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Photon upconversion sensitized by earth-
abundant transition metal complexes

Pengyue JinZ and Cui Wang 2 *¥

Sensitized triplet—triplet annihilation upconversion (sTTA-UC) converts two lower-energy absorbed
photons into one emitting photon of higher-energy, and has become a popular approach for a wide
range of applications. Current photosensitizers rely mostly on transition metal complexes made of
expensive platinum group elements, such as palladium, platinum, and osmium, due to their strong
absorption in the visible range, unity intersystem crossing, and long-lived triplet excited lifetimes.
In recent years, fundamental breakthroughs have been made with photoactive complexes based on
earth-abundant 3d metals including chromium, manganese, iron, cobalt, copper, and zinc, and 4d
elements like zirconium and molybdenum. These novel complexes offer advantages, such as cost-
effectiveness, sustainability, low toxicity, scalability for industrial use, and potential for innovative
research in areas including catalysis and energy conversion, making them promising alternatives to
noble metal-based photosensitizers in sTTA-UC and other fields. In this review, we delineate the recent
advancements in sTTA-UC utilizing photoactive earth-abundant transition metal complexes. We explore
their energy transfer mechanisms, evaluate their upconversion performance, discuss their applications,
and outline the challenges and perspectives, aiming to offer insights for the development of novel
photosensitizers based on earth-abundant metals for future research and applications.

Introduction

Sensitized triplet-triplet annihilation upconversion (sTTA-UC)
converts two low-energy absorbed photons into one higher-
energy photon under non-coherent light excitation."™ This
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biphotonic process has attracted significant interest in many
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(a) Energy level diagram illustrating sTTA-UC sensitized by a triplet photosensitizer. The green and orange arrows indicate the S — S;and Sg — Ty

absorption, respectively. ISC: intersystem crossing, IC: internal conversion, VR: vibrational relaxation, TTET: triplet—triplet energy transfer, TTA: triplet—
triplet annihilation. (b) Logarithmic plot of the abundance of transition metals in the Earth's crust.

among others.”” Molecular sTTA-UC relies on the bimolecular
interplay between a photosensitizer and an annihilator.'®!¢2238
As shown in Fig. 1a, triplet photosensitizers are often used for
triplet-triplet energy transfer (TTET) to the energetically lowest
triplet state (T;) of an annihilator, from which triplet-triplet
annihilation (TTA) subsequently occurs. This leads to one annihi-
lator released to the ground state and another one populated in
the singlet state (S;), from which a photon of higher energy than
the absorbed ones is emitted with a delayed nature of ps-scaled
lifetimes.”**"*® Key performance parameters for sTTA-UC include
the pseudo anti-Stokes shift AE, the upconversion quantum yield
Dy, and the excitation power density threshold Iy,. The AE refers
to the energy gap between the wavelengths of the excitation and
the upconversion luminescence maximum (eqn (1)).

AE (eV) = Eyc — Eexc (1)

To maximize the AE, the energy lost caused by the S; — T,
transition can be suppressed by employing photosensitizers
with small S;-T, energy gaps, such as the thermally activated
delayed fluorescence (TADF) fluorophores.**™*® Recent achieve-
ments show that this energy loss can be circumvented by using
photosensitizers featuring direct S, — T; absorption allowed by
the strong spin-orbit coupling (Fig. 1la, orange arrow), as
typically seen with osmium(i) complexes.*”>>

The upconversion quantum yield (®yc) describes the overall
efficiency of converting the input photons absorbed by the
photosensitizer to the upconverted emission photons from
the annihilator. @yc depends on the quantum efficiencies of
the involved processes, ie. intersystem crossing (ISC) of the
photosensitizer, TTET, TTA, and the fluorescence (&g;) of the
annihilator, as expressed by eqn (2).*"*

1
Duyc = 5/ - Pisc - Prrer - Prra - PrL (2)
In this equation, the factor ] indicates the theoretical maximum

of 50% for biphotonic STTA-UC.>* fis the spin-statistical factor
for generating one singlet spin-state via TTA. Annihilation
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of two triplet excited chromophores yields nine spin states,
including one singlet, three triplet, and five quintet states.>®
This leads to a maximum spin-statistical factor fi,.x of 1/9
(11.1%) for forming the singlet state that gives the upconver-
sion luminescence and therefore a maximal &y of 5.5%.
Recent studies found that the f factor depends on the energy
levels of the Ty, T,, and S, states for the annihilator, and fax ~
40% (Pyc,max ~ 20%) becomes achievable when both the
singlet and triplet channels are open.*®3%3%3¢

Another essential performance parameter for STTA-UC is the
excitation power density threshold (I,), which indicates the
transition of the quadratic dependence of the upconversion
luminescence on the excitation power density to a linear
regime.**”*® I, marks the point when TTA becomes the
dominant reaction pathway for the triplet excited state of the
annihilator.’”*° I, is affected by the inherent triplet excited
state decay (kr) of the annihilator, the TTA rate constant (krra),
the absorption cross-section (x) at the excitation wavelength as
well the concentration [PS] of the photosensitizer, and the TTET
efficiency (¢rrer), as shown in eqn (3).*® Common strategies for
lowering the I, value include extension of the triplet excited
state lifetime of the photosensitizer for efficient TTET*® and
enhancement of the photosensitizer absorbance at the excita-
tion wavelength.**>°”

2ktta - o~ [PS] - rrET

I (3)
In comparison with the well-known lanthanide-based
upconversion (UC) systems, molecular sTTA-UC is often bene-
ficial due to the relatively lower excitation power densities,">*°
the substantially larger absorption coefficients of the photo-
sensitizers than lanthanide absorbers like Yb(m) or Nd(u),*"*>
the relatively high achievable @y, and the tunable wavelengths
of the excitation source and the delayed fluorescence by
the choice of photosensitizer/annihilator combinations.*?"?
Oxygen quenching of the involved triplet states in STTA-UC drama-
tically abates the @yc, but this issue can now be addressed by
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encapsulating the chromophores into nanoconfinements®**>
employing deoxygenating solvents.***%%°

To date, triplet photosensitizers featuring excited state pro-
perties favorable for efficient STTA-UC are mostly based on
precious platinum metal complexes (Fig. 1b), such as Pd(u),
Pt(H),66—74 RU(II)’35,75—78 Ir(III)728,79,80 and OS(II)‘22,47,48,81—83
However, the use of expensive heavy metals makes these
photosensitizers less attractive, due to the high cost, scarcity,
environmental damage, toxicity, and over-reliance risks. This
leads to the desire for more sustainable and cost-effective
alternatives. There has recently been enormous interest in the
development of organic triplet photosensitizers for STTA-UC,
such as doublet organic radicals,®*®® TADF fluorophores
with small S;-T, energy gaps,’®™*° and organic triplet photo-

sensitizers based on the spin-orbit charge transfer inter-
87-89 38,90

or

system crossing, as summarized in recent reviews.
Photosensitizers based on earth-abundant transition metals
are furthermore seen as attractive alternatives for sTTA-UC
(Fig. 1b).

