films.
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Figure 5. Absorption and emission (Aexc = 350 nm) profiles of PMMA films containing different amounts of
[Ir(ppy)2(iQTZ-PPG)]* (A, B), and [Ir(npy):(iQTZ-PPG)]*, (C, D).

Upon excitation at A = 350 nm, all the Ir(lll) doped polymer matrices displayed bright yellow
luminescence (see Figures 3 and 4), suggesting the occurrence of a very pronounced Stokes Shift for
both the Ir(lll)- based species (Figure 5, Table 3). If compared to what observed for the

corresponding liquid solutions at room temperature, the Ir(lll) complexes dispersed in the polymer



matrices displayed significantly blue shifted and structured emission profiles. This behaviour can be
traced back to the prevalent CT nature of the emissive excited states and to the interplay of 3SMLCT
and 3LLCT contributions in their composition. Such admixture is likely responsible for the
appearance of vibronic progressions in the emission profiles of all the polymer matrices containing

[Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* (Figures 5 and 6).
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Figure 6. Absorption and emission (Aexc = 350 nm) profiles of [Ir(ppy)2(iQTZ-PPG)]* dispersed into PBzMA (A,
B), and PCHMA, (C, D).

With the sole exception of [Ir(npy)2(iQTZ-PPG)]* (Figure 5, C-D), a decrease in the emission intensity
of the polymer matrices was observed upon increasing complex doping (Figure 5 A-B, Figure 6). This
trend might be explained in consideration of the occurrence of auto-quenching or aggregation-
induced quenching phenomena at high Ir(lll) complex doping and to the partial overlap of
absorption and emission features of [Ir(ppy)2(iQTZ-PPG)]*. Relative to the analysis of the absolute
quantum yields (®) of the Ir(lll)-complexes dispersed in the various polymers (Figure 7 and Table 3),
the results obtained from the PMMA matrices showed the highest ® values, i.e., 41% for
[Ir(ppy)2(iQTZ-PPG)]* and 28% for [Ir(npy)2(iQTZ-PPG)]* for the samples containing the lowest
content (0.2 wt. %) of Ir(lll) complex, while progressive decrease of @ took place upon enhancing

their concentration.
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Figure 7. Quantum vyield (®) trends for the different contents of [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy).(iQTZ-
PPG)]* dispersed into PMMA, PBzMA, and PCHMA.

Different trends were observed for the quantum yield (®) of [Ir(ppy)2(iQTZ-PPG)]* in PBzMA and
PCHMA, where the highest values were displayed by the polymer matrices containing 1.0 wt. % and
1.8 wt. %, with lower values being displayed by the intermediate concentration (1.4 wt. %) although
almost comprised within the experimental error. Among the PBzMA and PCHMA polymers, in which
the higher and ideal contents for LSC application of [Ir(ppy)2(iQTZ-PPG)]* are dispersed, the
remarkably better @ values was displayed by the PBzMA matrices containing 1.0 wt. % of the Ir(lll)
complex [Ir(ppy)2(iQTZ-PPG)]*. Notably, the better phase dispersion of [Ir(ppy)2(iQTZ-PPG)]* in
PBzMA and PCHMA (Figure 4) resulted helpful in gathering the highest quantum efficiencies for the
former system only, possibly due to the beneficial effect provided by the aromatic moieties in
maximizing the polymer/fluorophore interaction thus limiting the adverse effect due to aggregation.
Photostability of [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* embedded into PMMA were also
investigated by continuously irradiating a 0.25 cm? spot of the PMIMA films at 350 nm with a 450 W
Xe arc lamp under aerobic conditions. It is noteworthy that both [Ir(ppy)2(iQTZ-PPG)]* and
[Ir(npy)2(iQTZ-PPG)]* almost retained their emission after two hours of continuous excitation

(Figure S20), thus suggesting excellent photostability.

