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hold photochemical upconversion
using a zirconium(IV) LMCT photosensitizer†

Mo Yang, a Sara Sheykhi, a Yu Zhang, b Carsten Milsmann b

and Felix N. Castellano *a

The current investigation demonstrates highly efficient photochemical upconversion (UC) where a long-

lived Zr(IV) ligand-to-metal charge transfer (LMCT) complex serves as a triplet photosensitizer in concert

with well-established 9,10-diphenylanthracene (DPA) along with newly conceived DPA–carbazole based

acceptors/annihilators in THF solutions. The initial dynamic triplet–triplet energy transfer (TTET)

processes (DG � �0.19 eV) featured very large Stern–Volmer quenching constants (KSV) approaching or

achieving 105 M�1 with bimolecular rate constants between 2 and 3 � 108 M�1 s�1 as ascertained using

static and transient spectroscopic techniques. Both the TTET and subsequent triplet–triplet annihilation

(TTA) processes were verified and throughly investigated using transient absorption spectroscopy. The

Stern–Volmer metrics support 95% quenching of the Zr(IV) photosensitizer using modest concentrations

(0.25 mM) of the various acceptor/annihilators, where no aggregation took place between any of the

chromophores in THF. Each of the upconverting formulations operated with continuous-wave linear

incident power dependence (lex ¼ 514.5 nm) down to ultralow excitation power densities under

optimized experimental conditions. Impressive record-setting hUC values ranging from 31.7% to 42.7%

were achieved under excitation conditions (13 mW cm�2) below that of solar flux integrated across the

Zr(IV) photosensitizer's absorption band (26.7 mW cm�2). This study illustrates the importance of

supporting the continued development and discovery of molecular-based triplet photosensitizers based

on earth-abundant metals.
Introduction

Triplet–triplet annihilation-based photon upconversion (TTA-
UC) represents a strategy enabling low-power anti-Stokes
wavelength-shiing as well as energetic photochemical activa-
tion.1–3 TTA-UC is initialized through selective long-wavelength
excitation of a strongly-absorbing triplet photosensitizer. The
electronically excited triplet photosensitizer then engages in
collisional triplet–triplet energy transfer (TTET) with an
energetically-appropriate acceptor chromophore. Triplet–triplet
annihilation (TTA) between two excited triplet acceptors ulti-
mately forms one singlet acceptor excited state, thereby
emanating uorescence at higher energy with respect to the
excitation.4–6 More generally, the excited state ultimately
produced can be leveraged for myriad applications, including
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photovoltaics,7–10 photocatalysis,11–14 biological imaging15,16 and
photodynamic therapy.17,18 However, realizing high normalized
upconversion efficiency values (hUC), where hUC $ 20% at or
below solar irradiance, remains a signicant scientic
challenge.19

Synthetic advances enabling control of the photophysical
properties of transition metal complexes and materials are
revolutionizing triplet sensitization.20–29 Numerous molecular
triplet sensitizers featuring long-lived excited states contain
Fig. 1 Energy-level diagram representing the photophysical and
photochemical processes of the Zr(MesPDPPh)2/DPA donor–acceptor
system. S ¼ sensitizer and A ¼ acceptor/annihilator.

Chem. Sci., 2021, 12, 9069–9077 | 9069

http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc01662h&domain=pdf&date_stamp=2021-07-02
http://orcid.org/0000-0003-0347-8563
http://orcid.org/0000-0001-7219-1481
http://orcid.org/0000-0001-8948-1434
http://orcid.org/0000-0002-9249-5199
http://orcid.org/0000-0001-7546-8618
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01662h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012026


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

9.
12

.2
5 

20
:5

5:
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
rare-earth and precious second- or third-row transition metals,
including Ru(II),30–33 Ir(III),34–37 Re(I),38,39 Pt(II) or Pd(II).5,40–42

Replacing precious metals with more earth-abundant transition
metals reveals additional non-radiative decay pathways that
markedly attenuate excited state lifetimes.43,44 However, signif-
icant progress has been made using Cu(I) metal-to-ligand
charge-transfer (MLCT) complexes featuring d10 congura-
tions that eliminate ligand-eld deactivation processes.21,45–48

