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ABSTRACT : Triplet-triplet annihilation photon upgonversion (TTAPUC) has gainestmmense
attention among the scientific community in the last decade due to its application in the fields of
energy, biology and photocatalyticorganic synthesis. One of the maimsto improve the
efficiency of these lowo-high photorenergyconversion is to reduce energy lesduring the
intersystem crossing (ISC). Sin@)15 many strategies have been reported to address this
challengeand a significant update has been noticed in this.fié¢l reviewis aimed tccritically
analyze these updates and prevai outlook for the future A detailed mechanism of ISC in
thermally activated delayeftliorescence (TADF) moleculdgbat possess small singlettriplet
energy gap, is discuss&dth a focus on its deeper understanding #reimpact of molecular
design In this contexta range of selectemtganic and inorgani€ADF molecules aréhoroughy
evaluated Osmiun(ll) complexes that exhibit a spfarbidden metato-ligand chargdransfer
(®MLCT) transition in their VisNIR-IR absorption spectrand can bexcited directly into their

triplet state, thereby bypassing the energy loss during ISC, are also debated in sufficient detail for
their advantageas well ashortcomingin being used in TTAPUC. This workaims atreviewing

the latest progess in this field understanthg the fundamental ISC mechanism of these
photosensitizersandcritically addresmmg the challenges that are faced in this fidlhis reviewis
anticipated to serve ashelpful script for identifying future directions and designimglecular
sensitizers for TTAPUC, which can sensitizéhe triplet state with minimum energy loss during

ISC and can be helpfidbr increasinghe antiStokes shift in TTAPUC.

Key Words: Intersystem Crossing, Tripldtriplet Annihilation Upconversion, Thermally

Activated Delayed Fluorescence, Osmium Complexes, Zirconium Coesplex
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1. INTRODUCTION

Recently a tremendous interest has been noticed in the field of tnijktt annihilation photon
up-conversion (TTAPUC) dueto potential applications of this process in diverse areas such as
bio-sensing'? bio-imaging®* photodynamic therapy (PDPf, photocatalysi¢? and
optoelectroniaevice$ etc. The PUC is aounterintuitiveprocessof absorption ofow-energy
photors whilst emission of higkenergyphotors is observedelativeto the excitation sourcef
antiStokes shift). In other words, upon the absorption of lomgerelength lightan emissiorof

a shorér-wavelengtHight is observed!®4 A number of traditional uygonversion methodologies
such as the use of raearth metals, inorganic crystals, and {@lwton absorbing materials have
been known to the scientific community for a long titti&? However, triplefitriplet annihilation
photonup-conversion (TTAPUC) has recently receivétimenseanterest due tetheuse of a low
power excitation source (< 2 m\&m'?), strong absorption of UWis-NIR light, high PUC
guantum vyield (up to 45%) and naoherent excitation source such as terrestrially available

sunlight (1.5 AM)?1#23

4.1 Scope of the Review. This review is mainly focused on different strategies liaaebeen

usedto minimizethe singletitriplet energy gap during ISGf a molecular photosensitizéo be
used in TTAPUC. A review article related to this topic was published in 2017 but at that time
only afew examples of molecules used to probe the strategy reported? A major part of that
review article wagledicatedto materias (nanocrystals and only three examples ahermally
activateddelayed fluorescenqd ADF)-basedohotosensitizer for TTAUC were discussed. For
osmiumbasedcomplexestwo publishedexamplesvere included in tatreview. Since that time,
many new reporthave been publishesh TTA-PUC with different typesof TADF sensitizers

along withnew osmiuntll) -basedcomplexeghat need to be critically analyzed in the context of



molecular chemistry.Moreover the scope of our review is not only to focos these
photosensitizes for TTA-PUC application but also took intotheir ISC mechanisnthat can be
a useful script available to tlseientistanot only for energy applicationbut also for bioimaging

photocatalysisnd LEDapplicatiors, etc.

2.  TRIPLET-TRIPLET ANNIHILATION PHOTON UPCONVERSION

TTA-PUC, generally a bimolecular system, corssidta triplet photosensitizer and a triplet
acceptor/annihilator. In this system, a triplet photosensita@esorbslow-energy (= long-
wavelength)photonto reat a singletexcitedstate (%) and theraccesses the triplekcitedstate
(T1) via spin inversionthis process is called the intersystem crossing (]$€¥The sensitizer in
the triplet state transfers its energy to a trigleergy acceptéannihilatorby tripletitriplet energy
migration (TEaM). The detailed mechanism of a general TTAagmversion system containing a
triplet photosensitizer and triplet acceptor is shown in FigurdHia. proces®f TEnNM process
from a triplet sensitizer to the triplet acceptan bedirect orcan bemediated by charge transfer
as shown in Figur@.262° Due to the diffusion, collision, and TTA of two triplet beneficiary
molecules, a singlet state1f$s formed followed by a radiative relaxatiomifitting high-energy

(shortwavelengthphotons) to the ground state, and @ttikes shift is observef?
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Figure 1. Schematic representationasdonventional TTAPUC systenta), and strategies used to
prevent energy loss during ISC of photosensitizer§TIA-PUC systems involving aharge
transfer excited state (b), a TADFbased photosensitizer (c), and @s(ll) complexbased
photosensitizer (dfo, S1and T representheground state, lowest singlet excited statdlowest
triplet excital state respectively. Blue lines and green lines are representing absorptiba of

photosensitizer and emissiontb&acceptoyrespectively.

In order to ensure efficient TEnM and TTA, the molecules should be in close vicinity (10 A)
because these electremchange mechanisms are of the Defgpe by naturé® As shown in
Equation (1), the rate constant for the Dexter energy migr&iam,depends upon the distance

separating the energy donor from the acceptor molecule, as well as on the sum of the energy donor



and acceptor radiiR), andJ, theintegral for spectral overlap between the electron donor and

acceptor in Equation 1.

G. B,ATESC (1)

Figure 2. Schematic representation of direct and CT mediated TEnM. D and A stand for a donor
and acceptor compound and D* and A* for a photoexcited donor and acceptor, respectively. The
green arrowsepreseniCT meditated TEnM and the blue arrow direct TEnM from a donor to

acceptor molecule.

Due to the dominant TTA process in the high excitation energy region, the relation between emitter
triplet and excitation energy becomes quasilinaarcompared to the quadratic relation observed

in the low excitation energy region for TTRUC. The cross point obtained by fitting lines of



these low and higkxcitationenergy regions idenotedasthe It value (upconversion threshold)
and its relation with . (the molar absorption coefficient athe excitation point of the
photosensitizer),)em (the sensitizetto-annihilator TEM efficiency), Dat (the dffusion constant
for annihilator triplet), ¥ thetriplet excitedstate lifetime of annihilator), aral (the annihilation
distance irbetween triplets of annihilatgthat is ~ 1 nm) is presentedHaquation2.
oL Uy, zZe&x=7°3;7° (2

This equation elaborates theahigh molar absorption coefficient adonger triplet lifetime of
photosensitizer, as well as signifitafficiency for TENM between triplet sensitizer and triplet
acceptor, and remarkable triplet diffusiare allessential to get a lowér value343°

The photon ugonversion quantum yield, that the ratio betweetheabsorbed incident photons

to the emitted photons, of an-gpnversion system can be represente&dpyation3.

TYc-;l——f3 Blmweo Ixxdip (3
where )iscis singletto-triplet intersystem crossinguantum yieldfor a sensitizer, )enwm is the
sensitizeito-triplet acceptor energy migration efficiencyyra is the triplet-triplet annihilation
efficiency for atriplet annihilator, )r_is the fluorescence quantum yiefdr atriplet annihilator

andf is statistical probability factor of annihilator to generate singlet state through-triplet

annihilation3-36
2.1 Role of ISC in TTA photon upconversion

Intersystem crossing (ISC) froasinglet to triplet excited state is a phenomenon of significant
importance in the fundamentals of photochemistrygadophysics’*#! A deeper insight into the
difference betweethe correspondinginglet and triplet excited states could be apprehended by
the principle of quantum chemistry. For a single electron, the spin quantum n@nbket/? and

its projection parallel to the magnetic field can be denotethby+ Y. According to the Pauli



exclusionprinciple, the spin of two electrons in an orbital is always inverted (cannot be identical)
because the value of four quantum numbers cannot be sifiilarstatemultiplicity can be
determinedy usingthe simple formula 3+1 (whereS= spin of systengivenby the cumulative

sum of individual electrons spin). For neutral molecules, the s@ne@l&ctron pair is inverteds(

= 0) and the overall multiplicity is a singlet. However, fama-electronsystem with identical
spirs, the overall multificity is a triplet. Foratriplet state, there are three allowed commbsmef

WKH VSLQ VWD Wad shown in FgQré&

Figure 3. Vectordiagram presentation of singlet and triplet stakbe.term |6 fepreserdthe spin

R1 DQ HOHPWdpRecdQ & Tgand T arethecomponents of the triplet state.