Before passing on studying the performances of the derived LSCs, the absorption and emission
profiles of the [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* embedded into polymer matrices
were compared to the solar spectrum and the external quantum efficiency (EQE) of the utilized Si
PV cell (Figure 8). Notably, the absorption tails between 380 and 450 nm allowed to capture the
near-UV solar window, whereas the emission exactly matches the highest EQE values of the Si PV

cell, thus suggesting the optimal conversion of re-emitted photons into electrical current. It is worth



noting the large Stokes shift (Table 3) displayed by the Ir(lll) complexes in PMMA, a feature that is

considered beneficial in limiting efficiency losses in LSCs. [9a]
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Figure 8. Absorption (blue continuous line for [Ir(ppy)2(iQTZ-PPG)]* and dashed line for [Ir(npy)(iQTZ-
PPG)]*) and normalized emission (Aexc = 350 nm, red continuous line for [Ir(ppy)2(iQTZ-PPG)]* and dashed
line for [Ir(npy)2(iQTZ-PPG)]*) spectra of 1.4 wt. % Ir(lll) complexes in PMMA. The solar spectral irradiance at
air mass 1.5 (AM 1.5) collected from American Society for Testing and Materials (ASTM) is reported in
gray.[18] The black line represents the EQE curve of the Si PV cell used in this work.

Furthering these premises, the performances as solar collectors of all the PMMA, PBzMA and
PCHMA-based films containing the various amounts of the Ir(ll) complexes [Ir(ppy)2(iQTZ-PPG)]*
and [Ir(npy)2(iQTZ-PPG)]* were determined on optically pure 50 X 50 X 3 mm Edmund glass by using
a Si-based PV cell attached to one edge of the LSC. The power obtained from the PV cell was
measured combined with the LSC (Pisc) and directly exposed to a AM 1.5 solar simulator (P.c). The
optical efficiency (nopt) was then calculated according to equation 2 (Experimental Section) with
geometric factor (G), which is the ratio between the area exposed to the light source and the

collecting area, corresponding to 16.6 in our case (Figure 8 and Table 4).



Table 3: LSC’s photophysical data summary.

Polymer/Ir(lll) complex/wt. % Absorption Emission
A A () Stokes Shift

(nm) (nm) %) (cm)
PMMA [Ir(npy)2(iQTZ-PPG)]* 0.2 % 285 543, 585 27.5%1 16671
PMMA [Ir(npy)2(iQTZ-PPG)]* 0.6 % 285, 302 543, 585 21.6+1 14696
PMMA [Ir(npy)2(iQTZ-PPG)]* 1.0 % 289, 302, 368 549, 585 16.5+1 8959
PMMA [Ir(npy)2(iQTZ-PPG)]* 1.4 % 289, 300, 368 560, 585 14.6+1 9316
PMMA [Ir(npy)(iQTZ-PPG)]* 1.8 % 302, 352, 368 558, 585 13.1+1 9252
PMMA [Ir(ppy)2(iQTZ-PPG)]* 0.2 % 284, 325 588 40.5x1 13763
PMMA [Ir(ppy)2(iQTZ-PPG)]* 0.6 % 284, 325 587 35.5+1 13734
PMMA [Ir(ppy)2(iQTZ-PPG)]* 1.0 % 284, 325 588 32.7+1 13763
PMMA [Ir(ppy)2(iQTZ-PPG)]* 1.4 % 284, 325 592 32.9+1 13878
PMMA [Ir(ppy)2(iQTZ-PPG)]* 1.8 % 284, 325 593 30.8+1 13906
PBzMA [Ir(ppy)2(iQTZ-PPG)]* 1.0 % 370 544, 585 37.8+4 8645
PBzMA [Ir(ppy)2(iQTZ-PPG)]* 1.4 % 370 548, 586 31.3+4 8779
PBzMA [Ir(ppy)2(iQTZ-PPG)]* 1.8 % 370 546, 586 38.3+4 8712
PCHMA [Ir(ppy)2(iQTZ-PPG)]* 1.0 % 380 542, 584 24.2+4 8765
PCHMA [Ir(ppy)2(iQTZ-PPG)]* 1.4 % 380 542,584 22.3+4 8765
PCHMA [Ir(ppy)2(iQTZ-PPG)]* 1.8 % 380 542,584 25.0+4 8765
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Figure 9. Optical efficiencies of the different contents of [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy).(iQTZ-PPG)]*
dispersed into PMMA, PBzMA, and PCHMA.