Another molecular design that effectively deletes ligand-eld
states is based on d0 ligand-to-metal charge transfer (LMCT)
excited states. Newly conceived molecules constructed from
Zr(IV) platforms are extremely attractive in this regard,49–52

featuring high quantum yield thermally-activated delayed uo-
rescence (TADF), Fig. 1. Metal-containing TADF photosensi-
tizers are valuable for photochemical conversion reactions as
the closely-spaced singlet–triplet gap conserves energy in
intersystem crossing with respect to more traditional triplet
photosensitizers. From recent investigations, a strongly-
absorbing, air- and moisture-stable Zr(IV) LMCT complex,
Zr(MesPDPPh)2 (MesPDPPh ¼ 2,6-bis(5-(2,4,6-trimethylphenyl)-3-
phenyl-1H-pyrrol-2-yl)pyridine) (Fig. 2A) has emerged, featuring
a long-lived triplet excited state of 350 ms at RT.51 Although such
molecules have been used in photoredox catalysis,49–51 to the
best of our knowledge, there are no examples of LMCT excited
states being harnessed in upconversion schemes to date.

Here, we report unprecedented low-power threshold photo-
chemical upconversion systems using the LMCT
Fig. 2 (A) Electronic absorption (solid line) and photoluminescence
(dashed line) spectra of Zr(MesPDPPh)2 in THF. (B) Normalized absorp-
tion (solid lines) and photoluminescence (dashed lines) spectra of DPA
(black), CzPA (blue), F–CzPA (green) and CN–CzPA (orange). The red
shaded area shows a small spectral overlap between photo-
luminescence of acceptors and absorbance of Zr(MesPDPPh)2, indi-
cating minimal reabsorption of upconverted fluorescence by the
sensitizer. (C) Chemical structures of DPA (black), CzPA (blue), F–CzPA
(green) and CN–CzPA (orange).

9070 | Chem. Sci., 2021, 12, 9069–9077
photosensitizer Zr(MesPDPPh)2 in combination with 9,10-diphe-
nylanthracene (DPA) and newly conceived carbazole-based DPA
derivatives (CzPA) as acceptors/annihilators.53–56 The relative
singlet and triplet energy levels of these chromophores are
presented in Fig. 1 along with their relevant TADF (ISC/rISC)
and TTET processes. The Zr(MesPDPPh)2/DPA combination ach-
ieved record (42.7 � 0.3)% quantum efficiency (normalized)
under low uence (13 mW cm�2) continuous-wave excitation
using low chromophore concentrations. The remaining CzPA
chromophores realized efficiencies ranging between 31.7–
42.7% in conjunction with the Zr(IV) sensitizer using similar
photon ux and experimental conditions, representing next
generation acceptors/annihilators poised for high yield anni-
hilation photochemistry. The realization of high quantum yield
upconversion below solar ux using modest chromophore
concentrations will likely inspire researchers to broadly employ
this tool as a standard photochemical activation strategy for
numerous applications.
Experimental
General

Zr(MesPDPPh)2 was synthesized and puried as previously re-
ported and its relevant NMR spectra are provided as ESI.†51

CzPA was prepared according to the established literature
method.56 F–CzPA and CN–CzPA were synthesized by modifying
previously reported procedures57 and puried by vacuum
sublimation, please see the ESI† for details. Details regarding all
solution-based structural characterization using 1H and 13C
NMR spectroscopy are described in the ESI.† 9,10-Diphenylan-
thracene (DPA) was purchased from Alfa Aesar and used
without further purication. Spectroscopic samples were
prepared in an inert atmosphere (N2-lled) glovebox (MBraun)
using spectrophotometric grade tetrahydrofuran (THF), which
was previously deoxygenated and dried using a glass contour
solvent purication system (MBraun). Spectroscopic solutions
were measured in air-free 1 cm2 quartz optical cells. Static
absorption spectra were acquired using a Cary 60 spectropho-
tometer. Steady-state photoluminescence spectra were collected
using a FS-920 spectrouorometer (Edinburgh Instruments)
equipped with a 450 W Xe arc lamp/monochromator combi-
nation as the excitation source and a Peltier cooled, red-
sensitive photomultiplier tube detector (R2658P Hamamatsu).
Photoluminescence spectra were corrected for emission
detector response using an NBS calibrated light source (NIST).
Absolute uorescence quantum yields were measured using
a FS-5 spectrouorometer (Edinburgh Instruments) equipped
with an integrating sphere module. This module comprises of
a hollow sphere with 150 mm internal diameter with the inner
surface machined from a PTFE-based material for optimum
reectance (Edinburgh Instruments).
Absolute uorescence quantum yields