The ISC rate constarg represented bizquation4, whereS, and Ty arerepresenting singlet and
triplet statesrespectivelyH is the Hamiltonian operator fospinorbit coupling (SOC) D Q &isl

the energy difference between singlet and triplet states.

| w2 Z V€
R——m
@¥%g, 7P, A

(4)



From Equation4 it is apparenthatlargevalues of SOC and a small energgp between singlet
triplet statesarecrucial factors determiningn efficient ISC. However, the singhtiplet energy
gap isgenerallylarge for most organic and inorganic molecules and its origin can be traced to the

exchange energy (2J = ¢' ¢ ). Sincecrossingfrom a singlet state t@ triplet state is a spin

forbidden processiriplet-state lifetimes are generallylonger compared to dse of singlet
states.342The long-lived triplet stateensures efficient energgnd electrormigration processs,
making triplet photosensiiizg useful for various applicatiorf§#°> Most of the conventional triplet
photosensitizer depend upon the SOC effect of heavy atamsISC. Complexesof heavy
transitionmetals,including platinumarenot onlycosty to synthesze but also featurghortening
of triplet lifetimes and increasdark toxicity (cell viability in the absence of irradiatiofjhese

drawback makealternativestrategiegor efficient singletto-triplet ISC highly desired 4647

2.2 Strategies to avoid energy loss during ISC and their application in TTA -PUC

Recently many new techniques have been introduced to attagut®@s byppending a stable
radicalto a chromophof&%° or twistinga Sconjugaedframework!®3, Replacement of carbonyl
oxygenin an organic compound witsulfur in a thiocarbonygroup (thionated photosensitizers)
and orthogonally connectedectron donoeacceptormolecules can also inducdtrafastsinglet
to-triplet ISC 34®7 For most of these techniques, energy is lost during ISC drsimglet to triplet
state due to the singlétiplet energy differenceThis review is aimed to discuss some strategies
to minimizing excitatiorenergy loss when accessithg triplet state of photosensitizer by either
decreasing the singlétiplet energy gap or byopulatingdirecty the triplet stateand the
applicationof such moleculetor TTA-PUC.

As mentionedabove the TTA-PUC quantum yield depends upon the ISC quantum yield

(Equation 2) Equatiord revealsthat ISC deperglupon the energy difference betwabesinglet

1C



and triplet state Hence, decreay) the energy gap betweémesinglet and triplestatesnay lead
to high triplet quantum yielthy overcoming the energy loss during 15€%The followingsection
is dedicated to the discussion on different strategies used to obtain efficient ISC by avoiding energy

loss during ISC.

3. Charge-transfer state to minimize energy loss during ISC for TTA  -PUC

Photo-activated charge separation (CS) between electron donor and acceptor molecules is an
important phenomenon in the fields of photovoltaic solar cediyral/artificial photosynthesis,
photocatalytic reactiongtc°%® However, the discussion in thisviewis confined to the role of
CS and charg&ransfer (CT) statein ISC. To start the descriptigrwe may consider gD-A]
molecule consisting of electron donor (D) and acceptor (Ax.udgually,electronicexcitation
promotes the molecule fromts ground state to an excited state called the locally excited state
(!LE). In the LE state eithethe donor [D* iA] or acceptor [DiA*] becomeexcited inducing
electron transfer fror® to A to reach a CT state and fornewitterion D** iA %, as shown in
Figure4. This chargaransfer state iasinglet and shotlived, as the reverse proce$€T : Sy, is
a spinallowed transitio’** $SDUW IURP WKH 'i$ HQH USOC@luklpoldrityQ FH D Q G

and viscosity of theurroundingnediumare two othevital factors influening this proces$! ¥4
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Figure 4. Schematic representationasf electron donor (D) and acceptor (fplecule(D-A) in
theground state, locally excited singlet statleH) and chargdransfer singlet statéGT) having
a zwitterionic characteD** iA X D* and A represent photoexcited donand acceptor ung,
respectively In the chargdransfer stateenergy levelsthe semitransparent arrowdenotethe

position where the electron has been transfdroed.

The first repor of chargetransfer mediated ISC to populate a triplet state can be thacktb
thework published by ESayed® andlater byOkadaetal.”® The schematic representation of the
formation of charge transfer mediated SGIST and RASC is provided in Figure Fypically,
when electron donor and electron acceptor moieties are connected with a spacetheari@je,
state act as a precursor ttrigger radicatpair intersystem crossing (RBC) due to hyperfine
coupling (HFC) The latterusuallyoccurswhen there is a spacer molecule betwiéenDandA
moietiesanda very weak' i $ H O H F iter&phtka eventually decreases thealue (where

J is a spatial overlapping wavefunction for two electrons, corresppgntb the singlettriplet

12



energy difference) for the radical pair'[BiA q, and3CT is populateddue to HFEE. If the 3CT
state idying higherthanthe3LE state the latter can bpopulatel by charge recombinatiolCR).
However if 3CT has alower energythanthe 3LE state, a londived °CT state can be observed.
Moreover, in compact, orthogonally connected$ systemsin which the molecular orbital
angular momentum changes during, CRusingvariation intheelectronspin angular momentum
the CR-induced ISGalsocalled spirorbital chargeransfer (SOCT) ISChecomesevidert.”” 0
Recently, a tremendous interess lteen withessedn exploring the CSnvolved ISC to yield
triplet statsin 'i$ systens comprisinga borondipyrromethene (Bodipy4,4-difluoro-4-bora
3a,4adiazas-indaceny®®818° naphthalenediimid&®® perylene?®®! perylenebisimidg® 929>

etc.

'[D-A]
ILE =X ".,‘CS

YDA 1 pp.sc ,

HFCﬂ¢ 2J

SOCT ISC 3 CT
3|_E i ‘CR :

hQ

S v v

Figure 5. Schematic representation GiT-mediated ISCHFC stands for ahyperfine coupling
interaction YD**iA 4§ and3D**iA j representhargetransfer single(*CT) andtriplet (°3CT)
excitedstates, respectively 3LE andJ denote thdocally excited triplet statandthe exchange
energy of electronsrespectively.Where D and A represents an electron donor and electron

acceptor unit in the molecule.
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It is important to mention that in compatct $ -based molecules, the electronic coupling
betweerD and Acan be tuned by controlling their geometry. One of the interesting aspects of this
tuning is to #ain a new band in theelectronic absorptionand emissionspectra at long
wavelengtly, i.e., anew (road absorptiofemissiorband that isbsentn the absorptiofemission
spectra othe separat® and Amoieies®®*° 1tV RULJL Q Lsysténids inighappropriate
electronic coupling betweethhe D and A moietiestesulting inan accessibleehargetransfer
absorption (&: CT).1°403 Theenergy and intensity of the Glbsorption istrongly dependent

upon the viscosity and polarity of the solvent media usethéoneasurementf*

3.1 Significance of S ¢ !CT photo -excitation for efficient TTA -PUC

The CT electronicabsorption ismportantfor two reasons. First, the CT absorption band
is redshifted compared to the LE singlet state) @d hence it is possible to excite the molecule
at longer wavelengtandattainasufficiently prolongedantiStokes shift irm TTA up-conversion
(Figure 1b) Secondly, althoughoS CT absoptionis observed at a longer wavelengaHawer
energy), the triplet energy state remains uncompromised. Hence, theedised energy loss in

ISC uponthe population of théCT state (5 CT Ti) as there is smalleenergy gap between
ICT andthetriplet state compared thelocally excited singlet (§ S1(LE) Tai) separated from

the triplet stateby a large energy gams illustrated in Figure 2b. The use of CT state for
photoexcitation of a chromopharehelpfulfor limiting theenergy losssduring ISChy electronic
excitationinto thelCT statewhich canfurther improvethe up-conversion quantum yield. To use

this strategy for TTAPUC, Zhao et al. synthesized a Bodiiperylene'i $ dyad (Figures).

14



Table 1. Photophysical and TTA -PUC Properties of CT excitable and TADF
Photosensitizers .