In particular, the nopt values appeared to increase along with fluorophores contents thanks to the

solar harvesting provided by the dispersed amount of absorbing chromophores, although adversely



affected by emission dissipative phenomenon that caused their levelling-off at doping contents
higher than 1.4 wt. % and reaching maximum values of about 6%. Notably, in case of PMMA
dispersions, the higher ® and Stokes Shift of [Ir(ppy)2(iQTZ-PPG)]* than that of [Ir(npy)2(iQTZ-PPG)]*
contributed in greater nopt for fluorophore content lower than 1.4 wt. %, only. This unexpected
phenomenon could be possibly addressed to the presence of the additional absorption band at 368
nm for the [Ir(npy)2(iQTZ-PPG)]* fluorophore that made a greater contribution in solar harvesting
at high doping contents. Anyway, nopt of about 6% means a concentration factor close to 1,
(G=16.6), i.e. higher than those of transparent thin-film LSCs based on Th3* and Eu3* emitters [19]

although still lower than those with organic dopants.[20]

Table 4. Optical efficiencies (nopt) for the LSCs based on the Ir(lll) complexes dispersed in the various polymer

matrices

Polymer/Ir(lll) complex/wt. % Nopt (%)
PMMA [Ir(npy)2(iQTZ-PPG)]* 0.2 % 4.8+0.17
PMMA [Ir(npy)2(iQTZ-PPG)]* 0.6 % 4.4+0.37
PMMA [Ir(npy)(iQTZ-PPG)]* 1.0 % 48+0.11
PMMA [Ir(npy)2(iQTZ-PPG)]* 1.4 % 5.8+0.17
PMMA [Ir(npy)2(iQTZ-PPG)]* 1.8 % 5.8+0.17
PMMA [Ir(ppy)2(iQTZ-PPG)]* 0.2 % 43+0.34
PMMA [Ir(ppy)2(iQTZ-PPG)]* 0.6 % 5.4 +0.48
PMMA [Ir(ppy)2(iQTZ-PPG)]* 1.0 % 5.4+0.35
PMMA [Ir(ppy)2(iQTZ-PPG)]* 1.4 % 5.7+0.18
PMMA [Ir(ppy)2(iQTZ-PPG)]* 1.8 % 5.5+0.19
PBzMA [Ir(ppy)2(iQTZ-PPG)]* 1.0 % 6.5+0.01
PBzMA [Ir(ppy)2(iQTZ-PPG)]* 1.4 % 6.6 +0.36
PBzMA [Ir(ppy)2(iQTZ-PPG)]* 1.8 % 6.8+0.21
PCHMA [Ir(ppy)2(iQTZ-PPG)]* 1.0 % 6.0+0.23
PCHMA [Ir(ppy)2(iQTZ-PPG)]* 1.4 % 7.0+0.30
PCHMA [Ir(ppy)2(iQTZ-PPG)]* 1.8 % 6.4 +0.02

Nevertheless, the beneficial effect of the phase compatibility provided by PBzMA and PCHMA
matrices was particularly reflected on the LSC performances. Notably, as reported in Table 4, the
1.4 wt. % of [Ir(ppy)2(iQTZ-PPG)]* dispersed into PCHMA provided the highest nopt of 7%, that is

comparable, if not superior, to the LSC efficiencies recently obtained by using visible transparent



organic fluorophores such as bis[1-(thiophenyl)propynones] and bis azole derivatives.[10a-b] Very
similar nopt of 6.8% was reached by the same phosphor dispersed into PBzMA at the highest 1.8 wt.
% content, thanks to the beneficial effect provided by the higher ® of 38%. Notably, the reduction
of the Stokes shift that occurred on passing to polymer matrices with less polar character did not
adversely affected the LSC efficiencies, possibly due to a more pronounced maximum absorption in
the visible region (i.e. 370-380 nm against 325 nm) that again contributed in larger solar harvesting
features. Overall, the performances reached by using the Ir(lll) based phosphors are considered
worthwhile since obtained by large Stokes shift fluorophores that provided to the LSC transmittance
close to 80% at 390 nm. This features also suggest their use in combination with NIR absorbing
organic fluorophores, as effectively reported in a recent literature.[21] The dual-band selective-
harvesting LSC would boost the power generation while maintaining intact the aesthetic features of

the device.