In recent years, remarkable achievements have been made
with photoactive coordination compounds based on earth-

abundant transition metals,”’®° including vanadium,'®****
29,105-114 115-119

chromium, manganese, iron, 171207139 cobalt, 131134
nickel,"**14° copper,'#115! zine, %2154 irconium,'*>'%® and
molybdenum.’”"**> These fundamentally new metal com-

plexes are considered as more sustainable substitutes for the
well-known photosensitizers made of precious metals men-
tioned above.'®*7'® Using photoactive earth-abundant metal
complexes for sTTA-UC is raising increasing interest, although
in many cases their performance in upconversion is inferior to
precious metal-based photosensitizers. This is mainly attribu-
ted to the fundamental challenges associated with the intrinsic
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photophysical properties of these complexes and the under-
explored energy transfer mechanisms.

This review summarizes the sTTA-UC systems sensitized by
earth-abundant metal complexes with focus on their unusual
energy transfer mechanisms, the upconversion performance,
and the applications based on these sTTA-UC systems. Our
objective is to provide a comprehensive analysis that not only
underscores the potential of using photoactive earth-abundant
metal complexes for the sTTA-UC field, but also underlines the
underexplored energy transfer mechanisms that are fundamen-
tally important for photochemistry.

Photon upconversion sensitized by
earth-abundant metal complexes
and its applications

Herein, we provide an overview of the recent developments
of using earth-abundant transition metal complexes as photo-
sensitizers for sTTA-UC, including several photoactive first-
row transition metal complexes based on 3d® Cr(ur),*>'®° 3d°
FE(III),31’36'130 3d° Cr(0)27,167 and Mn(1),116 3d° C11(1)141,144
and Zn(m),"*>"**"7* and two second-row 4d° Zr(iv)'”> and 4d°®
Mo(0)"*”**® metal complexes. The key relevant photophysical
parameters of these photosensitizers are summarized in
Table 1, and their performance parameters for sTTA-UC are
given in Table 2. Additionally, further applications based on
these sTTA-UC, such as photocatalysis, are discussed.

3d® Cr(m) complexes

Important processes have recently been made with mononuclear
luminescent 3d® Cr(m) complexes with tridentate polypyridyl

Table 1 Key photophysical parameters of the photosensitizers based on earth-abundant metal complexes used for sTTA-UC

Photosensitizer Jabs. [nm] Jem” [NM] Epn® [eV] G ¢ [%] p. [ns] Tr.dark’ [MS] Literature
[Cr(bpmp),](PFe); 465 709 1.75 — 890 000 — 166
[Cr,(dNinp),(p-OH),(n-0,CMe)|(OTf), 500 728 1.70 0.01 450 — 112
[Fe(ImPP),](PF) 635 725 1.71 0.07 0.267 — 31
[Fe(CNAnt,),](Br) 635 725 1.82 0.08 98 — 130
[Fe(phtmeimb),](PFe) 502 670 2.13 1.82 1.60 — 36
[Cr(CN'BuArsNC);] 500 630 2.05 0.001 2.2 — 167
[Cr(LP"),] 550 740 1.67 0.66 24 . 27
[Mn(L™),](PFe) 400 525 2.3 0.03 1.73 — 116
[Cu(dsbtmp),](PF) ~450 630 1.97 — 2800 — 141
[Cu(dsbp),](PFs) ~460 690 1.80 — 400 — 141
ZnTPTBP 655 729 — 0.2 1.4 155.7 170
ZnTPPOH 421 660 — — — 11000 172
Fy6ZnPc — — 1.40 — — — 173
ZnTPP 549 646 1.59 3.3 — 1900 23, 168 and 171
[Zn(m-L),] 419 504 — 50 25 38 152
ZnBDP-An 491 518 — 0.7 1.6 295 174
ZnBDP-Pyr 489 517 — 0.4 0.9 146 174
Zr(MepDP™), 525 581 1.93 — 350000 — 175
[Mo(LPMB),] 550 720 1.94 1.5 54 — 157
[Mo(CO);(tpe)] 473 715 1.72 0.66 355 — 158

“ Jabs and Aen, are the wavelengths of the energetic lowest absorption band maximum and the luminescence peak, respectively. b Ep/r stands for the
doublet or triplet excited state energy level of the given photosensitizer for energy transfer to the annihilator. ¢ @py, is the photoluminescence
quantum yield. @ 1pp. is the photoluminescence lifetime. ¢ T garc is the dark triplet state lifetime. The solvent used for determining the above

photophysical parameters is consistent with the solvent used for photon upconversion studies.
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Table 2 Quialification parameters for sTTA-UC sensitized by earth-abundant metal-based complexes
Photosensitizer Annihilator (mediator) @prerrrer [%] Puc” [%] I [W em™?] Jexe/uct [nm] AE [eV] Ref.
[Cr(bpmp),](PFs)s DPA >90 12 1.56 532/432 0.54 166
[Cr,(dNinp),(u-OH),(u-0,CMe)](OTf); AnTIPS — — — 532/470 031 112
[Fe(ImPP),](PFy) BPEA 4 0.019 46 635/508 0.52 31
[Fe(CNAnt,),](Br) BPEA 94 1.30 1.4 635/508 0.52 130
[Fe(phtmeimb),](PFs) An 12.3 0.003 — 532/407 0.72 36
PhAn 14.5 0.06 52.3 532/420 0.62 36
PhAn(An) — 0.04 — 532/420 0.62 36
DPA 22.5(22.9) 0.03 — 532/435 0.52 36
DPA(An) — 0.19 — 532/435 0.52 36
DPA(PhAn) — 0.16 — 532/435 0.52 36
[Cr(CN‘BuAr;NC);] An — — — 530/405 0.72 167
[Cr(LP),] ANTIPS ~40 1.8 5.9 705/470 0.88 27
[Mn(L™),](PFs) An 12.1 — — 420/ ~410 ~0.07 116
[Cu(dsbtmp),](PFs) An >90 0.46 — 488/384 0.69 141
DMA >90 4.6 — 488/410 0.48 141
DPA >90 8.9 — 488/414 0.45 141
PAC — — 7.73 488/~410 ~0.48 144
[Cu(dsbp),](PFs) An >90 0.34 488/404 0.53 141
ZnTPTBP Per-Bodipy — 0.38 — 654/545 0.38 170
Perylene — 0.16 — 654/450 0.86 170
ZnTPPOH TBPer >90 12 0.359 532/~470 0.31 172
F,6ZnPc PDI-CH, — — — 700/— — 173
ZnTPP ZnTPP —_ — — 532/~430 0.55 23,168 and 171
[Zn(m-L),] Naph-Tips — 0.73 — 430/~370 0.47 152
ZnBDP-An Perylene — 3.05 — 510/~450 0.33 174
ZnBDP-Pyr Perylene — 1.65 — 510/~450 0.33 174
Zr(MespDP™™), DPA 95 21.35 — 514.5/~404 0.66 175
CzPA 95 18.7 — 514.5/~413 0.59 175
F-CzPA 95 18.9 — 514.5/~413 0.59 175
CN-CzPA 95 15.85 — 514.5/~426 0.50 175
[Mo(L"MP)5] DPA 36 1.8 — 635/430 0.93 157
[Mo(CO)s(tpe)] DPA 85 12 0.09 514/435 0.44 158

@ Theoretical maximal @ is set to 50%.>*

ligands, the so-called molecular rubies. Many of the spin-flip
doublet excited states of these novel Cr(m) complexes show high
luminescence quantum yields and extremely long lifetimes up to
the ms-scale,'”” %7177 due to the large ligand field splitting
with strongly c-donating and m-accepting ligands and almost
perfectly octahedral geometry, 3199176178179 and some of them
exhibit high excited state redox potentials.'®**™'#> These photo-
physical and photochemical properties make the photoactive
Cr(u) complexes attractive for applications relying on energy-
and electron-transfer processes,'** ' such as energy transfer or
photoredox catalysis.