Sensitizer Emitter Solvent/ Qénm WR Est/eV  )ucd%  Euc® Ref

Medium f

BDP- perylene toluene 589 196  0.64 5.7 0.65 105
Pery
ACz- DPA thin film 532 NS 0.11 0.28 0.56 106
TPN-Ph
4-Cz-IPN g-Ph benzene 445 80 0.083 3.9 073 W7
4-Cz-IPN t-Ph benzene 445 80 0.083 2.8 0.83 107
4-Cz-IPN PPO OA-THF 445 80 0.083 ) 0.52 108
4-Cz-IPN  pyrene OA-THF 445 80 0.083 0.66 0.44 108
4-Cz-IPN BPh- C-HEX 447 80 0.083 4.0 1.17 109

TIPS
4-Cz-IPN R-/STP  toluene 445 80 0.083 7.9 0.40 110
BTZ- DPA toluene 545 ) 0.11 1.9 0.52 11
DMAC
DCF- DPA THF 635 22.1 0.03 11.2 0.94 112
MPYM
DCF- Py THF 635 22.1 0.03 7.0 0.80 112
MPYM
DCF- DPA THF 635 40 0.02 13.6 0.94 113
MPYM -
Me

2 Excitation wavelength used for TFRUC. ° Triplet lifetime. ¢ Singlettriplet energy gap® Up-

conversion gantumyield. € Anti-Stokes shift' Literature referencé Not reportedFor literature
referencedacking theant+Stokes shift valug the latter werecalculatedfrom the TTA-PUC
spectra supplied in the research papers.

FreeBodipy absorbsat 500 nm angberylenebetweer4d00 450 nm g§howinga vibronic

structure. For the Bodipyperylene dyadgDP-Pery) a new, moderately broad absorption band is

15



observed Balower energyat 535 &35 nm) The CT origin of the absorption has been confirmed
by time dependent density functional thedfD-DFT) calculations This CT absorption band
appears as a result of increased electronic coupling bethesyo moieties irthedyadfeaturing

a coplanar conformatiothat is permittedn the absence dahe methyl groupsin the 1,3,5,7
positionsat theBodipy moiety. This dyad is used for TTA-gpnversion with perylene dke
triplet acceptot® The CT absorption bangermitsexcitation ata longer wavelength (589 nm)
andtheup-conversion quantum yield of 5.7% waetermined in this cagEigure 1b) The detailed
photophysical parameters are listedTiable 1 An increasd antiStokes shiftof 0.65 eV was
observed byhe excitationinto theCT state compared tdhe antiStokes shift omerely0.37 eV

for theLE excitation1®®

Figure 6. TTA-PUC ofBDP-Pery (sensitizer) anPery (acceptor/emitter) upotie excitation at
589 nm in N- and airsaturated soluti® (a) UV-visible photoluminescencap-conversion
spectraof BDP-Pery (sensitizer) andPery (acceptor/emitter) in toluengb) A photographic
representatiorof the TTA-PUC solutios containingthe sensitizerand acceptoshowing UC
emission in N saturatedolution along with reference in air saturated environrt@mlolecular
structures othesensitizer and acceptdeproduced byhepermissiorof the American Chemical

Society(Figures 6a and 68Y°
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4. TADF TO MINIMIZE ENERGY LOSS DURING ISC FORTA-PUC

Thermally activated delayed fluorescerf€&DF) hasrecentlygainedprodigiousattention due
to its intensive use in therganic light emitting diode@®LEDS).1*421°TADF moleculesare usually
made up of at least one electron donor and electroracceptor moietyThe energy difference
betweerthesinglet and triplet stasés very smallwhich is favorabldor facilereverse ISC @ISC).
The €ISC is due to a transition froatriplet toasinglet state athesystem. As a result, a radiative
decayis observedrom thesinglet state afterefSC with atime delay, beingtermed as delayed
fluorescencgDF). TheDF spectral profile is same as normal fluorescehosvever, due tohe
involvement ofa triplet state, the fluorescence decay lifetime is loraget emission intensity is
oxygen senstivé&®®1?1 To exhibit an efficient TADF, the molecules should not ofdgturea
minimum singlet/triplet energy gap (<6Q meV) but also experience a low R@diative
decay/3.122.123

Another important aspect that influences the TADF efficiency is the exchange energy of
electrons,J, which can be defitkas the singleftriplet energygap (22 Esm).2?*'% The
diminished value of electron exchange energy consequently favors an efficient TADF. The

evaluation of] value for a TADF system can be represente@tdpyation 5

- A
= M IH:I}I;T_:N;MIIH:H;T.:I}I;@@@I )

In Equation 5 e represets electronic charge] | and Tpstand forHOMO and LUMO wave
functions respectively,and N, N denoe positionsof coordinateslt can be apprehended that
decreasing the overlap of HOMQUMO electronic densiésin the donor and acceptor moieties

ina 'i$ molecule can be useful fanefficient TADF manifestationi-rom the perspective of a

17



molecular structurelesigned tamprove the separation dhe HOMO and LUMO electronic
densites the connecting bonds betwetre D and Amoieties should be twisted to obtain a
spatially perpendicular geometry.

SOC also playa substantial role inetSC. In early research ahe TADF mechanism it was
believed that lowying singlet and triplet energy levelgereinvolved in the singleto-triplet ISC
and tripletto-singlet eISC. Howevey recent studies have revealed that this mechanism is
relatively complicated. Usually, upon photoexcitation of a TADF moleéueor !CT stats are
populatedfollowed by ISC to®CT and/or’LE states.*?® In most of the molecules, €T singlet
state igpredominantlygeneratedipon photoexcitatiodue to &D : A electron transfetCT: 3CT
ISC is a forbidden process because singigtiet coupling withanidentically occupied spatial
orbital is zerd?’ Populationof 3LE directly from a'LE is also forbidden due to the same reason.
TheEl-Sayed rule fotSC rates states that SOC and efficief®€ (and hence TADF) from'€T
state is possible if donor and/or acceptde is in resonance withCT.128234 The significant role
of a closely lying’LE state irtheoverall TADF process was reported by many scientistwever
the high elSC rate constants (TADKeisc >10° s1) obtained experimentally cannot be justified
by SOC betweehCT and®LE or by thehyperfine couplingflFC) betweentCT and®CT state. It
was proposed that bottriplet stateg*CT and>LE) are crucial to achievihe relSC process by
using quantum dynamics technique. This has led to the discovery that when optimizing TADF
molecules, there are at least two energy gapstonsideredTo achieveanequilibrium between
the 3LE and3CT states and enable adiabatic crossover betweel€hand3CT statesthere is
possibility of a spin inversion between tH@&T and'CT stateswhile 3LE-TADF is vibronically
coupkdto these stated®*23” The mixing of the’CT and®LE states is illustrated in Figure Rart

7(a) corresponds ta scenariavhere the’CT and3LE statesdo not interact at all, resulting in a
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very low eISC rate.In Part 7(b) théCT and>LE states are mixing at the crossing point due to

vibrational coupling, which enhances the relSC proce$sTd34%37

Figure 7. A typical TADF model demonstrating) non-adiabatic couplingn the absence &
3LE and®CT interaction, and (b) neadiabatic vibronic coupling at the coidencepoint ofthe

3LE and3CT states.

4.1 Desired characteristics of TADF sensitizers for efficient TTA -PUC

A great deal of interest in usifigADF molecules as lightharvestingcontendes for TTA-PUC
has been noticed in thestdecadeThe uprisng use of TADF photosensitizers in converting fow
energy photons to highnergy photons can be explaingith the special characteristics of these
moleculesFirst, TADF moleculesypically show ISC withouinvolving aheavy atomThefirst
and secondeneratiorof triplet photeexcitable sensitizers were capabfeinderging singletto-
triplet ISC due tothe SOC effect of heavy atosn that is,metalssuch as platinum, iridium
palladium, rutheniumor nonmetals for instance bromine and iodid&24° These heavy atoms
bringwith themmany disadvantaggscluding high cost of precious metalddencetriplet phote
excitable sensitizemwithout a heavy atomsuch as TADF sensitizerare superiorcompared to

thefirst andsecond generatiarf sensitizerbecausef thesmall singlettriplet energy gap (Esr,
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in the TADF moleculefacilitating ISC. Secondly, due to smallEsr, the energy loss during ISC
is diminished In most triplet photeexcitable sensitizers€Es/t is large.Some of the excitation
energy therefore becomedlissipated duringthe singletto-triplet ISC. In !CT-excitable
photosensitizers the singligtiplet energy gap is decreas@bs discussed earliecpompared to
traditional triplet photeexcitable sensitizeysvhich reducesenergy losesduring ISC However,
in TADF moleculesthis singlettriplet energy gap is further redugezhhancingenergy saving
duringthelSC (Figure 1) Currently most of the major studies on TADF phekitable sensitizers
focus on achieving high delaydidorescence quantum efficienayhich is desired fopractical
applications such as in LED=or theseapplications aefficient relSC ighereforecrucialto enable
a delayed radiative decay from singlet state. Howewtrary toLED applicatiors, the desired
propertiesof TADF photaexcitable sensitizers for TFRUC areslightly different. A suitable
TADF sensitizer for TTAPUCand LED applicatiosashould manifesa high ISC quantum yield
andasmall singlettriplet energy gapo avoid energy loss during CSHowever,the requirement
inverseto LED application is that theelSCfrom atriplet to singlet stateshould beanefficient for
TTA-PUC applicationDue to inefficientelSCin the triplet sensitir, TEnM froma sensitizer to
acceptorcan be promotedReversely a TADF photeexcitable sensitizer with an &ffentrelSC
may manifesppoor TEnM from sensitizers to acceptora@ TA-PUC system due tan active
triplet-to-singlet ISC channehA high upconversion luminescence quantum yield may accordingly
emerge from TTAPUC exhibiing poor relSC anefficient TEnM