Optically dilute solutions (OD ¼ 0.1–0.2) of the CzPA series
acceptor/annihilator chromophores were used to record their
uorescence spectra in aerated THF using 370 nm excitation.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Absolute uorescence quantum yields were measured using an
integrating sphere in the ambient. This absolute method
requires two measurements: the number of absorbed photons
and the number of the emitted photons. The number of
absorbed photons in each sample was determined by the
reduction of the light scattering compared to a solvent blank
measurement. The quantum yield calculation was performed
using the wizard within the Fluoracle soware (version 2.6.1)
module (Edinburgh Instruments).
Incident light-power dependence in photochemical
upconversion

The concentration of the photosensitizer Zr(MesPDPPh)2 was
chosen to give an absorbance of 0.2 at the excitation wavelength
of 514.5 nm, and the concentrations of acceptors/annihilators
were selected to quench > 95% of the sensitizer photo-
luminescence, based on the respective KSV values obtained from
Stern–Volmer analysis. The 514.5 nm line of an Ar+/Kr+ ion laser
(Innova 70-C from Coherent), focused to a 1.0 mm spot, was
used as the excitation source. The excitation power density was
measured using a Nova II/PD 300-UV energy meter (Ophir). An
appropriate long-pass lter (500 nm) and 514.5 nm bandpass
lter was used to lter the excitation beam to prevent direct
excitation of the acceptor from laser plasma lines. A 310–
550 nm bandpass lter was positioned between the sample and
the detector to enable anti-Stokes photoluminescence detec-
tion. No photoluminescence was observed when neat solutions
of the acceptors/annihilators were excited at 514.5 nm under all
experimental conditions. The excitation laser power densities
were adjusted using a variety of neutral density lters, posi-
tioned between the incident light and the sample. The inte-
grated photoluminescence intensities generated were plotted
against the measured excitation power densities.
Photochemical upconversion quantum efficiencies

Sample conditions here echo those used in the incident light-
power dependence experiments described above. Normalized
upconversion quantum efficiencies (hUC)6 were calculated rela-
tive to the [Ru(bpy)3]Cl2 standard in aerated water (Fstd¼ 0.04�
0.002)58 according to the following equation:

hUC ¼ 2Fstd

�
Astd

AUC

��
IUC

Istd

��
nTHF

nstd

�2

(1)

where hUC, AUC, IUC and nTHF represent the upconversion
quantum efficiency, sample absorbance at 514 nm, integrated
photoluminescence intensity and refractive index of the solvent
of the upconversion sample, respectively. The corresponding
terms for the subscript “std” are for the reference quantum
counter at the corresponding excitation wavelength. The
refractive index of the solvents used were nwater ¼ 1.333 and
nTHF ¼ 1.407 at 20 �C. The factor of 2 is included in eqn (1)
because upconversion requires the absorption of two incident
photons to produce one highly energized photon, enabling clear
comparisons to most of the available literature data, namely,
normalized upconversion efficiency (hUC) values.6
© 2021 The Author(s). Published by the Royal Society of Chemistry
Dynamic Stern–Volmer analyses

The Stern–Volmer constants (KSV) and the bimolecular
quenching constants (kq) were obtained according to the
dynamic Stern–Volmer relation (eqn (2)):