Among the highly luminescent molecular rubies, [Cr(bpmp),]**
(bpmp = 2,6-bis(2-pyridylmethyl)pyridine) exhibits at room tem-
perature bright phosphorescence maximized at 709 nm with a
near millisecond lifetime from the 2E/*T; spin-flip excited
states (Table 1)."°® In the presence of 9,10-diphenylanthra-
cene (DPA, Fig. 2a), it was found that an unusual doublet-
triplet energy transfer (DTET) occurs from the *E/*T; excited
states of the Cr(m) complex to the T, state of DPA with similar
energy levels (Fig. 2c). The small energy gap between these
excited states makes the DTET thermodynamically feasible, but
also reversible to some extent. Importantly, the DTET is a spin-
allowed process according to the Wigner spin conservation
rule,'®°° because the total spin of the [Cr(bpmp),](PFe)s/
DPA pair remains unchanged (Fig. 2b). The DTET process was
experimentally evidenced with steady-state and time-resolved

13796 | Phys. Chem. Chem. Phys., 2025, 27,13793-13811

Stern-Volmer studies and quantified with near unity efficiency
using transient absorption spectroscopy.'®®

Selective excitation of the [Cr(bpmp),](PFs)s/DPA pair in
deaerated acidified dimethylformamide (DMF) by a 532 nm
laser gives blue fluorescence centered at 432 nm from DPA. The
upconversion pair was quantified with a high upconversion
quantum yield (@yc) of 12% (relative to a theoretical limit of
50%°*) (Fig. 2a and Table 2), together with an upconversion
luminescence lifetime of 162 ps.'®® Excitation power density
dependence study showed a moderate threshold I, value of
1.56 W em ™%, which is attributed to the weak absorption of the
Cr(m) complex at the excitation wavelength.'®® Sterically less
hindered anthracenes are known to form a dimer from the
singlet excited state."*"'**> Using anthracene as the annihilator,
[4+4] cycloaddition of anthracene was achieved via sTTA-UC
with [Cr(bpmp),](PFe); and green light (Fig. 2d)."® This study
provides the proof-of-principle example of using a Cr(i)-based
spin-flip emitter for sSTTA-UC and UC-driving photocatalysis.

We recently reported another sTTA-UC example utilizing a
novel dinuclear Cr(m) complex ([Cr,(dNinp),(u-OH),(p1-O,CMe)]-
(OTf);) (dNinp = 2,6-di(N-7-azaindol-1-yl)pyridine) as the photo-
sensitizer."'>'** Bridged by two hydroxo- and one carboxylato
groups, the ferromagnetically coupled Cr(ur) dimer with two dNinp
ligands exhibits room temperature phosphorescence maximized at
728 nm with a lifetime of ~450 ns in acetonitrile (Fig. 3 and
Table 1)."> With 9,10-bis((triisopropylsilyl)ethynyl)anthracene

This journal is © the Owner Societies 2025
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Fig. 2 Green-to-blue upconversion sensitized by a 3d* Cr(ii) complex. (a) Photon upconversion luminescence spectrum of the [Cr(bpmp),l(PF¢)s/DPA
pair under 532 nm laser excitation and their molecular structures. Inset: Image of the [Cr(bpmp),]l(PF¢)s/DPA pair under green light irradiation.
(b) Reaction scheme of the excited states of [Cr(bpmp),I®* with the ground state DPA (DTET) and the reverse process TDET, accompanied with their
relevant microstates. (c) Energy level diagram of sTTA-UC for the [Cr(bpmp).](PFg)s/DPA pair. ISC: intersystem crossing, IC: internal conversion,
VR: vibrational relaxation, DTET: doublet—triplet energy transfer, TDET: triplet—doublet energy transfer, TTA: triplet—triplet annihilation. (d) [4+4]
cycloaddition of anthracene catalyzed by [Cr(bpmp),l(PFe)s via STTA-UC.2%® Reproduced under terms of the CC-BY license from ref. 166. Copyright

2022, Wiley-VCH.
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Fig. 3 Photon upconversion luminescence spectra of the Cr(i) dimer/
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traces) and 50 ps (blue traces) time delays after excitation at 532 nm (pulse
energy of ~50 mJ), together with the molecular structures of the
upconversion pair.'> Reproduced under terms of the CC-BY license from
ref. 112. Copyright 2024, Wiley-VCH.

700 800

(AnTIPS), a well-known blue-emissive annihilator,”*'** DTET from
the emissive spin-flip excited states of the Cr(m) dimer to the T,
state of AnTIPS occurs upon selective excitation of the complex at
532 nm, which leads to green-to-blue upconversion with delayed
fluorescence (Fig. 3).""> Although the weak photon upconversion
makes the quantitative analysis challenging, our proof-of-principle
study demonstrates that luminescent Cr(m) dimers are amenable
to photon upconversion and energy transfer-based applications.
For sTTA-UC sensitized by Cr(m)-based spin-flip emitters,
nearly unity DTET can be achieved with the extremely long

This journal is © the Owner Societies 2025

excited state lifetime of the Cr(ur) complexes, which leads to
high upconversion efficiency.'®® These sTTA-UC systems are
however restricted to small pseudo anti-Stokes shifts, due to the
large energy gap between the absorption and the phosphores-
cence bands of the Cr(m)-based photosensitizers. In contrast to
the strong MLCT absorption available in platinum group metal
complexes, the weak metal-centered (MC) transitions of Cr(ur)
complexes account primarily for the comparatively high excita-
tion power density threshold value.

3d® Fe(m) complexes

Photosensitizers based on iron could be highly attractive for
STTA-UC, due to their high natural abundance, low cost, and
low-energy visible light absorption. However, this still remains
a significant challenge due to the extremely short excited state
lifetimes for, e.g. 3d® Fe(n) and 3d> Fe(m) complexes, as a
consequence of the excited state deactivation by the energeti-
cally low-lying MC states.">>"6>195197

Over the past few years, important processes have been
achieved with 3d°® low-spin Fe(m) complexes bearing N-hetero-
cyclic carbenes ligands, which show photoluminescence from the
doublet ligand-to-metal charge transfer (*LMCT) excited state with
a time constant up to multiple nanoseconds.’!!2%:122:124,130,198
The strong o-donating character of the carbenes destabilizes
the e, orbital and consequently the MC state,'” leading to
substantially improved photophysical properties of these Fe(u)
complexes,*" 120122124198 4 their investigations in photoredox
catalysis are gaining substantial interest,>!!24129:200-206

Among the luminescent Fe(m) complexes, [Fe(ImP),]"
(HImP = 1,1'-(1,3-phenylene)bis(3-methyl-1-imidazol-2-ylidene))
exhibits room temperature luminescence centered at 735 nm
from the LMCT excited state with a lifetime of 240 ps."”?
Decoration of this complex with the different chemical
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substituents and improved synthesis®®” led to [Fe(ImPP),]"
and [Fe(ImPAr,),]" with recognized changes in the *LMCT
excited state properties, including the excited state energies
and lifetimes (Table 1), which allow oxidative and reductive
photoredox catalysis.®® By covalently linking multiple
anthracene-based chromophores to the meta-positions of the
outer phenyl group in [Fe(ImPP),]" (Fig. 4a), the lifetime of the
*LMCT excited state is extended by 350 fold up to ~100 ns for
[Fe(CNAnt,),]", due to the established doublet-triplet energy
reservoir between the excited states of the Fe(in) center and the
anthracene moieties (Table 1)."*°