Conclusions

In conclusion, we have shown the first real example of Luminescent Solar Concentrators (LSCs)
based on phosphorescent Ir(lll) cyclometalated complexes. More precisely, our strategy involved
the simple physical dispersion — instead of the synthetically more difficult chemical anchoring - of
variable amounts of two new and appositely designed Ir(lll) complexes into different acrylate
polymers - such as PMMA, PBzMA, or PCHMA - leading to the obtainment of visible-transparent and
highly photostable polymer films. These films displayed a very good potential as colourless LSCs, as
witnessed by the PCHMA film doped with [Ir(ppy)2(iQTZ-PPG)]* (1.4 wt. %) exhibiting the best
optical efficiency (nopt Up to 7%) combined to transmittance close to 80% at 390 nm. Beyond to
these promising results, our findings might pave the way for the design of “hybrid” LSCs, in which
the global performances - both in terms of an extended solar light harvesting and panchromatic
emission - might be significantly improved with the synergistic and possibly beneficial effect deriving
from the combination of “traditional” organic fluorophores with this kind of Ir(lll)-based phosphors.

Research efforts aimed at developing these new aspects are currently being pursued in our labs.



Experimental Section

General considerations. All the reagents and solvents were obtained commercially (Sigma
Aldrich/Merck, Alfa Aesar, Strem Chemicals) and used as received without any further purification,
unless otherwise specified. When required, the reactions were carried out under an argon
atmosphere following Schlenk protocols. The purification of the Ir(lll) complexes was performed via
column chromatography with the use of SiO; as the stationary phase. ESI-mass spectra were
recorded using a Waters ZQ-4000 instrument (ESI-MS, acetonitrile as the solvent). Nuclear magnetic
resonance spectra (consisting of *H and 3C{*H}) were always recorded using a Varian Mercury Plus
400 (*H, 399.9; 13C{*H}, 101.0 MHz). *H and 3C{*H} chemical shifts were referenced to residual

solvent resonances.

Photophysics of Ir(lll) complexes. Absorption spectra were recorded at room temperature using a
Cary 100 UV/vis spectrometer, Agilent Technologies. Uncorrected steady-state emission and
excitation spectra were recorded on an Edinburgh FLSP920 spectrometer equipped with a 450 W
xenon arc lamp, double excitation and single emission monochromators, and a Peltier-cooled
Hamamatsu R928P photomultiplier tube (185-850 nm). Emission and excitation spectra were
acquired with a cut-off filter and corrected for source intensity (lamp and grating) and emission
spectral response (detector and grating) by a calibration curve supplied with the instrument. The
wavelengths for the emission and excitation spectra were determined using the absorption maxima
of the MLCT transition bands (emission spectra) and at the maxima of the emission bands (excitation
spectra). Quantum vyields (®) were determined using the optically dilute method by Crosby and
Demas,[22] at excitation wavelength obtained from absorption spectra on a wavelength scale [nm]

and compared to the reference emitter by the following equation:[23]

g = &, [ [ [2][2] (Equation 1)

where A is the absorbance at the excitation wavelength (A), | is the intensity of the excitation light
at the excitation wavelength (A), n is the refractive index of the solvent, D is the integrated intensity
of the luminescence, and @ is the quantum yield. The subscripts r and s refer to the reference and
the sample, respectively. A stock solution with an absorbance > 0.1 was prepared, then a 10 times
diluted solution was obtained, resulting in absorbance of about 0.07/0.08 depending on the sample
considered. The Lambert-Beer law was assumed to remain linear at the concentrations of the

solutions. The degassed measurements were obtained after the solutions were bubbled for 10



minutes under Ar atmosphere, using a septa-sealed quartz cell. Air-equilibrated [Ru(bpy)s]Cl2/H,0
solution (P, =0.028) [16] was used as reference. The quantum yield determinations were performed
at identical excitation wavelengths for the sample and the reference, therefore deleting the
I(Ar)/I(As) term in Equation 1. Emission lifetimes (t) were determined with the single photon
counting technique (TCSPC) with the same Edinburgh FLSP920 spectrometer using pulsed
picosecond LED (EPLED 360, FWHM < 800ps) as the excitation source, with repetition rates between
1 kHz and 1 MHz, and the above-mentioned R928P PMT as detector. The goodness of fit was
assessed by minimizing the reduced x2 function and by visual inspection of the weighted residuals.
To record the 77 K luminescence spectra, the samples were put in quartz tubes (2 mm diameter)
and inserted in a special quartz Dewar filled with liquid nitrogen. The solvent used in the preparation
of the solutions for the photophysical investigations was of spectrometric grade. Experimental
uncertainties are estimated to be +8% for lifetime determinations, £20% for quantum yields, and 2

nm and x5 nm for absorption and emission peaks, respectively.