4.2 Carbazolyl dicyanobenezene -based TADF sensitizers for TTA-PUC

Baldoand ceworkersused aed TADF (600 nm}manifestingmolecule for the first time i@
TTA up-conversion systertf® Specifically, 4CzTPN-Ph (Figure 8) previously reported foits

application inOLEDs, was used as a triplet sensitizer with DPAaasplet acceptat?? This
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photosensitizeexhibitsa photoluminescence quantum yield6f4 Its synthesisvas carried out
underan inert an atmospherassisted by sonicatidim reacha high product yield76%) TTA-
PUC up-conversionfor 4CzTPN-Ph was evidenced in a solstate systemvherea 20 50 nm
thick layer ofatriplet annihilator and sensitizer was fabricated on a quartz surfaaedguum
thermal evaporation methodology. A linear relationship was observed betiheeblC
luminescence intensity and laser powEhe delayedemission lifetime was reported to be 1.72 ps
for the neat filmThe TEnM efficiencyfor the TADF sensitizerandthe acceptor waseportel to
reach9.1%.Although the reported TA-PUC efficiency (0.28%) was not very highdthe antr
Stokes shift was 0.56 eMthese resultdhave openedthe door to utilizing a new type of
photosensitizein TTA-PUC. Later many attempts were made to improve theanversion
guantum yield anthe anti-Stokes shifin TTA-PUC systeraby using TADF photosensitizers as
light-harvesting molecule§ hese photosensitizedespite of reeshifted absorptiormaintain a
uncompromisedjigh tripletenergy statemaking it possible to use triplet acceptors vaitligher
energystate (shorte wavelength) resultingin an increasedantiStokes shift fora TTA-PUC

system.

O

@

DPA

4CzTPN-Ph

AEUC =0.56 eV
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Figure 8. A TTA-PUC system consisting dCzTPN-Ph as theT ADF sensitizer an@®PA as the
acceptor along with the value othe anti-Stokes shift andhe singletitriplet energy gapn the

TADF photosensitizer

Carbazolyl dicyanobenezenéd-Cz-IPN; Figure 9 is a widely studied TADF sensitizefirst
reported by Adachiteal. for organic LED application&? This molecule shosstrong absorption
of UV-visible light in the range of 28890 nm Thecontribution ofa chargetransfer characteo
the electronic excitationn the visible region(for the S; state) was revealed byTD-DFT
calculationsshowng the HOMO and LUMO/ocalizedon the electron donor (carbazolyl) and
acceptor (dicyanobenzene) moietiesspectively.This is a greedight emitting moleculg &h =
507 nm) with a very highluminescence quantum yieldachng up to 94% anda delayed
fluorescence lifetimef 5.1 psfor the longer componenthe steric hindrance created between
dicyanobenezene and carbazolyl grompsCa-IPN is responsibldor 6(° dihedral angle between
them. HencetheHOMO and LUMO are clearly separatéshding to a small singlétriplet energy
gapof 0.083 meV.These properties makeCz-IPN a suitable contender for manifesting TADF
thatis indeedexperimentally observeld? The synthesis of this compoundr@atively easy and

straightforward
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Figure 9. A TTA-PUC system consisting of a TADF sensitiz&Qz-IPN) combinedwith t-Ph,
g-Ph, PPO, pyrene, and BPh-TIPS triplet acceptors.Two highestantiStokes shiftvalues
obtainedwith t-Ph andBPh-TIPS andthesingletitriplet energy gajn the TADF photosensitizer

are also added

4-Cz-IPN has beeran intensively studied TADF photosensitizer for TTAagnversion The
discussionof the nature othe ftiplet state in4-Cz-IPN will benefit from a brief overview of
electron paramagnetic resonanE®R spectroscopwysa useful technique tonravelthis TADF
property The nature of the triplet state TADF sensitizers can b&E, 3CT, or co-exisence of
both EPRspectroscopys a useful techniqui distinguish these paramagnetic states to its
remarkable selectivity towards the populated triplet sublevels leading to eleptropolarization

(ESP) ofthelowest triplet sublevelsAs a matter of fact, usually vedissimilar ESP pattesas
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well asdifferent rates foithe populated sublevels dhe triplet state are observed fdre two
different ISC mechanisms$*® EPR is thereforevery useful to differenti@ between theSC
mechanismsi.e., the 3LE or °CT state.”®%% In EPR spectraas a result oESP transitiors, a
polarizationHQKDQFHG B LRWHRRU @VisigRay gre observedConsequently,
different spinpolarization patterns are observed for different moleculésein EPR spectra-or
4-Cz-IPN, the spin polarizatiomechanisms represented in Figure 10h@ EPRspectralpattern
for 4-Cz-IPN was observed to BEE/EAA. With theaid of spectral simulatias) none ofseparate
SOG or HFGbased mechanisntsuld reproduceéhe experimental EPR spectra. Howewdnen
theHFC and SOC mechanismgere consideretbgether thespectramatch wagerfect Hence
based on these results it wagygestd thatthe directinvolvement of HFCbetween'CT andthe
higher triplet stateTn is a precursoto populde a 3CT statethat upon internal conversion to a
closelylying lower triplet stateultimatelypopulateghe3LE state(Figure10). A small energy gap
between!CT and °CT states which is snaller thanthe Zeeman energy (0.20.40 cm?), also

favors this claimt?’
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a) SOC-induced ISC b) HFC-induced ISC T
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Figure 10. A spinpolarized mechanistic representationttue triplet excitedstate of4-Cz-IPN
induced by ISC fronthe singletexcitedstate () in the presence ain external magnetic field

along thez-axis. Reproduced by permission ofhe American Chemical Societ{’

In 2016, Kimizukaand ceworkersutilized TADFmanifestingd-Cz-IPN as a photosensitizer
combinedwith p-quarterphenyl(g-Ph) and p-terphenyl(t-Ph; Figure 9 triplet acceptas, in an
attemptto furtherincrea® theanti-Stokes shift of TTA ugonversion'®’ Uponphotaexcitation of
the sensitizer at 445 nm, wgonverted UV emission aj-Ph andt-Ph was observedwith antk
Stokes shifof 0.73 eV and 0.83 eVespectively. The uponversion quantum yielgas estimated
slightly below 2.8%for t-Ph and increased to 3.9% whegrPh was used athe triplet acceptor.
The upconverted emissiommbserved inthe neatUV region (below 420 nm) is supremely
beneficial for photocatalytic splitting of water moleculegproduceH. as a green fudbr energy
devices Such applications can effectively amplify the efficiency of solar energy utilization

wavelengths thadre usuallyhard toharvest due temallbandgap of solar device$?14®
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Photostability of the TTAPUC system based on theCz-IPN photosensitizer andPh, g-Ph
as triplet acceptors was studit2019by Kim and ceworkers®® Two new acceptorsiiz. 2,5
diphenyloxazolgPPO; Figure 9 and pyreneavere alsaested Oleic acidwas useds a medium
for the TTA-PUCdue toits ability to act as a singletxygen recepton aerated solutics) thereby
providingafacility to observe TTAPUCunderaeratectonditions.Their work demonstrated that
no decrease in yponverted emission was obserugzbn excitation of--Cz-IPN with a445nm
laserlight upto 30 min when pyrene was usedthg tripletacceptorContrary topyrene theother
acceptorstPh, g-Ph, PPO) paired with4-Cz-IPN in the TTA-PUC were less efficient and a
decrease in TTARUC lumirescence was evidence@his undesired result was ascribtal
photodegradation of-Cz-IPN anda modified proportion of relSC and 1. Although thed-
Cz-IPN /pyrene pair demonstrateghhotostabilityfor up to1l h, with an upconversion quantum
yield reaching0.66% in air, the antstokes shift for this visiblkto-nearUV up-conversionwas
merely0.44 eV.