Both [Fe(ImPP),]" and [Fe(CNAnt,),]" permit red-to-green
upconversion with 9,10-bis(phenylethynyl)anthracene (BPEA)
via an underexplored DTET from the LMCT excited state of
the Fe(m) complex to the T, state of BPEA (Fig. 4b).>" Selective
excitation of the [Fe(ImPP),]'/BPEA and the [Fe(CNAnt,),]'/
BPEA pairs with a 635 nm CW-laser leads to green fluorescence
from BPEA maximized at 508 nm (Fig. 4c), which shows a
delayed nature with microsecond lifetimes.*""*° This corresponds
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to a pseudo anti-Stokes shift of 0.52 eV. For the [Fe(CNAnt,),]"/
BPEA pair, the maximal achievable @y is determined to be
1.30% (theoretical limit set to 50%°) and the Iy, is found at
~1.4 W cm™ 2 under their conditions (Fig. 4d, e and Table 2)."3°
These upconversion performance parameters (Pyc, Iy) are
more than one order of magnitude improved in comparison
with [Fe(ImPP),]" under identical conditions (®yc = 0.019%,
Iin = 46 W cm ™ %).>""% These significantly enhanced upconver-
sion performances are predominantly attributed to the much
longer *LMCT excited state lifetime for [Fe(CNAnt,),]" than
[Fe(ImPP),]", which increases the DTET efficiency to 94% for
[Fe(CNAnt,),]" assuming the bimolecular quenching at the
diffusion limit of 1,2-DCE at 20 °C (Table 2).>"**° These studies
provide the very few examples of utilizing Fe(ur) complexes as
photosensitizers for sSTTA-UC, which paves the way of using
Fe(m) complexes for energy transfer-based applications.
[Fe(phtmeimb),]" is a well-known 3d® Fe(m) complex with a
photoluminescence quantum yield of 2.1% and a lifetime
of ~2.0 ns from the >LMCT excited state in acetonitrile at
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Fig. 4 Red-to-green upconversion sensitized by [Fe(ImPP),]* and [Fe(CNAnt,),1* with 9,10-bis(phenylethynyllanthracene (BPEA) as the annihilator.
(a) Molecular structures of [Fe(ImPP),]™, [Fe(CNAnt,),]™ and BPEA. (b) Energy-level diagram of sTTA-UC with [Fe(ImPP),]* and [Fe(CNAnt,),|* as the
photosensitizers and BPEA as the annihilator. Inset: Photographs of the samples containing only [Fe(CNAnt,),]" without BPEA (left) and the upconverting
pairs [Fe(CNANt,),]*/BPEA (middle) as well as [Fe(ImPP),]"/BPEA (right) under 635 nm CW-laser excitation (laser power = 1.0 W). (c) Normalized
luminescence spectra recorded from a [Fe(CNAnNt,),]" solution (orange) and a solution containing the [Fe(CNAnt,),]*/BPEA pair (blue) in deaerated
1,2-dichloroethane at 20 °C following CW-laser excitation at 635 nm. (d) Upconversion luminescence quantum yield ®yc obtained from the
upconversion pairs [Fe(CNAnNt,),]*/BPEA (orange) and [Fe(ImPP),]*/BPEA (black) as a function of the excitation power density at 635 nm. (e) Log—-log
plots of the upconversion luminescence intensity as a function of the excitation power density, giving a threshold /y, value of ~ 1.4 W cm™2 for the
[Fe(CNAnNt,),]*/BPEA pair (orange) and ~46 W cm™2 for the [Fe(ImPP),]*/BPEA pair (black).32**° (b)—(e) Reproduced under terms of the CC-BY-NC-ND
license from ref. 166. Copyright 2025, American Chemical Society.
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room temperature (Table 1), which enables symmetry-breaking
charge separation and photoredox catalysis,'>%-20%:201,203-206,208,209
In a recent study, two anthracene chromophores were covalently
attached to the ligands of [Fe(phtmeimb),], giving a Fe(m) dyad
complex with ps-scaled lifetime from the dark T, state of the
anthracenes."* This leads to a ten-fold enhancement of the cage
escape quantum yield for the dyad with respect to the parent Fe(ur)
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Recently, we used [Fe(phtmeimb),]" as the photosensitizer
and DPA annihilator for sTTA-UC (Fig. 5a). With a >LMCT
excited state energy of 2.13 eV,"*° DTET from the *LMCT state
of [Fe(phtmeimb),]" to the T; state of DPA is thermodynami-
cally feasible with a large driving force of ~ 0.4 eV (Fig. 5b),'**'°
inhibiting the reversed process. Steady-state luminescence study,
time-resolved transient absorption study, and NMR titration

complex.’* synergistically found that [Fe(phtmeimb),]" and DPA are

a) © _|+(PF€_3 ) b) Mediator
an

GS Y
[Fe(phtmeimb),](PF;) DPA ;] DPA
———————— -
c
) preassociation
{Fe”'(2GS) - DPA (SO)} o —»{ Fe'(2GS) -~ DPA (T,*) }
_— i
HH 4+ — 4| |4
o 4 Hr |
S =1/2 S=1/2
d) e)
E [slope=1.92, | . * DPA ®yc=0.19%
< 1.00 ; 5 * DPA +An %ok KK
2 © * *** *
< 075 £ a Pye =0.03%
£ @ * kK
= P 8 *k *
8 0.50 5 wx X
§ 3
8 025 £
E =———-F
= 0.00 P —— 0 50 100 150
400 420 440 460 480 500 0.0 0.5 1.0 1.5 0
) 2/ nm t/ms P/Wcm
g o
Q 2
/\><:O Fe(lll)/DPA XO >
O O, TEOA, EBP oy O (e} %
/\\g g/\ 532 nm, DMSO, air <\ Eo\ o
) ) ~ ”‘%
Trimethylolpropane triacrylate TMPTA polymer

(TMPTA)