LSC materials and preparation. Poly(methyl methacrylate) (PMMA, Sigma Aldrich, Mw = 350,000
g/mol, Tg = 105 °C), Poly(benzyl methacrylate) (PBzMA, Sigma Aldrich, Mw = 100,000 g/mol, Ty = 54
°C) and Poly(cyclohexyl methacrylate) (PCHMA, Sigma Aldrich, Mw = 65,000 g/mol, T = 104 °C) were
used as received. PMMA thin films of [Ir(ppy)2(iQTZ-PPG)]* and [Ir(npy)2(iQTZ-PPG)]* were prepared
by drop-casting, i.e. pouring 1.2 mL of a CHCl3 solution containing about 60 mg of the polymer and
different concentrations (0.2-1.8 wt. %) of the Ir(lll) phosphor on a 50x50x3 mm optically pure glass
substrate (Edmund Optics Ltd BOROFLOAT window 50x50 TS). The glass slides were cleaned with
chloroform and immersed in 6 M HCl for at least 12 h and in agreement with procedures previously
reported.[24], [25a-b], [26a-d] The film thickness was measured by a Starrett micrometer to be 25

5 um.

LSC Equipment and techniques. UV-vis absorption spectroscopy was performed at room
temperature by using an Agilent Cary 5000 spectrophotometer. Emission spectra were measured at
room temperature with a Horiba Jobin—Yvon Fluorolog® -3 spectrofluorometer equipped with a
450W Xenon arc lamp and double-grating excitation and single-grating emission monochromators.
The absolute quantum yields (@) were determined by using a 152 mm diameter “Quanta-¢”
integrating sphere, coated with Spectralon® and following the procedures recently reported.[10a-b]
Epifluorescence micrographs were taken by a LED epifluorescence microscope (Schaefer South-East
Europe Srl, Rovigo, Italy) equipped with a LED blue and green 5W epifluorescence illumination and

a DeltaPix Invenio 2Elll 160 microscope camera (DeltaPix, Smorum, Denmark). The concentration



factors and the optical efficiencies of the LSC was obtained by using a solar simulator (ORIEL® LCS-
100 solar simulator 94011A S/N: 322, AM1.5G std filter: 69 mW/cm™ at 254 mm) and a calibrated
PV cell (IXYS SLMD121HO8L mono solar cell 86x14 mm) [25a-b], [26a], [27], [28] connected to a
precision source/measure unit (Keysight Technologies B2900 Series). The PV cell is masked with
black tape to match LSC edge (50 mm x 3 mm) to make stray light negligible. High purity silicon was
used to grease the PV cell to the LSC edge to limit flux losses.[26d] Only one edge of the waveguide
was attached to the PV cell to make the wiring connections simple. The other three edges of the LSC
were covered with a tape in agreement with the recent literature.[29] The optical efficiency nopt was
determined from the concentration factor, i.e. the ratio between the maximum power measured

for the cell over the LSC edge (Pisc) and that of the bare cell when exposed to the light source (Psc):

_ Pisc
opt  pgc-G

(Equation 2)

where G is the geometrical factor (G = 16.66) that is the ratio between the area exposed to the solar
simulator and the collecting area by the PV cell. Notably, during the Pisc measurements, a white
back scattering layer (ERGA TAPES Srl Microcellular MCPET reflective sheet) was placed beneath the
LSC with an air gap of about 5 mm. The reported nopt values were calculated as the average of three

distinct.

Computational Details. All of the theoretical calculations were carried out with the Gaussian16
program.[30] The optimization of the geometries for both singlet ground-state and first triplet-
excited state was carried out by using the DFT method at the PBEO[31] level of theory with the
|Becke-Johnson damped version of Grimme’s dispersion D3 (D3-BJ).[32] We employed the SDD
effective core potential and basis sets[33] for Ir and the 6-31++G(d,p) basis set[34] for N, C and H
atoms. Such approach has been recently validated for similar Ir(lll) complexes.[35] The absence of
negative frequencies in the vibrational analysis was used as a parameter to confirm the reliability of
the optimized geometries. Vertical excitation energies have been computed by using the time-
dependent DFT (TD-DFT) with the optimized singlet ground-state geometries. In all calculations, we
took into account the solvent medium by means of the polarizable continuum model (PCM) of
implicit solvation[36] with default parameters for dichloromethane (CH,Cl:), as implemented in

Gaussianl6.