Although a sharp drop ithe solarabsorptiorspectrunoccursbelow 310 nm, the photsnwvith
energies in tis hazardoudJV-B/C range are highly important in many applicatiosisch aghe
treatment ofndustrialwaste wates**® and photocatalytic water splittirtg®*°>not accessible with
low-energyphotonsin thevisible spetral rangefrom commercial readyo-use LEDs"*?Hence in
an effort to harvest energy fratime visible spectraregionandup-convertit into the neatUVv/UVv
region, a team of German scientists repdffeah organicTTA-PUC system consisig of the 4-
Cz-IPN photosensitizepaired witha novel triplet acceptap-biphenyttriisopropylsilylethynyl
(BPh-TIPS) (Figure 9) to provide an alternative annihilator with emission beyond 310 nm. They

succeded toachieveablueto UV-A TTA-PUC with a remarkablyargeantiStokes shifof 1.17
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eV by photeexciting4-Cz-IPN at 447 nm. The wgonversion quantum yield for this system was
reported ¢ reach4.0%.

Chiral compounds are capabledi$playingcircularly polarized luminescence (CPt32°° that
has various potential applicatigrisr examplein the field of biologyfor cancer diagnosi®’ in
synthetic chemistry fophotodriven chemical synthest&®*® and in physics forthe optical
displays.189283 However, this property is rarely reported in réale applicatios due to the poor
luminescence dissymmetry factoguf). Duan and hisco-workers used chiralR(S)}4,12
biphenyl[2,2]paracyclophandr{/S-TP; Figure 1} as an annihilatopairedwith the 4-Cz-IPN
photosensitizeto obtain ehigh TTA-PUC quantum yieldf 7.9% by excitation with 445m laser
light.!° They designed andised this TTAPUC systento improve the value athe gum of the
triplet emitter which servess a pivotal indefor the quantification othe CPL performancelt
can beexpressedsgum = 2 % (IL i IR)/(IL + IR), where IL and IR represent ldfanded and
right-handed CPL intensites of a chiral lumirescen molecule Its valuerangesbetween+2 and
i , corresponding to leftor righthanded CPL. The authorsclaimedto have amplifiedhe gum
value ofR-/S-TP by TTA-PUC significantly, fromB8.1 x 10%to 9.2 x 10°. Moreover, this CPL
activeTTA-PUC was also realized in a smart material calitksbrderednematic liquid crystal
(NLC) andthegumvalue was further boosted up to O.iichwasassociated with special optical
properties of NLC such as circular dichroism and optical rotédkmurel1). This highgum value

of was further utilized in enantioselective phattiggered polymerization of diacetyleh¥.
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Figure 11. A circularly polarized luminescen¢€PL)-active TTAPUC system consisting tie

TADF sensitize(4-CZ-IPN) andthetriplet acceptorR-/S-TP), which results ira boosted i@um
value realized ira nematic liquid crystdéihe phasg5CB). UC-CPUVL stands foup-converted
circularly polarized ultraviolet luminescendeeproduced by permission tfe Nature Publishing

Group.t10

Ma and coeworkersreported a series of TADBased carbazolyl dicyanobenezene derivatives
(4CzPN, 4CzPN-1DBP, 4CzPN-2DBP, 4CzPN8DBP, Figure ) along with4-Cz-IPN asa
referencehotosensitizers for visible teearUV photonup-conversion with 2 -di-t-butyl-pyrene
(DBP) asatriplet annihilatort®* They found that efficient reISC the TADF molecules4-CzPN
and4-Cz-IPN) causes inefficient TiM to the annihilator PBP) and consequentlya low up-
conversion quantum yield@.o address this issuBBP was appendetb the photosensitizexith a

linker (Figure 12) to suppress relSC and to achieve efficienMTié the annihilator. As a result,
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reduced singleitriplet equilibrium facilitated the triplet exciton to shift andcomedocalized on
the appended triplet annihilator. The results in polyurethane films demonstrated a very weak TTA
PUC with 4-CzPN and 4-Cz-IPN; however 4CzPN-1DBP exhibited80x higher upconverted

emission intensity.

tBu e NC  CN R tBu
O S®g .8
SO = e
tBu Ri tBu

DBP AEgr=025ev (R R2

4-CzPN: R1-R8 = H;
4-CzPN-1DBP: R2-R8 = H, R1 = DBP'
4-CzPN-2DBP: R3-R8 = H, R1-R2 = DBP'
4-CzPN-8DBP: R1-R8 = DBP'

Figure 12. TTA-PUC system consisting of TADF sensitizet€zPN, 4CzPN-1DBP, 4CzPN-

2DBP and4CzPN-8DBP, pairedwith the appende®BP triplet acceptas.

In 2018 Ma Castellancandtheir co-workersreported energy migration dynamics4£zPN-
1DBP.1%° They found thathe triplet exciton of4CzPN was transmitted téhe DBP moiety,
followed byatransfer to fre®BP by TEnM in an organic solventlltrafast transient absorption
(TA) spectroscopy revealed triplet decay rate constaathingd.9 x 1¢s? and 7.4 x 18s? for
tethered and monochromaric molecules respectively. An efficient andirreversible
intramolecular TEM from 4CZPN to DTBP was observeddue to the slower triplet decay of
DTBP in the tethered moleculeshichwasresponsible fothe higher yieldof TTA-PUC

4-Cz-IPN is themost widely used TADF photexcitable sensitizer for the applicationTTA-
PUC andhigh upconversion quantum yiescand remarkablyarge antiStokes shift have been

demonstrateddowever this molecule and its reported derivatives absorb in the green region of
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the visible light A carefuldesign o#4-Cz-IPN derivatives withappen@édchromophoes thatshift
thevisible absorption of the molecuddo thered/neaiR regionwhile keeping theriplet energy
levelsuncompromisedcan be can appealing choifwe ther future usdn biological and energy

applicatiors.

4.3 Benzothiadiazole - and naphthalenediimide -based TADF photosensitizer for

TTA-PUC

The D-A-D triad obtained bythe condensation of dondoenzdhiadiazole(BTD) and two
accepto®,9-dimethyt9,10-dihydroacridine(DMAC) moieties(BTD-DMAC , Figurel3) exhibits
anintramolecular Chehavior'?%166.167Thjs photoexcitablesensitizewasinitially reported to be
used fora red LED, with the external quantum efficiency reaching to 8.8% andthe triplet
guantum yieldof 51.2%. It can beeasily synthesized bya CiN coupling reaction between
dibromobenzothiadiazole am@MAC underaninert atmospheraisingPd(Il) acetate as a catalyst
to obtaina high reactionyield (76%)*6®

Yang and co-workersutilized red TADFemitting BTD-DMAC as a photosensitizer in TFA
PUC! DPA was used as a triplet annihilajmaired withthis sensitizer and a very long anti
Stokes shift (97 nm) wadeterminedor this system. The lumascence of this UC system covers
almost all the blue (uponverted emission) and red (TADF emissi@igible region with up-
conversion quantum yielaeachingl.9% (Table 1).For this systemphotonup-conversion was
alsoevidenced even in aerated tolueneénateasedcconcentration othe sensitizer and acceptor
(1:20), which was attributed to the naquenchd triplet state ofthe sensitizer inthe aerated

environmentA moderatelylargeantiStokes shift (0.52 eV) was observed for this system.
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Figure 13. (a) TTA-PUC system consisting of a TADF sensitizBf&Z-DMAC pairedwith
DPA as thdriplet acceptarwith the corresponding values thie singletitriplet energy gajn the
photosensitizer anithe anti-Stokes shift(b) TTA-PUC emission spectra tifeBTZ-DMAC and
DPA mixtureat threedifferent concentration ratios and photographmsetshowing TTAPUC.

Reproducedy the permission athe Royal Society of Chemistt*

NaphthalenediimidéNDI) is a weltknown chromophore and &imtensivelybeenstudied in
the fields of photochemistry, photobiology and photophysf€4.’? Hussain et alhaverecently
reported a series DI -carbazolebased compact electron doraarceptor systems demonstrating
SOCTISC and TADF For these moleculepppulation ofatriplet state upon photoexcitation of
NDI-Cz-Ph andNDI-Ph-Cz (Figure 14 via achargetransfer statevas evidenced witfs-ns TA
spectroscopyA moderatéO; production(~26%quantum yieldl further supported the population
of the triplet stat&® The photophysical properties of fgmolecules were also studied withe
time resolved electron paramagnetic resonahBeEPR) spectroscopyo clarify the nature of the
populated triplet state3 R-EPRis a useful tool to investigate spin polarizatiomtiplet state/*
80.173.174jth theaid of this technique it was confirmed that fDI-Cz-Ph !CT : 3LE followed
by a long lived®CT state was observedith a lifetime of 45 ps(Table 2). FolNDI-Ph-Cz,

ICT : 3LE ISC occurs and the lifetime of 51.9 us was determined fotripket state The small
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singletitriplet energy gap in these triadsrésponsible for relISC and hence TADF. These TADF
molecules were used as sensitizers for TTAcapversion withDPA as a triplet acceptor and a
high upconversion quantum yieldf 8.2% withthe antiStokes shift of 0.55 eV &reobserved at

very low concentratios of the photosensitizer (16 M) and acceptor (4 x 10M).