Fig. 5 Green-to-blue upconversion and photopolymerization sensitized by [Fe(phtmeimb),]l(PFe) with 9,10-diphenylanthracene (DPA) as the
annihilator.® (a) Molecular structures of [Fe(phtmeimb),l(PFs) and DPA. (b) Energy-level diagram of sTTA-UC with the [Fe(phtmeimb),](PFg)/DPA pair
with anthracene (An) as a mediator. DTET: doublet—triplet energy transfer; TTET: triplet—triplet energy transfer; and TTA: triplet—triplet annihilation.
(c) Reaction scheme of DTET for the [Fe(phtmeimb),](PF¢)/DPA pair with their corresponding electronic microstates. (d) Upconversion luminescence
spectra of [Fe(phtmeimb),](PFg) (40 uM)/DPA (10 mM) in aerated DMSO at 20 °C, excited with a green 532 nm CW-laser at different powers (1 to
200 mW). Inset: Excitation power density dependence of the upconversion luminescence integral from 410 to 510 nm as a log—log plot. (e) Normalized
upconversion luminescence decay at 430 nm recorded from solutions containing [Fe(phtmeimb),](PFe) (40 pM) with different concentrations of DPA
(0.07-7 mM) in aerated DMSO at 20 °C. Excitation occurred with the 532 nm laser (200 mW) with a pulse width of 250 ps. (f) Upconversion luminescence
quantum yield (@yc) of the [Fe(phtmeimb),](PFe) (40 uM)/DPA (10 mM) pair in the absence and presence of An (10 mM) as the mediator in aerated DMSO
at 20 °C as a function of the excitation power density (532 nm CW-laser).*® (g) Photopolymerization reaction scheme of trimethylolpropane triacrylate
(TMPTA) with its respective polymerization images at the indicated irradiation time with a 532 nm CW-laser.*® Reproduced under terms of the CC-BY
license from ref. 36. Copyright 2024, American Chemical Society.
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preassociated in their ground states via m-n stacking, which
is beneficial for distance-dependent Dexter-type energy transfer
with a short-lived >LMCT excited state.® This leads to
enhanced DTET with an efficiency of 22.5%, which exceeds
the estimated DTET efficiency (~9.6%) at the diffusion limit of
DMSO at 20 °C.>® Notably, this DTET differs from that for the
above-mentioned 3d*® Cr(m) complexes and anthracenes,
because the spin of the Fe(m) complex remains unchanged,
whereas the spin of DPA changes from singlet to triplet during
DTET (Fig. 5¢).*® Despite this unusual behavior, the DTET
for the [Fe(phtmeimb),]’/DPA pair is a spin-allowed process
with conserved total spin according to the Wigner spin rule
(Fig. 5C)'189,190,211

Selective excitation of the [Fe(phtmeimb),]"/DPA pair with a
532 nm CW-laser in aerated DMSO leads to upconverted blue
emission from the S, state of DPA maximized at 435 nm, giving
a pseudo anti-Stokes shift AE of 0.52 eV (Fig. 5c).*® The
integrated upconversion luminescence I,14-s10 displays a quad-
ratic dependence on the excitation power density (slope of
1.92), indicating the biphotonic nature of TTA (second-order
reaction) (Fig. 5d).>° The upconversion luminescence lifetime
Tyc shows a delayed nature, which ranges from 304 to 110 ps
with increasing DPA concentration, due to the more frequent
encounters among the T;-excited DPA (Fig. 5e). The reachable
upconversion quantum yield @yc was determined to be
0.03% (relative to a theoretical limit of 50%)>* for the
[Fe(phtmeimb),]"/DPA pair, which can be enhanced by a factor
of six to 0.19% by adding anthracene (An) as a triplet mediator
(Fig. 5b, f and Table 2).%°

We employed the Fe(u)/DPA upconversion pair to drive the
catalytic polymerization of acrylate monomers like trimethylol-
propane triacrylate (TMPTA) with low-energy green light (Fig. 5g).>°
The S;-excited DPA accessed via STTA-UC is reductively quenched
by triethanolamine (TEOA), giving a strongly reducing DPA radical
anion that acts as the initiator for radical polymerization (Fig. 5g).*°
However, photoinduced electron transfer with TEOA is kinetically
hindered for prompt DPA, due to the substantially shorter lifetime.
This study provides a new strategy for photopolymerization by
leveraging low-energy light, long upconversion luminescence life-
time, and the photoredox properties of STTA-UC.

3d° Cr(0) complexes

In recent years, significant progress has been made with
photoactive coordination compounds with a 3d® valence
electronic configuration including Cr(0),2%!1127:162167,212-214
Mn(l)’116,117,214,215 Fe(H),117,121,123,125,126,128 and CO(III) Compl-
exes.”*™3 Differing from the 4d® and 5d° electronic configura-
tions based on platinum group metals, complexes with 3d°
configurations have fundamentally different excited state electro-
nic structures.*'® Important understandings of these novel first-
row transition metal complexes have been gained, and their
promising excited state properties make them emerging photo-
Catalysts‘125,126,134,165,217
have employed these complexes for sTTA-UC, mainly
due to their very short excited state lifetimes caused by the
deactivation from the MC states.

However, only extremely few examples
27,116,167
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The first attempt of using a photoactive 3d° metal complex
for sTTA-UC was made with a Cr(0) complex with chelating
diisocyanide ligands (Cr(CN‘BuAr;NC);) as the photosensitizer
and anthracene annihilator in deaerated toluene (Fig. 6a)."¢”
Upon excitation of the MLCT absorption centered at ~500 nm,
the Cr(0) complex shows luminescence maximized at 630 nm
from the *MLCT excited state with time constants of 0.64 ns
(83%) and 4.33 ns (17%) in toluene at 20 °C (Fig. 6b and
Table 1). Despite these short *MLCT excited state lifetimes,
TTET to the T, state of anthracene (10 mM) occurs, as evi-
denced by transient absorption signatures of the triplet anthra-
cene with a time constant of ~170 us (Fig. 6¢ and d)."*’

For the Cr(CN‘BuAr;NC),/anthracene pair, selective excita-
tion at 530 nm leads to purple fluorescence from anthracene
maximized at 405 nm, which decays with a time constant of
~65 us (Fig. 6e and f).'®” This gives a pseudo anti-Stokes shift
of 0.72 eV. The upconversion luminescence exhibits a nonlinear
dependence on the excitation power, due to the biphotonic
upconversion process.’”*® Notably, the transient absorption
study of the upconversion pair reveals a bleaching of the "MLCT
absorption of the Cr(0) complex, which recovers with a time
constant of ~30 us, predominately due to the Forster-type
energy transfer from the upconverted S; state of anthracene to
the "MLCT state of the Cr(0) complex.®” This proof-of-principle
study of using the Cr(0) complex for sTTA-UC promises the
potential of using photoactive 3d® metal complexes for applica-
tions based on energy transfer and photon upconversion.

A recent report of a pyrene-decorated Cr(0) isocyanide
complex Cr(LP"); (Fig. 7a) shows a luminescent *MLCT excited
state centered at 740 nm with a lifetime of 24 ns in deaerated
toluene at 20 °C (Table 1).”° Using AnTIPS (5 mM) as the
annihilator, TTET from the *MLCT excited state of Cr(L™"); to
the T; state of AnTIPS occurs, as evidenced with the finger-like
transient absorption spectral features of AnTIPS with a decay
time constant of 140 ps (Fig. 7b).>” The TTET efficiency was
determined to be 40% for the Cr(L™"); (20 uM)/AnTIPS (5 mM)
pair in deaerated toluene at 20 °C, which is mainly restricted by
the relatively short lifetime of the photosensitizer.