Ligand synthesis. Tetrazole derivatives can be used as components for explosive mixtures.[37] The
reactions described herein were only run on a few grams scale and no problems were encountered.

However, great caution should be exercised when handling, knocking or heating compounds of this



type. Following the general method reported by Koguro and co-workers,[38] [H-iQTZ] was obtained
in quantitative yield. [H-iQTZ] *H-NMR (DMSO d®, 400 MHz) 6 (ppm) = 9.34 (d, Ju-+ = 8.79 Hz, 1H,
H10), 8.72 (d, Jun = 5.59 Hz, 1H, H4), 8.14-8.09 (m, 2H, H9, H6), 7.90-7.85 (m, 2H, H5, H7).

iQTZ-PPG. The preparation of iQTZ-PPG was accomplished by slightly modifying a previously
reported procedure.[39] In a 50 mL, two neck round bottomed flask equipped with a stirring bar,
iQTZ-H (1 eq.) was dissolved in 10 mL of an acetone/EtsN (1.1 eq.) mixture. Then, a solution of
propargyl bromide (1 eq.) in 5 mL of acetone was added dropwise over a period of 10 minutes and
the resulting solution was refluxed for 2h. After cooling to r.t., the white precipitate formed was
filtered off, and the crude was purified by column chromatography over SiO; eluted with EtoAc/EP
6:4, affording the N2-propargyl product as the second fraction. Yield: 0.98 g, 4.26 mmol, 82 %; N-4
: N-3 ratio 7:3. iQTZ-PPG (N-3), *H NMR, 400 MHz, CDCls, & (ppm) = 9.13 — 9.06 (m, 1H, H10), 8.72
(d, Jh-n= 5.6 Hz, 1H, H4), 7.91 — 7.87 (m, 1H, H9), 7.83 — 7.66 (m, 3H, H7, H6, H5), 5.57 (d, Jh-1= 2.6
Hz, 2H, H11, H12 CH,), 2.61 (t, Ju-w= 2.6 Hz, 1H, H13, CH). 33C{*H} NMR 100 MHz, CDCls, § (ppm) =
165.31(Ct), 145.90 (C2), 142.42 (C10), 136.96 (C8), 130.59 (C6), 128.58 (C5), 127.20 (C7), 126.85
(C3), 126.80 (C4), 122.80 (C9), 76.42 (C12, -C=CH), 73.71 (C13, -C=CH), 43.06 (C11, -CH>).

(npy) was obtained by standard Suzuki-Miyaura[40] coupling conditions between 2-bromopyridine
and naphthalene 2-boronic acid pinacol ester in presence of [Pd(pphs)s] and K2COs3 in THF/H>0. Yield:
0.34 g, 1.65 mmol, 84 %. npy *H NMR, 400 MHz, CDCls, 6 (ppm) = 8.78-8.76 (m, 1H), 8.50 (m, 1H),
8.17-8.14 (dd, Ju-t = 1.99, Jun = 6.79, 1H), 7.96-7.94 (m, 2H), 7.89-7.83 (m, 2H), 7.77-7.29 (m, 1H),
7.53-7.50 (m, 2H), 7.25-7.22 (m, 1H).