I0

I
¼ s0

s
¼ 1þ KSV½Q� (2)

where I0 and I are the Zr(IV) sensitizer photoluminescence
intensities in the absence or presence of the quencher, respec-
tively, and s0 and s are the sensitizer lifetimes in the absence or
presence of the quencher, respectively. KSV is the Stern–Volmer
constant, KSV ¼ kqs0, and [Q] is the molar concentration of
triplet quencher. The lifetimes of the Zr(IV) photosensitizer
determined from photoluminescence intensity decays were
adequately modelled using a single exponential function for all
quencher concentrations utilized. The slopes of the Stern–
Volmer plots were linear over the entire range of measured
quencher concentrations in all instances.
Nanosecond transient absorption spectroscopy

Nanosecond transient absorption difference spectra and
kinetics were measured using an Edinburgh Instruments LP-
920 laser ash photolysis system equipped with a pulsed
450 W Xe arc lamp and an iStar iCCD Camera (Andor) serving as
the detector at the exit port of a spectrograph. The laser exci-
tation pump source was a Vibrant LD 355 II ND: YAG/OPO
system from OPOTEK. The differential transient absorption
spectra were recorded in deaerated THF following pulsed
nanosecond laser excitation (lex ¼ 514 nm, 2 mJ per pulse, 5–7
ns fwhm). The optical density in each sample was maintained
between 0.3–0.5 OD at the excitation wavelength. Single wave-
length kinetic traces were measured by using a monochromator
and PMT detector (R-928 Hamamatsu), with data acquisition
controlled by the Edinburgh Instruments LP 900 soware. The
single wavelength absorbance transients of the Zr(IV) photo-
sensitizer were single exponential in all instances. The recorded
single wavelength kinetic decays of each triplet acceptor/
annihilator following triplet sensitization were adequately t
to a model equation following parallel rst-and second-order
kinetics22,59 in Igor Pro 7.08 soware. Please see the model
equations (eqn (S1)–(S3)†) for more details.
Results and discussion
Molecular photophysics

The electronic and photoluminescence spectra of Zr(MesPDPPh)2
measured in THF (Fig. 2A) are consistent with the previous
study.51 Zr(MesPDPPh)2 exhibits an intense absorption band
centred at 525 nm (3525 ¼ 21 570 M�1 cm�1), assigned to having
mixed singlet intra-ligand (1IL) and 1LMCT character.51 The
static photoluminescence spectrum of the Zr(IV) complex
displays a broad and featureless emission band with
amaximum at 581 nm, mirroring the shape of the lowest-energy
absorption band. The CzPA series of acceptors/annihilators
possess similar spectroscopic signatures to the benchmark
DPA chromophore, presented in Fig. 2B. The absorption bands
Chem. Sci., 2021, 12, 9069–9077 | 9071
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in the range of 340–410 nm are assigned to p / p* transitions
of the DPA unit.56 Absolute uorescence quantum yields
measured in THF solutions yielded FF ¼ 81.6%, 82.5% and
74.7% for CzPA, F–CzPA and CN–CzPA, respectively. As the
electron-withdrawing ability increased from the –F to the –CN
substituents, the uorescence spectra progressively red-shied
becoming more featureless. This progression is consistent
with the manifestation of smaller HOMO–LUMO gaps featuring
increasing degrees of charge-transfer character. This is in
excellent agreement with the electronic structure calculations
presented in Table S1 and Fig. S8.† Moreover, the minimal
spectral overlap between the uorescence of these acceptors/
annihilators and the electronic absorption spectrum of the
Zr(IV) sensitizer minimizes reabsorption of the upconverted
uorescence by the sensitizer, thereby reducing potential losses
in upconversion efficiency, hUC. We note that akin to DPA, the
1H and 13C NMR spectra of each acceptor show no evidence
whatsoever of any aggregation or self-assembly in the ground
state at millimolar concentrations, Fig. S2–S7.† These newly
conceived molecules therefore seem particularly suitable for
pairing with Zr(IV) sensitizers in photochemical upconversion
schemes.
Triplet energy transfer

In order to investigate the relevant bimolecular TTET processes
and ultimately optimize the quenching conditions for UC, both
lifetime and photoluminescence intensity decay of the Zr(IV)
Fig. 3 Transient absorption difference spectra (A), and time-resolved p
0.25 mM DPA in deaerated THF at several delay times following 514 nm