Figure 14. TTA-PUC systems consisting of TADF sensitiz&i®I-Cz-Ph and NDI-Ph-Cz
pairedwith DPA asthetriplet acceptarThe correspondingalues for thesingletitriplet energy

gapsin the photosensitizers atige anti-Stokes shifof the DPA emission are also given.

4.4 Fluorescein-based TADF photosensitizer for TTA -PUC

Peng andco-workers reporteda fluorescein derivative ICF-MPYM ) (Figure 15) for the
detection of serum albumin bovine samplke TheDCF-MPYM compoundwvas synthesized by
theKnoevenagel condensatidmoweveran intermediate stapvolving theDuff reactionwas also
required to yield thédinal product!’® Shortly afterwardshey reported this compound again for
TADF properties that were studied ansufficient detail by steadgtate and anosecondime-
resolvediransientabsorption and emission spectrosegspThe TADF property of this compound
was manipulatetbr high-resolution bioimaging in living celland excellent results were obtained

by getting flawless imaging of cellular @mglles'’® In 2019 they once again used the same
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multipurpose compound foapplications inphoton upconversion aimed to enhancehe up-
conversion quantum vyield arehlargethe antiStokes shift forthe TTA-PUC systemDCF-
MPYM was used athe photoexcitablesensitizethatfeaturedstrong absorption of visible light
reaching downto the red regiorMakingthis sensitizecapableof electronic excitationvith 635
nm laselight rendered isuitable forTTA up-conversion withperyleneandDPA pairedas triplet
acceptos and alarge antiStokes shift 00.94 eVwasdeterminedor the DPA acceptorDCF-
MPYM with a sufficiently longer triplet lifetime (22.1 psyas claimed taensure an efficient
TEnM and hence a high upconversion quantum yield (11.2%n a combination with perylene
asthetriplet acceptarthis sensitizer exhibited lower efficiency ofup-conversion lumiescence
(7.0%)1*?Recently a new study ddCF-MPYM and its methylated derivati\@CF-MPYM -Me
(ee Figure 1bsuggested, based on the relSC rate constants of 070d@ds7.723 & for DCF-

MPYM and DCF-MPYM -Me, respectively, that direct1T S; relSC is impossible in these

systems. An alternative pathway was proposed based omgdeepcomputational studié$®
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Figure 15. TTA-PUC systems consisting &CF-MPYM and DCF-MPYM -Me TADF
sensitizerpairedwith DPA andperyleneas triplet acceptsr The values dingletitriplet energy

gapsin the photosensitizeandthe correspondingnti-Stokes shift are also given

The newly proposed pathwamvolves thermally activated reverse internal conversion
According to this studythe T1: T transition(internal conversionjs facilitated by the conical

intersection between the two states apd ¥ relSCpasseshroughtheminimum energy crossing

point. The newly designeti& ) i 0 3 <0 i 0 Hmoleculewas also used agtdplet photosensitizer

for TTA up-conversion wittDPA pairedasthetriplet acceptarA remarkably highup-conversion
guantum yield wasbservedq13.6%)in this casewhich is slightly highecomparedvith thenon
methylated carboxyl groupontaining derivative. The authdraveclaimed that thencreased up
conversion quantum yield of the methylated derivative is attributed to the longer triplet lifetime

(40ps) of ' &) i 03 <0-ME. Themethyl groupn the ester substituentcupiesalarger space,
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Table 2. Photophysical and TTA -PUC Properties of Organic and Inorganic TADF
Photosensitizers .

Sensitizer  Emitter Solvent/ @& W  (Esn® )ucd (Euc® Ref!
Medium nm /B eV 1%
NDI-Cz-Ph DPA TOL 532  45.1 0.03 8.2 0.56 88
NDI-Ph-Cz DPA TOL 532 519 0.01 7.9 0.56 88
4-Cz-IPN  Me-Naph BENZ 457 80 0.08 2.5 0.99 77
4-Cz-IPN  t-Ph BENZ 457 80 0.08 3.4 0.83 77
4-Cz-IPN  Me-Naph #-Ph BENZ 457 80 0.08 7.6 0.83 77
Bn-Cz 1,4DT-Naph  TOL 517 NS 0003 7.6 0.91 '8
Bn-Cz 1,5DT-Naph  TOL 517 NS 0003 6.4 0.98 178
tBu-Bn-Cz 1,4DT-Naph  TOL 532 NS 0003 6.0 NS 178
tBu-Bn-Cz 1,5DT-Naph  TOL 532 NS 0003 5.0 1.05 178
Zr(MPPP)2  Cz-DPA THF 5145 350 020  37.4 059 '
Zr(MPPP)2 F-DPA THF 5145 350 0.20 379 059 '7®

Zr(MPPP)2 CN-Cz-DPA THF 5145 350 0.20 74P 050 17°

2 Excitation wavelength used for TFRUC. P Triplet lifetime. ¢ Singletitriplet energy gayf Up-
conversion gantumyield. © Anti-Stokes shift ' Literature reference Up-conversion quantum
efficiency.

reducing the nomadiative transition and thereby extending the lifetime as compared with

'&)i03<0 (22.1 ps). AlthougtDCF-MPYM has demonstrated a very promising increase of

the upconversion quantum yield, the delayed fluorescence efficiency for this molecule is very
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high (84%)'7® This implies that relSC is dominant in this TADF sensitizer and the triplet exciton
is predominantly converted to the singlet exciton. Efforts should be made to minimize relSC in

such molecules to achieve higher ISC quantum yields and hence elevatdJTCTéfficiency.

4.5 TADF photosensitizer with an intermediate acceptorin  TTA-PUC

A limited TTA-PUC efficiency is observeth sone systemsdue toinefficient TEnM and
unwanted backward energy migration frahe triplet energy acceptor to the triplet energy
donor!®184n order to address this problethe Kimizuka group reporteth 2018a new strategy
of using three differenhteractingcompounds (a photosensitizer, an intermediate acceptor and a
secondacceptor/emitter) in TTAUC system, antrary to the traditional TTAUC systenthat
utilizes two interacting compounls (a photosensitizer and an acceptor/emiff&rA triplet
sensitizeranda triplet acceptor/annihilator (here called intermediate acceptor) are similar to the
conventional TTA ugonversion systemhowever, a third chromophors introduced as an
emitter that receives singlet energy from the intermediate acceptédreister resonance energy

transfer ERET). This mechanism is illustrated figure16.
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Figure 16. A schematic diagram of the TFRUC systems consistingf an intermediate
acceptor a TADF sensitizers4-Cz-IPN, pairedwith anintermediate acceptoMe-Naph) and

emitterTPh.

In a systenas shown in Figure 18he absolute quantum yield of the TTA photorcopversion

process anbe described bgnodification in theconventionakxpressiorof Equation3.

. s . . .
IYGL_tBIMV\](BIQIIIQMIXXéJP 'X;
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where )t is the triplet quantum vyield for sensitizetgnm isthe sensitizer to intermediate triplet
acceptor energy migration efficiencyenmi is intermediate acceptor to triplet emitter energy
migration efficiency,)tra is the triplettriplet annihilation efficiency for triplet annihilatop)r. is
the fluorescence quantum yield for a triplet annihilatoa recent article Yurash et al. uséoe
standardTADF sensitizer4-Cz-IPN to adopt this strategy qfairing three chromophores in a
photon upconversion systerfFigure 16)’' The TTA upconversion quantum yield féhe 4-Cz-
IPN and XmethylnaphthaleneMe-Naph) binary system wadetermined to reacB.4% and the
anti-Stokes shiftvalue was0.99 eV. However, the wponversion quantum yield of the
correspondindernary system, comprisigCzIPN, Me-Naph, andt-Ph, wasfoundto be more
than two timesigher (7.6%) compared to tihénary systemwhich was tentativelattributed to
the increased efficiency of TEnM frotinesensitizer to thendacceptor hediated byMe-Naph).