Selective excitation of the Cr(LP");/AnTIPS pair at 705 nm
yields blue fluorescence from AnTIPS maximized at 470 nm,
corresponding to a large pseudo anti-Stokes shift of 0.88 eV.”’
The upconversion luminescence decays with a time constant of
72 us (Fig. 7¢), which accounts for roughly half of the observed
triplet lifetime of AnTIPS (Fig. 7b), in line with literature
reports.”®*>® Excitation power density dependent study of
the upconversion luminescence shows a quadratic to linear
dependence with a threshold I, found at 5.9 W cm™?, above
which the upconversion reaches saturation (Fig. 7d).*°
In comparison to the red-to-blue sTTA-UC sensitized by Os(u)
or Pt(u) complexes, in which the I, values are often below
1 W ecm 2 in solution,"7>%%83 the relatively high I, for the
Cr(LP");/AnTIPS pair is attributed to the significantly short
SMLCT lifetime and the weak absorption at the irradiation
wavelength.>>” The maximal achievable &y was determined
to be ~2% for the Cr(LP");/AnTIPS pair under the chosen
conditions (Fig. 7e and Table 2).>” This is a competitive value
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Fig. 6 Green-to-purple upconversion sensitized by Cr(CN‘BuArsNC)z with an anthracene annihilator. (a) Molecular structures of Cr(CN‘BuArsNC)s and
anthracene. (b) UV-vis absorption (black trace) and luminescence (red) spectra (upper panel) and UV-vis transient absorption spectrum (green, bottom
panel) of Cr(CN'BuArsNC)s in deaerated THF at 20 °C. Excitation at 450 nm was used for the luminescence measurement and at 532 nm with a ps-pulsed
laser for the transient absorption measurement. (c) Transient absorption spectrum of the Cr(CN*BuArsNC)s (20 pM)/anthracene (10 mM) pair in deaerated
toluene at 20 °C, and (d) the decay kinetics of the transient absorption signal at 430 nm. Excitation occurred at 532 nm with a ns-pulsed laser.
(e) Upconversion luminescence spectra of the sample from (c) at different excitation power densities at 530 nm and the dependence of the relative
upconversion luminescence intensity at 405 nm on the relative excitation intensity at 530 nm (inset), and (f) upconversion luminescence decay of the
sample from (c) at 403 nm under 532 nm excitation.*®” Reproduced with permission from ref. 167. Copyright 2017, American Chemical Society.

for red-to-blue upconversion, even in comparison with photo-
sensitizers based on Os(i) complexes.*”>*>18283:218219 1 particu-
lar, the Cr(LP");/AnTIPS pair exhibits remarkable photostability
under continuous laser irradiation at a high power density
(18.6 W ecm ™ ?). The high photorobustness of the upconversion
luminescence makes it suitable as a blue lamp for initiating the
radical polymerization of acrylamide in an aqueous solution with
705 nm irradiation, yielding a free-standing hydrogel of polyacry-
lamide (Fig. 7f).>” This expands the very few examples of red light
induced polymerization via sTTA-UC.***>*

3d°® Mn(i) complexes

Recent breakthroughs with coordination compounds based on 3d°
metals have led to a few photoactive Mn(1) complexes,**172232>4
among which two Mn(1) complexes with chelating isocyanide
ligands are amenable to sensitizing photon upconversion.’*® The
Mn(1) complex with tridentate isocyanide ligands (Fig. 8a) exhibits
luminescence from the MLCT excited state (2.9 eV) with an average
lifetime of 1.73 ns in deaerated acetonitrile at 20 °C and shows a
ligand-centered *n-n* state at ~2.3 eV that becomes emissive at
low temperature (Fig. 8b and Table 1)."*®

The long-lived triplet state of anthracene is sensitized by
[Mn(L™),]" via TTET, as evidenced by the characteristic tran-
sient absorption signatures of triplet anthracene upon selective
excitation of the Mn(i) complex at 420 nm."'® The TTET effi-
ciency was determined with relative actinometry experiments to
12.1% under optimized conditions (Table 2). Notably, the TTET

This journal is © the Owner Societies 2025

occurs from the *n-n* excited state to anthracene instead of from
the emissive MLCT state, despite the larger driving force for the
latter (Fig. 8b). Likely, the emissive MLCT state has a substantial
singlet character, which makes the energy transfer to triplet
anthracene a spin-forbidden process. Nevertheless, upconversion
luminescence from anthracene was observed for the [Mn(L™),]"
(25 uM)/anthracene (40 pM) pair with selective excitation at 420 nm,
and no fluorescence was detected in the absence of the Mn(i)
complex under identical conditions."'® Analogue energy transfer
and sTTA-UC studies were made with another Mn(1) complex with
bidentate isocyanide ligands."*® These proof-of-concept studies open
the door to using photoactive Mn(i) for sTTA-UC.

3d"® Cu(1) complexes

Photoactive Cu(r) coordination compounds have been exten-
sively explored for decades,"***%*2%22¢ primarily because the
completely filled 3d"® subshell excludes the energetically low-
lying MC states that often depopulate the charge transfer (CT)
excited states significantly.'®***”-*>® Recent advances with Cul(i)
bis-1,10-phenanthroline complexes provide important guide-
lines for stabilizing the *MLCT excited states, leading to a
series of Cu(i) complexes with long lifetimes,'*6:147,149:164,229
Among the phenanthroline-based Cu(i) complexes,
[Cu(dsbtmp),](PFs) (dsbtmp = 2,9-di(sec-butyl)-3,4,7,8-tetra-
methyl-1,10-phenanthroline) (Fig. 9a) exhibits bright luminescence
at ~630 nm with an impressively long lifetime (7 = 1.2-2.8 ps) from
the *MLCT excited state (Table 1), due to the suppressed
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Fig. 7 Red-to-blue upconversion sensitized by Cr(LP*")3 with AnTIPS annihilator.?’ (a) Molecular structures of Cr(LP")s. (b) Transient absorption spectra
of the [Cr(L™")s] (20 uM)/ANTIPS (5 mM) pair recorded after different time delays in deaerated toluene at 20 °C. Inset: Transient absorption decay of the
upconversion pair recorded at 508 nm under 532 nm excitation. (c) Upconversion luminescence spectrum of the sample from (b) at 20 °C under 705 nm
CW-laser excitation (45 mW) (blue trace) and the prompt emission of [Cr(L™")s] (20 uM) under 550 nm excitation (red trace). Inset: Decay kinetics of the
upconversion luminescence at 470 nm under 532 nm ns-pulsed laser excitation. (d) Excitation power density dependent upconversion luminescence
spectra of the sample from (b) at 20 °C and inset: The derived log-log plot of the integrated upconversion luminescence as a function of the excitation
power density. Excitation occurred with a 705 nm CW-laser with various power densities (P) (1.3 to 18.6 W cm™2). (e) @ of the upconversion pair from
(b) at 20 °C as a function of the excitation power density (705 nm CW-laser), determined independently with two different references, ZnPc (1 uM) and
[Cr(L™")5] (20 uM), respectively. Inset: Photograph of the employed reference ZnPc solution (left) and the upconversion pair (right) under 705 nm laser
irradiation. (f) Reaction scheme of the photopolymerization of acrylamide using the [Cr(L®")s]/AnTIPS upconversion pair at 705 nm irradiation, and
photographs of the agueous reaction mixture for polymerization before (left), during (middle), and after (right) the 705 nm laser irradiation for several
hours. CQ: camphorquinone; TEOA: triethanolamine; DPI: diphenyliodonium chloride.?” Reproduced under terms of the CC-BY-NC-ND license from
ref. 27. Copyright 2023, Wiley-VCH.
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ground- and excited-state distortion achieved with cooperative
steric effects.>*° This long lifetime leads to high TTET efficien-
cies of >90% with millimolar concentrations of the annihila-
tors, ie., anthracene (An), 9,10-dimethylanthracene (DMA),
or DPA (Fig. 9a)."*" In the presence of the anthracene deriva-
tives, selective excitation of [Cu(dsbtmp),](PFs) at 488 nm leads
to near-UV fluorescence from the anthracenes, which follows