Table 1 Performance metrics of Zr(IV)-sensitized photochemical upcon

Acceptor FF
a (%) hUC

b (%) KSV
c (�104 M�1)

DPA 94.0 (ref. 82) 42.7 � 0.3 8.25 � 0.65
CzPA 81.6 37.4 � 0.2 10.0 � 0.99
F–CzPA 82.5 37.8 � 0.4 7.78 � 1.02
CN–CzPA 74.7 31.7 � 0.2 9.25 � 0.85

a Fluorescence quantum yield of acceptors/annihilators. b Upconversio
upconversion quantum efficiencies in the plateau region. c Reported v
analysis of photoluminescence intensity data and lifetime data. d The
e The peak maxima of the highest energy band in the corrected upconver

9072 | Chem. Sci., 2021, 12, 9069–9077
sensitizer (see Fig. S11–S14† for details) were examined by
Stern–Volmer analysis, eqn (2). We note that there was no
evidence of any self-quenching from the Zr(IV) photosensitizer
and the lifetime remained constant as a function all concen-
trations utilized, s0 ¼ (358 � 9) ms. Stern–Volmer quenching
constants (KSV) and bimolecular energy transfer quenching rate
constants (kq) for each Zr(IV)/acceptor pair are collected in Table
1. The KSV values obtained from lifetime and photo-
luminescence intensity measurements were consistent for each
Zr(IV)/acceptor pair, revealing exclusive dynamic quenching
behaviour for each triplet–triplet energy transfer process. The
Stern–Volmer analysis revealed rather strong quenching for
these exothermic triplet energy transfers, with KSV values
ranging from 7.78 � 104 to 1.00 � 105 M�1 and kq values
ranging from 2.10 � 108 to 2.71 � 108 M�1 s�1. The large KSV

values are consistent with the long excited state lifetime of
sensitizer being used (�358 ms),59 enabling 95% quenching of
the sensitizer using modest concentrations of donor (10.1 mM)
and acceptor (0.25mM) in each instance. The linearity exhibited
by the collective Stern–Volmer plots along with TTET quenching
below the diffusion limit suggest that no aggregation is occur-
ring between the Zr(IV) photosensitizers and the acceptors/
annihilators. This indirect evidence was conrmed using
diffusion ordered spectroscopy (DOSY) and rotating frame
Overhauser spectroscopy (ROESY) 1H NMR. These 2D-NMR
techniques enabled us to monitor any possible aggregation in
upconversion mixtures by directly correlating diffusion
hotoluminescence spectra (B) of Zr(MesPDPPh)2 (OD514 nm ¼ 0.4) and
pulsed laser excitation (�2 mJ per pulse) with delay times indicated.

version as a function of acceptor

kq
c (�108 M�1 s�1) Eabs

d (eV) Eem
e (eV) DEf (eV)

2.48 � 0.19 2.36 3.02 0.66
2.71 � 0.27 2.36 2.95 0.59
2.10 � 0.28 2.36 2.95 0.59
2.56 � 0.24 2.36 2.86 0.50

n quantum efficiency limit is 1. Reported values are the average
alues are the average of the two values extracted from Stern–Volmer
peak maxima of the lowest energy absorption band of Zr(MesPDPPh)2.
ted uorescence spectra. f Apparent anti-Stokes shi,6 DE ¼ Eem � Eabs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coefficients and chemical shis. Identical diffusion coefficients,
D �3.3 � 10�5 cm2 s�1, were determined for the independent
CzPA chromophore and the Zr(MesPDPPh)2/CzPA mixture in THF
using the DOSY spectra. These experiments support the
conclusion that no aggregation or self-assembly of the chro-
mophores takes place in solution (Fig. S15†). Additionally, the
ROESY spectrum displayed in Fig. S16† shows no evidence of
intermolecular interactions between Zr(MesPDPPh)2 and CzPA,
consistent with the collective static and dynamic photophysical
data.