4.6 Multiple resonance TADF photosensitizer in TTA -PUC

Multiple-resonance TADHKMR-TADF) sensitizers argolycyclic organic compounds with
electronrich nitrogen atoms locateoh ortho positios to an electrordeficient boron atom
induang theMR effect. The MR effect efficiently minimizes the vibratedrelaxation (VR; $* :

S1) during ISC by reducing thentibonding/bonding characteristics of frontier molecular orbital
andsharp emission speatare observed®3%8 The MR effect makes these sensitizéifferent
from normal TADF emittes. MR-TADF sensitizer®nly demonstrate the signature propertyaof
small singlettriplet energy gapandrelSC but also manifest a small VR &l TA-PUCsensitizer
ascomparedo aconventional TADFphotosensitizegFigure17). In 2021 MR-TADF molecules
were used as sensitizers to obsamefficient green to UV TTAPUC. Bythe 517nm optical
excitation ofthe MR-TADF sensitizerBn-Cz, pairedwith 1,4-DT-Naph as the acceptor/emitter

(Figure 17can antiStokes shifbf 0.91eV wasmeasured
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Figure 17. (a) Schematic representation of the role of NTRDF photosensitizers in TTARUC.
(b) Application of MRTADF photosensitizer in photopolymerization apbotcligation. (c)
TTA-PUC systems consisting of MRADF sensitizerd8n-Cz andtBu-Bn-Cz pairedwith 1,4-
DT-Naph and 1,5DT-Naph as triplet acceptasr Values ofsingletitriplet energy gapén the
photosensitizers anithe anti-Stokes shiftare also givenReproduced byhe permission ofthe

Chinese Chemical Societ{f
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The anti-Stokes shifincreasedo 0.98 eV wheri ,5-DT-Naph was used as an acceptor/emitter
paired with Bn-Cz. A t-butyl-substituted derivativetBu-Bn-Cz, was also used as a triplet
sensitizempaired with1,5-DT-Naph, which could be excited aa lower-energy side of the green
spectrakegion (532 nmjo increa® the antiStokes shifto 1.05 eV. The wgonversion quantum
yield was found taeach7.6% and 6.0% foBN-Cz andtBu-Bn-Cz, respectivelywith 1,4-DT-
Naph pairedasthetriplet acceptorAs shown in Figure 17bhé importance ahe TTA-PUC pair
(BN-Cz and1,4-DT-Naph) was alsalemonstrated by using this system in photopolymerizion to
induce quick gelation (within 3 minp a photdigation reaction to obtain a cy@dduct with a

remarkably highproductyield.t’®

4.7 Zirconium(lV) -based TADF photosensitizer in TTA -PUC

Manytransition metal complexexhibitphosphorescence due to radiative decay fromritiiet
metakto-ligand chargetransfer(®MLCT) stateto the ground state. Howevgthermally activated
delayed fluorescendéatis usually observed in organic compouniddess likely to be observed
in transitionmetal complexesVhile somecomplexes ofate transition metals such esppert®’*
189 7inc, %0 gold!®! and silvet®?%%4 have been reportear delayed fluorescenogith or without
prompt fluorescenceomplexes oearly transition metals such aisconium are rarely studigd
unravelsuch propertieZirconium themember othe Group4 triad is categorized abefourth
mostabundant transition metal on tBarth, hence capable &rming costeffective molecules.
There areonly very few studies orzirconium(lV)-based metacomplexes in the field of
photophysicdecause of the main challenge that arthee toits unique electronic configuration
which require comparatively different strategies to design a molecule for required photophysical
properties as compared to those that are generally used for designényllar complexes déte

transitionmetals!®%% Transition metals with a deficiency of electrons in tilerbitals (e.g., the
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d® electronic configuration of Zr(IV)) may undergo charge transféom symmetryadapted
occupied ligand orbitals (LMCT) as opposedto metatto-ligand charge transfe(MLCT)
commonly observed incomplexesof late-transitionmetak with acceptor ligandsTo achieve
LMCT in d® metal complexeghe ligandsarechosen carefullyo beelectronrich in natureacting
aselectron donorstabilizing theelectron deficient transition metzntresn these complexe'§®*
201

Recentlythe Castellano group have utilized a moistusad airstablezirconium(lV) complex,
Zr(MPPP)2, whereMPPP stands foR,6-bis(5-methyk3-phenyt1H-pyrrol-2-yl)pyridine)?®? as a
triplet photosensitizer for TTA uponversionpairedwith DPA and a new series of carbazole
appendedPA derivatives Cz-DPA, F-Cz-DPA, CN-Cz-DPA,; Figure18) as tripletacceptors.
Zr(MPPP)2 absorbs stronglyisible light ( max= 525 nm; S= 21570 M*cm?), which corresponds
to optical population of an excited state having aedtLMCT andintraligand(*IL) character,
and manifests TADF with an exceptionally long triplet exciéate lifetimeof 350 us2°? Upon
the excitation ofZr(MPPP)2 at 514.5 nmblue upconverted emissiora(sovisible to unaided
eye) was observed withe whole series dDPA, Cz-DPA, F-Cz-DPA andCN-Cz-DPA triplet
acceptors An exceptionally highup-conversionyield (< 31%) wasdetermined throughout the
serieswith the maximumyield of 43%with thetraditionalDPA triplet acceptor. It imoteworthy
that with increasing power, a linear slope with UC luminescenassobservetbr all the acceptors.
This transition metal sensitizbasedPUC system also demonstrated maximBiC efficiency
with solar irradiance (26.7 mW c¢fji proposing its potential rediime applications in solar energy
based systemg?®

A closer look at the Table 1 and 2 indicates that as compat€d texcitable sensitizers TADF

sensitizers generally manifest small singdtgdlet energy gap and MRRADF sensitizersiave even
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smallersinglettriplet energy gaplt is also apparent that smaller singfieplet energy gap of
sensitizers along with longer triplet excited state lifetimes can facilitate higher quantum

efficiencies and quantum yields of TTA upconversion.

Figure 18. TTA-PUC systems consisting @f(IV)-boundsensitizersZr(MPPB2 tBu-Bn-Cz
paired with DPA, CzDPA, Cz-DPA-CN and Cz-DPA-F triplet acceptas. Values of the

singletitriplet energy gajin the photosensitizeandthe anti-Stokes shifare also given.

5. DIRECT EXCITATIONINTO TRIPLET STATE FOR TTAUC MEDIATED

BY OSMIUM COMPLEXES

In all the strategieslescribed in the preceding sectienergy loss during the intersystem crossing
from asinglet toatriplet state was reduced by decreashegingletitriplet energy gapHowever,
the direct excitation of a molecuiato thetriplet state can bypadSC and hence overcome the

total energy loss during ISCFigure 1)180203205 A great number of Os(Il) pseudoctahedral
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complexes with diimine or similar redective ligands have been studied for the photophysical
and electron transfer propert®§2® The main reason why thessmiun(ll) complexes are
highly interestingis the distinguishedpossibility to get optically excitedlirectly into the lowest
energyT: state. These complexes shwoiplet character(normallyspin-forbiddenfor 3d transition
metal centelsin their Vis-nearIR absorption spectruft®®® which provide an opportunity to

save the energy lost during ISC. The molar absorption coefficieB6 T1 (MLCT) transitiors

in Os(I) complexess sufficiently large (> 1000M-1cm) due to the strongpin-orbital coupling
of the heavyOs atom ith thelargespin-orbit coupling constant &381 cmt) and his feature is
normally notapparentn isoelectroniglatinum, iridium and rutheniushased complexeg®22°
Kimizuka and ceworkershave intensively studiedOs(Il) complexes for TTAPUC. In

20146 they exploitedfor the first timean Os complexor direct population of atriplet state to
observe NIRto-visible PUC. They reported a novel lipophilasmium(ll) chlorido complex
(OsCI-Tpy/Bpy; Figure 19) with branched (amino)alkyand t-butyl groups on the 2,2:@ ««
terpyridine (Tpy) and 2,2bipyridine (Bpy) ligands respectivelyto increase its solubility in

organic solverg?% This complex showtrongSy T: MLCT absorptiorat 888 nm tailing below

950 nm By using rubreneRub) as a triplet acceptophotaexcitation at 938 nned to NIR-to-

visible upconverted emission observed at 570 nm.
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Figure 19. A TTA-PUC systentonsisting ofan Og(ll) -based sensitizer®sCIl-Tpy/Bpy, that
is directly excited into &MLCT state andthe Rub triplet acceptarThe value of th@nti-Stokes
shift determinedor this systemis also givenPhotoluminescence spectra was reproduceithdy

permission othe American Chemical Societ)?

Due tothe direct excitationinto the T1 ®(MLCT) state, the energy loss duritige ISC was
completely bypassed ardlarge antiStokes shift of 0.86 eWas observedHowever, due to the
heavyatom effect of Os, the triplet lifetime @sCI-Tpy/Bpy is very $iort (12 ns Table 3 and
hence inefficient TEM during TTA-PUC is manifestedConsequently, a veryeak up
conversion quantum yield (@©%) was observedn solution which is a drawback of these
photosensitizers. HoweveKimizuka and co-workers prepared nanoparticle@\NP) of this
sensitizer withthe rubrene emitter byprecipitation in waterand synthesized naNP-based
polyvinyl-alcohol NP-PVA) film. The up-conversion quantum yieldf this solid TTAPUC
systemimprovedsignificantly t00.3446.22° This resultswas attributed to efficient TiM. After
this pioneeringreport ofanosmiun{ll) complexdesignedor the TTAPUC applicationnot only
theKimizuka group but also many othessearctgroupshavepaid their attention to osmiuhh) -
based complexes and modified their structures to tunpttbphysical properties to be beneficial

for the TTA-PUC applicatios.