13802 | Phys. Chem. Chem. Phys., 2025, 27,13793-13811

quadratic to linear dependence on the excitation power density
in deaerated dichloromethane at room temperature (Fig. 9b
and c). This gives Iy, values of near 1 W cm ™2 for the investi-
gated [Cu(dsbtmp),](PFe) (0.78 mM)/anthracene pairs (Fig. 9c).
These I, values, which can be tuned by monitoring the
absorbance of the photosensitizer,”>>*" are above the solar
irradiance at this excitation wavelength, but remain lower
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Fig. 9 Cyan-to-blue/purple upconversion sensitized by [Cu(dsbtmp),l(PFg) with anthracene derivatives as the annihilator. (a) Molecular structures of
[Cu(dsbtmp),](PFg) and the employed anthracenes. (b) Luminescence spectra of the [Cu(dsbtmp),]l(PFe) (0.12 mM)/DPA (8.9 mM) pair in deaerated
dichloromethane (green to orange traces) and the luminescence spectra of a [Ru(bpy)sl(PFg), reference solution in acetonitrile (purple to blue traces)
under various excitation powers at 488 nm. Inset: Upconversion quantum yield @yc plotted as a function of the excitation power density P.1** (c) Double
logarithmic plot of the upconversion luminescence monitored at 385 nm for An as a function of the excitation power density at 488 nm obtained for the
[Cu(dsbtmp),](PFg) (0.76 mM)/An (5 mM) pair. (b) and (c) Reproduced with permission from ref. 141. Copyright 2015, American Chemical Society.
(d) Schematic illustration of photon upconversion micelles made of cetyltrimethylammonium bromide surfactant and the [Cu(dsbtmp),](PFe)/PAC
(10-phenylanthracene-9-carboxylate) upconversion pair in water, together with their molecular structures. (e) Excitation power density-dependent

upconversion luminescence spectra of the Cu-PS-PAC assembly from (d) at 488 nm excitation and (f) their corresponding double logarithmic plo

t.144

(d)—(f) Reproduced with permission from ref. 144. Copyright 2020, American Chemical Society.

than many sTTA-UC sensitized by earth-abundant metal comp-
lexes.””"'°® For the [Cu(dsbtmp),](PFs) (0.12 mM)/DPA (8.9 mM)
pair in deaerated dichloromethane, a @yc of 8.9% (theoretical
maximum of 50%>*) was reached (Fig. 9b and Table 2), which is
twice higher than the @y obtained with DMA and roughly 10 times
higher than that with An, due to the exciplex formation and the low
fluorescence quantum yield of the latter."**

Changing the annihilator to negatively charged 10-phenyl-
anthracene-9-carboxylate (PAC), the authors later immobilized
the [Cu(dsbtmp),]"/PAC upconversion pair to a micellar assem-
bly made of cetyltrimethylammonium bromide surfactant
(Fig. 9d)."** The hydrophobic Cu(i) complex is encapsulated
within the micelle, while the anionic PAC binds electro-
statically to the cationic assembly surface. Selective excitation
of the aqueous upconversion assembly at 488 nm gives the
characteristic fluorescence of PAC, and the excitation power
density dependence study reveals a Iy, value of 7.7 W cm™>
(Fig. 9e and f). This value is substantially higher than the Iy
values for the [Cu(dsbtmp),]’/anthracene pairs in organic
solvents,*" which is likely attributed to the relatively lower
TTET efficiency and the hindered TTA event in the micellar
confinement.”>>*! Attempts to increase the photosensitizer
concentration failed to give a lower I, value, because the
assembly became turbid at a high loading concentration.**
The [Cu(dsbtmp),]"/PAC upconversion assembly was further
investigated for electron transfer with an electron acceptor

This journal is © the Owner Societies 2025

methyl viologen (MV*"), yielding the transient absorption
features of MV**."** This combination of micellar architecture
and photon upconversion system makes photochemistry viable
in water with low irradiation energy.

3d"® Zn(n) complexes

Zn(u) porphyrin complexes with ligand-based photophysics
have often been used as photosensitizers for STTA-UC (Fig. 10),
due to the low-energy of the Q absorption band, the relatively high
intersystem crossing (ISC) efficiency,**> and the long-lived T, dark
state.”®® Using perylene derivatives as an annihilator (Fig. 10 and
Table 1), several red-to-green or green-to-blue upconversion sen-
sitized by Zn(u) complexes have been reported, which exhibit
mostly relatively small pseudo anti-Stokes shifts, as shown in
Table 2. Notably, the ZnTPPOH/TBPer upconversion pair shows a
high @y of 12% at remarkably low concentrations of the TBPer
annihilator (Table 2)."”> Solid-state near infrared upconversion
was achieved with the F;4ZnPc/PDI-CH; pair (Fig. 10), from which
one electron is injected from the upconverted S;-state of PDI-CH;
into TiO,, and this is highly attractive for photovoltaics.”
Recent fundamental developments for Zn(u) complexes have
received substantial attention with triplet charge-transfer
states’®>?34233 or TADF characteristics.">***®?*” Among these
new types of Zn(u) complexes with long-lived triplet excited
states, fluorescent [Zn(m-L),] (Fig. 10) shows a long-lived dark
state from the triplet intraligand charge-transfer (*ILCT)
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Fig. 10 Molecular structures of the Zn(i)-based photosensitizers and organic annihilators used for sTTA-UC.

(Table 1). This long-lived *ILCT allows blue-to-UV upconversion
with naphthalene substituted with triisopropylsilyl (Naph-Tips,
Fig. 10), giving a @y¢ of 0.73%.?

For the ZnTPP derivatives, unusual homomolecular sTTA-UC
from the S, excited state has been frequently observed.>*'®%7*
Selective excitation of these Zn(u) complexes at 532 nm populates
the emissive S, state at ~430 nm via TTA between the two ZnTPP
molecules.”>'®®'”! Interestingly, the upconverted S, state of
ZnTPP undergoes electron transfer to acrylate monomers, allow-
ing direct initiation of polymerization reactions with green light.>®

4d° Zr(v)-based photosensitizer

Zirconium, as the fourth most abundant transition metal, seems
attractive for developing low-cost luminophores or photosensiti-
zers. The electron-deficient 4d° configuration of Zr(v) allows
coordination with electron-rich ligands, e.g. pyridinedipyrrolide
(PDP), which elevate Zr(iv) complexes with long phosphores-
cence lifetimes from the triplet ligand-to-metal charge transfer
(CLMCT) state.'®5150238 zy(Mesppp*h), (Fig. 11a) exhibits strong
photoluminescence maximized at 581 nm with a high quantum

yield (@pr) of 45% and a long lifetime of 350 us in solution at
room temperature (Table 1)."*® This long-lived *LMCT excited
state promotes near unity TTET to DPA or carbazole-based DPA
derivatives (CzPA) (Fig. 11a) at a remarkably low concentration of
0.25 mM. With this annihilator concentration, only linear excitation
power density dependence was observed from the upconversion
luminescence for the Zr(M*PDP™),/DPA pair upon 514 nm excita-
tion (Fig. 11b). At an excitation power density of ~13 mW cm™?,
which is substantially lower than the solar irradiance of
26.7 mW cm™” in this absorption regime, all investigated photo-
sensitizer/annihilator pairs reach upconversion saturation, giving
high @y values ranging from 15.9 to 21.4% (theoretical maximum
set to 50%>%) (Fig. 11c and Table 2)."”° These high @y values, the
low required excitation power densities, and the high abundance
of zirconium make Zr(M*PDP™), very promising for future solar
energy-based applications.