The TTET processes were further investigated using nano-
second transient absorption spectroscopy where the Zr(IV)
photosensitizer was selectively excited at 514 nm. Fig. 3 presents
the spectroscopic investigation of triplet energy transfer from
Zr(MesPDPPh)2 sensitizer to DPA, serving as a representative
example for the entire series. The remaining TTET processes
involving the CzPA-based acceptors/annihilators are presented
in Fig. S17–S19.† The nanosecond transient absorption spectra,
Fig. 3A, showed a 3DPA* characteristic T1/ Tn absorption band
between 420–450 nm that formed during the initial timescale of
0–25 ms, and then decayed upon repopulating the ground state
on longer time scales. Time-resolved photoluminescence
spectra, Fig. 3B, indicated the growth of DPA uorescence
synchronous with the decay of photoluminescence of the Zr(IV)
sensitizer, consistent with TTA generating singlet uorescence
in DPA. The absence of DPA radical cation or anion bands in the
region of 550–750 nm (ref. 60) eliminates the possibility of
electron transfer reactions occurring in parallel. These collec-
tive experimental observations are consistent with the photo-
luminescence quenching being a result of TTET from
Zr(MesPDPPh)2 to the various acceptors/annihilators.

Bimolecular TTA rate constants (kTTA) for these
Zr(MesPDPPh)2/acceptor UC systems were determined from
transient absorption decay kinetics of the acceptors/
annihilators (3A*) measured as a function of laser pulse
energy at 514 nm. Kinetic analysis of all the UC pairs used our
previously reported approach22,59 (see eqn (S1)–(S4)† for details)
where the sensitized triplet acceptors follow parallel rst-
(intrinsic triplet decay, kT) and second-order (TTA process, kTTA)
kinetics. In the case of DPA presented in Fig. S20,† the transient
kinetics at 450 nm (characteristic of the DPA* T1 / Tn

absorption band) was t to eqn (S3).† The near diffusion-limited
TTA rate constants, kTTA �109 M�1 s�1 were one order-of-
magnitude greater than the precursory bimolecular TTET
process determined by Stern–Volmer analysis. With increasing
laser pulse energy, the initial concentration of acceptor/
annihilator triplets, [3A*], the TTA rate, a (a ¼ kTTA � [3A*]),
and the initial fractions of 3A* decay occurring through second-
order TTA, b, progressively increased or uctuated around the
maxima while the rst-order decay rate, kT, remained constant
at �103 s�1 (Tables S2–S5†). The kinetic parameters, kT and
kTTA, are consistent with values previously reported for other UC
systems incorporating DPA acceptors.59,61 Additionally, the
kinetic analysis for each Zr(MesPDPPh)2/acceptor UC pair resul-
ted in large b values, ranging between 0.61 to 0.95, illustrating
that the majority of sensitized 3A* engages in high efficiency
TTA in every composition investigated.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Continuous-wave photochemical upconversion

Selective excitation of the Zr(MesPDPPh)2 sensitizer at 514.5 nm
in the absence of the acceptors/annihilators only resulted in the
observations of normal Stokes-shied photoluminescence
characteristic of the Zr(IV) species. The anti-Stokes singlet uo-
rescence characteristic of each acceptor/annihilator was readily
observed using either coherent or non-coherent excitation
source in the presence of the Zr(IV) photosensitizer under
514.5 nm excitation, Fig. 4 and S9.† The blue upconverted light
was readily discernible with the naked eye in each composition.
The incident light power dependence is also presented for each
optimized donor–acceptor pair in Fig. 4. Surprisingly, over the
entire range of incident uences utilized, only linear power
dependence was observed, even down to low microwatt power
levels. These data are consistent with TTA occurring in the
strong annihilation regime where the second-order TTA
processes outcompete rst-order decay of 3A*.62,63 In order to
verify these results, the Zr(MesPDPPh)2/DPA UC system was
prepared using non-optimized TTET quenching conditions to
lower both sensitizer concentrations and the TTET reaction
efficiency. Under non-optimized quenching conditions, the
characteristic transition from quadratic to linear incident light
power dependence was readily identied (Fig. S10†), conrming
that the anti-Stokes uorescence indeed results from TTA and
not from inadvertent excitation of the acceptor/annihilator
molecules. Since we were unable to directly observe the power
density threshold (Ith) under experimentally optimized condi-
tions, we estimated the theoretical Ith value based on the
established model equation (eqn (S5)†).64,65 By measuring
experimental Ith values using two distinct non-optimized UC
conditions (Fig. S10†), we estimated the Ith value under opti-
mized conditions, see ESI† for complete details. The calculated
Ith value for the current UC system was estimated as 0.115 �
0.038 mW cm�2, in line with our experimental results.