Dichlorobridged Ir(lll) dimers were obtained according to the Nonoyama protocol, by combining
IrCl3*3.08 H20 and a cyclometalating ligand (ppy or npy) in ethoxyethanol/H20 3:1 mixture, under
argon atmosphere at 130°C for 24h.[41]



General Procedure for the synthesis of [Ir(C*"N),(iQTZ-PPG)][PFes]-type complexes. In a 50 mL two
neck round bottom flask equipped with a stirring bar, [Ir(C*N).Cl]2 (1 eq.) and iQTZ-PPG (2.5 eq.)
were dissolved in a 20 mL DCM/EtOH 3:1 mixture, then stirred at r.t. for 6h. Anion metathesis was
carried out by adding an excess of NH4PFs to the solution and stirring for 20 minutes. The product
was then extracted using dichloromethane (3 x 10 mL) and the organic components were combined
and dried over anhydrous MgSQO4. Subsequent purification by column chromatography over SiO;
(CH2Cly/Acetone 9:1 to 7:3) yielded the desired Ir(lll) complex as second fraction. Yield:
[Ir(ppy)2(iQTZ-PPG)]* = 0.096 g, 0.109 mmol, 85%; [Ir(npy)2(iQTZ-PPG)]* = 0.070 g, 0.071 mmol,
91%.

[Ir(ppy)2(iQTZ-PPG)]* *H NMR (400 MHz, Acetone-dg) 6 (ppm) = 9.61 —9.55 (m, 1H), 8.29 — 8.21 (m,
4H), 8.16 — 8.04 (m, 4H), 8.00 — 7.91 (m, 3H), 7.91 — 7.84 (m, 2H), 7.13 — 7.05 (m, 3H), 7.05 — 6.93
(m, 2H), 6.88 (m, 1H), 6.38 — 6.31 (m, 2H), 5.96 (t, Juu= 2.7 Hz, 2H, CHy), 3.42 (t, Jun= 2.6 Hz, 1H,
=CH). 13C{*H} NMR (100 MHz, Acetone-ds) & (ppm) = 168.01 (C:), 167.82 (C-Ir), 167.25 (C-Ir), 150.36,
150.04, 148.89, 144.76, 144.42, 144 .33, 144.17, 142.19, 138.87, 138.82, 137.17, 133.50, 131.91,
131.44, 131.26, 130.50, 129.75, 128.27, 128.12, 127.02, 125.59, 125.03, 124.54, 123.58, 123.49,
122.96, 122.51, 119.86, 119.76, 78.19 (-C=CH), 73.29 (-C=CH), 45.28 (CH). ESI-MS (m/z), CH3CN =
[M]* =736; [M] = 145 (PF¢). Anal. Calc. for C3sHasN7FsP1lr1 (880.8): C47.73, H 2.86, N 11.13. Found:
C47.69,H2.87,N11.15%

[Ir(npy)2(iQTZ-PPG)]* *H NMR (400 MHz, Acetone-ds) & (ppm) = 9.60 — 9.58 (m, 2H), 8.55 — 8.42 (m,
4H), 8.30 — 7.95 (m, 8H), 7.83 — 7.72 (m, 4H), 7.44 — 7.25 (m, 6H), 6.71 — 6.74 (m, 2H), 6.12 — 6.05
(m, 2H, CH2), 3.38 (m, 1H, =CH). 13C{*H} NMR (100 MHz, Acetone-ds) & (ppm) = 168.13 (Cy), 166.99
(C-Ir), 166.48 (C-Ir), 150.68, 150.40, 144.49, 144.36, 143.98, 142.97, 142.2, 138.87, 138.84, 138.56,
137.23, 135.43, 135.09, 133.47, 131.42, 130.68, 130.61, 129.18, 129.18, 128.88, 128.73, 128.67,
128.27, 128.22, 127.07, 127.06, 126.80, 125.97, 125.84, 125.74, 125.62, 124.70, 124.37, 124.34,
124.11, 124.02, 123.70, 120.66, 78.16 (-C=CH), 73.25 (-C=CH), 45.27 (CH,). ESI-MS (m/z), CHsCN =
[M]* =837; [M] = 145 (PF¢). Anal. Calc. for CasH29N7FsP1lr1 (980.92): C 52.65, H 2.98, N 10.0. Found:
C52.60, H3.01, N9.98%

Electronic Supporting Information (ESI 1) available: ESI-MS, H and *3C NMR spectra; Absorption,
Excitation and Emission spectra; PBzMA doped film appearance and LSCs transmittance profiles in
PMMA and PCHMA; Photostability of Ir(lll) complexes embedded into PMMA; W/V Curves for PV
cells and LSC+PV cells.
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Graphical Abstract

Synopsis: Phosphorescent Ir(lll) complexes make their debut in LSC technology with the

preparation of Ir(lll)-doped colourless luminescent solar concentrators.
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