4d°® Mo(0)-based complexes

Earth-abundant Mo(0) shares the 4d® electronic configuration
with Ru(u), which makes it an attractive substitute for the
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Fig. 11 Green-to-blue upconversion sensitized by Zr(M*PDPP"), with DPA and carbazole-based DPA derivatives (CzPA) as the annihilator.!’®
(a) Molecular structures of Zr(MePDPP"), and the CzPA annihilators. (b) Double logarithmic plot of integrated upconversion luminescence intensity
for the Zr(MPDPP"),/DPA (0.25 mM) pair in deaerated THF as a function of the excitation power density at 514 nm, and the corresponding upconversion
luminescence spectra (upper inset). Bottom inset: Image of the upconversion sample under 514 nm irradiation. (c) Upconversion quantum yields
(theoretical maximum set to 50%>%) determined with a Zr(M*PDP"), photosensitizer and DPA or CzPAs annihilator in deaerated THF, plotted as a
function of the excitation power density at 514 nm.*’> Reproduced under terms of the CC-BY license from ref. 175. Copyright 2021, Royal Society of
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(a) Molecular structures of [Mo(L°ME);] as the photosensitizer. (b) Luminescence spectra recorded from a [Mo(L°MB)4] solution (red traces) and a solution
containing the [Mo(LP™B)5]/DPA pair (blue traces) in deaerated toluene at 20 °C following CW-laser excitation at 635 nm with different power densities.
Inset: Photographs of the upconverting sample with the [Mo(L°M®):]/DPA pair (left) and the sample containing only [Mo(LP™8)5] but no DPA (right) under
635 nm laser excitation. (c) Upconversion luminescence quantum yield @ ¢ obtained with [Mo(L3)s] (12 uM) and DPA (50 mM) (grey triangles) as a function
of the excitation power density at 635 nm. (d) Photochemical isomerization reaction in separated vessels via photon upconversion with red irradiation
light. A sealed NMR tube containing 13 pM [Mo(L°MB)] and 60 mM DPA in deaerated toluene is immersed into the cuvette containing 0.3 mM [Ru(bpy)s]®*
and 17 mM trans-stilbene in deaerated CDsCN. Red-to-blue upconversion inside the NMR tube is visible by the naked eye (right)."®” Reproduced under
terms of the CC-BY-NC-ND license from ref. 157. Copyright 2021, American Chemical Society.

precious metal ions.'®*°>**° The luminescent Mo(0) complex

with chelating diisocyanide ligands ([Mo(L°™®);]) exhibits
strong MLCT absorptions tailing to 550 nm and bright *MLCT
luminescence at ~720 nm with an excited-state lifetime of 54
ns in toluene at 20 °C (Fig. 12a and Table 1).">” These photo-
physical properties make [Mo(L""),] a suitable photosensiti-
zer for STTA-UC with eg DPA. Photoexcitation of the
[Mo(L°™®);)/DPA pair with a CW-laser at 635 nm across various
excitation power densities leads to delayed fluorescence from
DPA, giving a pseudo anti-Stokes shift of 0.93 eV (Fig. 12b and
Table 2).**” The achievable @y for the [Mo(L°™?),]/DPA pair in
deaerated toluene was determined to be 1.8% (theoretical
maximum of 50%)°* under optimized conditions (Fig. 12c).
This @y value approaches that of many sTTA-UC systems with
precious metal-based photosensitizers,** including some of the
recently reported systems with a record pseudo anti-Stokes
shifts of around 1 eV.”"7*%3218:240 Baged on this upconversion
performance, the [Mo(L"™?),]/DPA pair has been used to drive
a blue-light-dependent sensitized photoisomerization reaction
in a two-vessel setup.'®” The upconverted blue light from the
NMR tube was reabsorbed by [Ru(bpy)s;]** (bpy = 2,2'-bi-
pyridine) in the surrounding cuvette, which catalyzes the iso-
merization of trans-stilbene to cis-stilbene with a reaction yield
of 50% after 17 hours of irradiation (Fig. 12d)."*”

This journal is © the Owner Societies 2025

Another sTTA-UC example sensitized by the Mo(0) complex
was recently made with [Mo(CO);(tpe)] (tpe = 1,1,1-tris(pyrid-2-
ylDethane), which was prepared with a high yield over 78%
following relatively simple synthetic routes (Fig. 13a)."*® This
photorobust Mo(0) complex exhibits deep-red *MLCT lumines-
cence with a lifetime of several hundred nanoseconds (Table 1).">*
This long-lived *MLCT excited state permits efficient TTET to DPA
with a @1 of 85%,"® which consequently leads to upconversion
luminescence of DPA centered at 435 nm (Fig. 13b). Excitation
power density dependent study of the upconversion luminescence
reveals the quadratic to linear dependence with a low threshold Iy,
value found at 90 mW cm > and a maximal @y¢ of 12% (theore-
tical maximum of 50%>%) (Fig. 13c and Table 2). This study
underscores the potential of tripodal ligand-based carbonyl com-
plexes in photochemical applications, offering a pathway to bypass
the use of precious metals and complex ligand synthesis.

Conclusion

Substituting precious elements in photoactive complexes with
abundant transition metals remains a significant challenge in
the fields of coordination chemistry and photochemistry.
Unlike the luminescent platinum group metal complexes with

Phys. Chem. Chem. Phys., 2025, 27,13793-13811 | 13805
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set to 50%°% as a function of the excitation power density P.**8 (b)—(d)
Reproduced with permission from ref. 158. Copyright 2023, American
Chemical Society.

commonly long-lived triplet metal-to-ligand charge transfer
(®MLCT) excited states, photoactive earth-abundant metal com-
plexes often exhibit more labile and sophisticated excited state
landscapes with distinct electronic structures and uncommon
spin states. This often leads to short excited state lifetimes that
kinetically hinder the diffusional encounter with an annihilator
and therefore undermine their performance in photon upcon-
version, which is particularly true for 3d> Fe(ur)*'~°
3d°® Cr(0)*”'*” and Mn(1)'"® complexes.

To address these fundamental challenges, rationalized mole-
cular design guidelines are needed for these earth-abundant
transition metals, as currently being explored by many coordina-
tion chemists.”’™®® In parallel, deliberate sTTA-UC design con-
cepts have been shown to boost the reactivity of these novel
metal complexes and improve their upconversion performance,
such as preassociation of the photosensitizer/annihilator pair to
circumvent diffusional encounter or introducing a mediator with
a long excited state lifetime to enhance the dynamic energy
transfer.******> Driven by the photon upconversion sensitized
by earth-abundant metal complexes, energy transfer- and photo-
redox catalysis, such as photodimerization,"®® photopolymeri-
zations®>*?”*¢ and photoisomerization,"”” are achieved with low-
energy visible light.

Our recent STTA-UC studies with doublet photosensitizers
based on 3d® Cr(m) and 3d> low-spin Fe(m) reported unusual
doublet-triplet energy transfer (DTET) mechanisms,>®*12166:193

as well as

13806 | Phys. Chem. Chem. Phys., 2025, 27,13793-13811
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similar to the DTET explored with doublet organic radicals for
STTA-UC.** "% Differing from the conventional understanding
of triplet-triplet energy transfer dynamics, these findings open
the door of utilizing metal complexes featuring doublet excited
states for photon upconversion and energy transfer-based
applications. Collectively, these studies offer an important
fundamental understanding of the photophysical behavior
for earth-abundant metal complexes and indicate their bright
future as photosensitizers in the fields of photon upconver-
sion, light harvesting, and photocatalysis.
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