All of the Zr(MesPDPPh)2/acceptor UC systems achieved record
normalized upconversion quantum efficiencies: (42.7 � 0.3)%,
(37.4 � 0.2)%, (37.8 � 0.4)% and (31.7 � 0.2)% for DPA, CzPA,
F–CzPA and CN–CzPA, respectively, according to eqn (1) (Fig. 5).
To the best of our knowledge, 42.7% is the highest upconver-
sion quantum efficiency obtained for TTA-UC using metal-
based photosensitizers to date. Additionally, these values
signicantly exceed the efficiencies reported for Ru(II) and Cu(I)
MLCT sensitizers (hUC ¼ 8–9.8% (ref. 66) and 17.8%,48 respec-
tively) as well as Pd(II) octaethylporphyrin (PdOEP, hUC ¼ 32%
(ref. 7)) in concert with DPA. It is well established that metal-
loporphyrin photosensitizers undergo homomolecular triplet–
triplet annihilation that serves as a competing process with
respect to the desired acceptor-based TTA.67–74 Importantly,
neither homomolecular TTA nor any other self-quenching
process was observed in the Zr(IV) LMCT sensitizer, whose
excited state lifetime remained constant across all sensitizer
concentrations investigated. For the photochemical upconver-
sion systems using CzPA series as acceptors/annihilators, the
upconversion quantum efficiencies – although they do not rival
that of the benchmark DPA – are still impressive when
compared to the large body of existing anthracene-based
Chem. Sci., 2021, 12, 9069–9077 | 9073
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Fig. 4 Double logarithmic plot of upconverted integrated photoluminescence intensities of acceptors/annihilators, (A) DPA, (B) CzPA, (C) F–
CzPA and (D) CN–CzPA, respectively, as a function of 514.5 nm excitation power densities. Solution compositions were 0.25 mM acceptors/
annihilators and Zr(MesPDPPh)2 (OD514nm – 0.2) in deaerated THF. The solid red lines represent the linear fits with slopes of 1, illustrating linear
response at low power density. The upper left insets show upconverted photoluminescence spectra of the corresponding solution compositions
at different excitation powers and the lower right insets show the digital photographs of upconverted photoluminescence of acceptors/anni-
hilators under 514.5 nm excitation by using an Ar+/Kr+ laser.

Fig. 5 Upconversion quantum efficiencies measured for 0.25 mM
acceptors/annihilators sensitized by Zr(MesPDPPh)2 (OD514 nm ¼ 0.2) in
deaerated THF solutions as a function of excitation power density at
514.5 nm.
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annihilators.22,61,75–78 Interestingly, the hUC values for these UC
compositions are roughly proportionate to the uorescence
quantum yields (FF) of the acceptor/annihilator chromophores,
9074 | Chem. Sci., 2021, 12, 9069–9077
shown in Table 1. Considering that hUC under our specic
experimental conditions is the product of the quantum yields of
each step in the TTA-UC mechanism, i.e. hUC ¼ 2 � FISC �
FTTET � FTTA � FF, the agreement between hUC and FF suggests
that the hUC of the current compositions appear to be limited by
the uorescence quantum yields of the acceptor/annihilator
chromophores, rather than any inherent properties of the
Zr(IV) sensitizer or the bimolecular energy transfer processes
involved. The maximum hUC of 42.7% for Zr(IV)/DPA composi-
tion is likely reecting the maximum normalized TTA efficiency
(hTTA ¼ 2 � FTTA) of 40% within experimental error of the hUC

measurement.70,71 The underlying mechanism of the TTA
process is generally regarded as an encounter complex forma-
tion between two excited triplet acceptor/annihilator molecules.
Triplet–triplet encounters yield the following spin statistics: 5/9
quintets, 3/9 triplets and 1/9 singlets.79 Only the singlet complex
can dissociate to acceptor molecules in the S1 state producing
the upconverted uorescence. As such, 18 triplet acceptors are
expected to yield 1 singlet acceptor (hTTA ¼ 5.5% � 2 ¼ 11%).
However, the highly energized quintet states are not thermally
accessible, eliminating 10 triplets from the statistical mix,
leaving 8 triplets producing 1 singlet acceptor (hTTA ¼ 12.5% �
2 ¼ 25%). If the upper T2 states (dissociated from the 3/9 triplet
© 2021 The Author(s). Published by the Royal Society of Chemistry
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encounter complexes) recycle into T1 acceptors, 3 additional
triplets are removed from the calculation, yielding 1 singlet
acceptor being produced from 5 triplets (hTTA ¼ 20% � 2 ¼
40%). This scenario is most consistent with the experimental
data presented in Fig. 5 as well as numerous related UC
systems.7,59,80,81

To further evaluate the upconversion performance metrics
intended for non-coherent solar photon capture and conver-
sion, we estimated the integrated solar irradiance over the
lowest energy absorption band of Zr(MesPDPPh)2, Fig. S21.† The
solar irradiance over this absorption prole is 26.7 mW cm�2,
which is notably larger than the 13 mW cm�2 required here to
achieve the maximum hUC in the current compositions. This
illustrates that the maximum hUC of the current donor–acceptor
pairs can be achieved under terrestrial sunlight, highlighting
the potential of these particular UC systems for real-word solar
energy-based applications.

The signicant advance enabling the realization of low
threshold, high quantum yield photochemical upconversion
clearly has its origin in the Zr(IV) photosensitizer. Besides
featuring TADF which circumvents energetic losses during ISC,
this chromophore possesses a large absorption cross-section in
the visible (3525 ¼ 21 570 M�1 cm�1) while having an excited
state lifetime of 350 ms at RT.51 These combined properties
enabled the use of low concentrations of this sensitizer,
generating large KSV values (�105 M�1) while circumventing
parasitic self-quenching and aggregation as well as the reab-
sorption of upconverted photons. Although it is described as
a 3LMCT excited state, this Zr(IV) molecule possesses a some-
what complex electronic structure featuring signicant triplet
ligand-centred (3LC) character as well. This mixed excited-state
character may accommodate a larger distribution of interac-
tions that enable TTET ultimately leading to more product-
favouring collisions. This may rationalize why the KSV values
are quite large even though the driving force for TTET is only
�0.19 eV, which led to rate constants of 2–3 � 108 M�1 s�1.
Nevertheless, the combination of the newly conceived Zr(IV)
photosensitizer and DPA-based acceptors/annihilators yields
upconverting formulations operating with linear power depen-
dence at low excitation power density. These donor–acceptor
mixtures achieve maximum record efficiencies below the solar
ux available across the Zr(IV) photosensitizer visible absorption
band.

Conclusions

We describe a number of unusually efficient molecular-based
photochemical upconversion compositions featuring the
Zr(MesPDPPh)2 photosensitizer in concert with a number of DPA-
based acceptors/annihilators. The initial TTET processes
featured very large KSV values approaching or achieving 10

5 M�1

with bimolecular rate constants between 2–3 � 108 M�1 s�1.
Conditions optimizing the TTET quantum yield generated
linear UC response down to microwatt incident light power
levels. Impressive record-setting hUC values ranging from 31.7%
to 42.7% were achieved under excitation conditions (13 mW
cm�2) below that of solar ux integrated across the Zr(IV)
© 2021 The Author(s). Published by the Royal Society of Chemistry
photosensitizer's absorption band (26.7 mW cm�2). These
observations demonstrate that maximum hUC can be achieved
in the current UC pairs using terrestrial sunlight, presenting
enormous potential for non-coherent solar photon capture and
conversion. We expect that the potential of earth-abundant
early transition metal photosensitizers will inspire further
exploration in future photosensitizer development for applica-
tions in solar energy conversion and light management.
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