Blue light (< 500 nm) is a very convenient tool for biological systems due to its use in
various photochemical reactions and targeted release of drug upon photoex¢iféfibue to
this importancethe Kimizuka group synthesized asmium complex @s-(BrPh-Tpy) (Figure
20)with bromophenybkubstituents at thepy ligandsin order to decrease tine UMO energyand
shift the3MLCT absorptionto theNIR spectralregion (750 nn).'8 The NIR light is very useful

for biological system due to its abilitp penetatedeepy into the living tissuesin combination
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with a blue light emitter in a TTAUC systenthisbe anexceptionallyusefultool. TTBPy (Figure

20) was used aketriplet emitterpairedwith Os-(BrPh-Tpy). Upon excitatiorwith 724-nm light,

NIR-to-visible upconversion was withessed wihmoderate quantum yielof 2.7%. The anti

Stokes shift for this system reached 0.97 EXperiments were also performemobserve up

conversion of this system in a solid mixture, but no PUC emission was nttibedthesensitizer

andtriplet acceptor, after grinding, were fused in a capsueHNA solidmatrix film, quenching

by triplet dioxygen was sufficiently blocked and PUC was obsef¢#&tHowever, the PUC

guantumyield was lower due tanacceptoito-donor back energy migration.

Table 3. Photophysical and TTA -PUC Properties of Selected Osmium (II) Complexes

Sensitizer Emitter Solvent/  @&nm Wins  )uc%  (Euc® Refe
Medium
OsCl-Tpy/Bpy  Rub CHCls 938 12 0.001 0.86 2%
Os-(BrPh-Tpy) TTBPy DMF 724 2079 2.7 0.97 181
Os(bPeyTpy) TTBPy  DMF 724 239" 59 086 ¥
Os-BDP PBI DCM 635 1729 1.2 0.55 230
Os-Ph PBI DCM 635 23 0.2 055 230
Os-Bpy DPA DCM 663 107 0.4 1.14 231
Os-Bpy Py DCM 663 107 1.1 0.92 2t
Os-Bpy BPEA DCM 663 107 3.0 071
Os-Phen DPA DCM 663 373 59 114 2
Os-Phen Py DCM 663 373 2.3 092
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Os-Phen BPEA DCM 663 373 12.5 0.71 231

Os-PhenPh DPA DCM 663 386 1.2 1.14 231
Os-PhenPh Py DCM 663 386 2.5 0.92 231
Os-PhenPh BPEA DCM 663 386  10.3 071 3
Os-DPA Mt-DPA  DCM 663 1.2 5.3 1.12 232
Os-Ph-DPA Mt-DPA  DCM 663 11 9.7 1.12 232

8 Excitation wavelength used for TFRUC. ° Triplet lifetime. € Up-conversion gantumyield. ¢
Anti-Stokes shift®Literature referencé Not reported? Phosphorescence lifetinfdn ps

Figure 20. A TTA-PUC system consisting ain Oll)-based sensitizeéds-(BrPh-Tpy) that is
directly excited into a lovlying 3MLCT state,andthe TTBPYy triplet acceptarThe value of the
anti-Stokes shifidetermined for this system is also giv&eproduced byhe permission othe

Royal Chemical Sociefphotoluminescence wgonversion spectraf!
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In 2019photophysical properties dfireeosmiun(ll) complexesOs-Bpy, Os-Phen and
Os-PhenPh (Figure 21) were reported® The3MLCT lifetimes of these corplexesspanthe
range of 107386 ns. These molecules were used as sensitizers iFPURAIN pairs with DPA,

Py and DPEA triplet acceptas. The maximum wgonversion quantum yieldf 5.9% and the
largest antiStokes shift of 1.14 eWere determined for th®@s-PhenandDPA system Although
these osmiuifil) complexes proved to be very useful due to their capability of being directly
excitedinto the T, state, most of these sensitizer havewever very short triplet lifetims. A
shorttriplet lifetime is usuallyconsidered a drawback atriplet photosensitizer because it nah
securesufficientdurationfor the energy and electrormigration processwhich arethe key for

photophysical applications of triplet sensitizers including THBC.

Looking at the photophysical parameters of osmium complexes in Table 3, it can be
concluded that an increased lifetimetioé ISCinvolved processes could be helpfolgethigher

guantum yield of upconversion.
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Figure 21. TTA-PUC systems consisting of Dased sensitize(a) Os-Bpy, (b) Os-Phen, and

(c) Os-PhenPh that are directly excited into a lelying *MLCT state DPA, Py andDPEA are
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pairedas triplet acceptarValues of correspondingé-Stokes shifi determinedor these systens

are also reported

5.1 TEnM from metal center to organic chromophore for prolonged lifetime

The triplet excited state lifetime of a compound is of great importance because of its pivotal role
in various photophysical phenomena such as electron and energy transfer. It is especially crucial
for intermolecular processes that are diffuscomtrolled Their efficiency is directly related to the
length of triplet excited state lifetimes of the molecules being involved, as proven by many
applications such as PD¥ photocatalysig®*2%® and TTAPUC3!3¢ For transition metal
complexes the triplet lifetimes are usually short due to the SOC effect of heavy metals. By shifting
the triplet to a ligand center updKILCT excitation, the triplet lifetime can be prolonged due to
the reduced SOC effeckhao and coZRUNHUV V\QWKHVL]HG-bipy@direPLXP
complex with an appended Bodipy ur@sBDP; Figure 22), aimed at shifting tiMLCT state
of the osmium complex (1.72 eV) via TEnM to the Bodipy unit (1.67 eV) which has atoplet
energy stateampared with the osmium complé¥. Their results demonstrated trae triplet
lifetime of the Bodipy-appended complex increasgidnificantlyto 1.7 us comparedith 23 ns
for thereference complexds-Ph; Figure 2). Excitation of the sensitizer with 63%m laselight
led toup-converted emission g@airedperylenebisimideRBl) at 550 nmAlso, the upconversion
guantum yield ofl.2% for Os-BDP was highercomparedwith merely 0.17% forOs-Ph. The
higher upconversion quantum yielof Os-BDP was attributed tthelongerlived triplet stateand

the consequentlynproved TEnM efficiency.
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Figure 22 TTA-PUC systems consisting of (3-based sensitizef3s-Ph andOs-BDP that are
directly excited into a lowying 3MLCT state(ultimately a Bodipy-localizedtriplet statefor Os-
BDP), andthePBI triplet acceptarThe value of thantiStokes shiftleterminedor these systems

is also given

Photoactivation of protemand lightinduced control of protein activilyequireexcitation with
visible lightthat however only barelyenetragsliving tissuesduethier nonhomogeneity causg
scattering of photonS/24°0On the other hanfér-red,NIR and SWIR photons arapable of deep
tissue penetratiofsuchaPUC system was introduced by Kimizukad ceworkers!®, They used
Os(bPeyTpy) (Figure 23)with perylene units appended Tpy pincers byphenyknelinkers. A
very long phosphorescence lifetime (42 us) was observed for this complex compaadrte
determined fotthe analogous referenaesmiun(ll) complex) with bromophenydubstituents at
Tpy, Os-(BrPh-Tpy). The extended lifetimaas asribedto atriplet equilibrium betweefMLCT
anda perylenelocalized tripletstate fIL). The longer span dhe lifetime ensured an efficient
TENnM in the TTA up-conversion system from sensitizer to accepfohigher upconversion
guantum yield (up to 2%as obtained withhis sensitizepairedwith the TTBPy emitterthan
measuredwith Os-(BrPh-Tpy). However, the antbtokes shiftof 0.86 eV determinedfor

Os(bPeyTpy) is smaller (Table3) compared tdOs-(BrPh-Tpy). Upon excitation, TTAPUC
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(blue emission) was also observed in hydrpghlch was utilized for genome engineer?gThis
applicationsuccessfully regulatetthe morphology of hippocampal neurotigtplay a significant

role in longterm memory and cognitive learnift.

Figure 23 TTA-PUC system consisting de Og(ll)-based sensitizéDs-(bPey-Tpy) that is
directly excited into a lowying 3MLCT state (ultimately a pyreAecalized triplet statedndthe

TTBPYy triplet acceptarThecorrespondin@nti-Stokes shifbbservedor this systeralso given

In 202Q DPA-appendedsmiun(ll) complexes ©s-DPA andOs-Ph-DPA in Figure 2)
were reported®? The molecular structure designing motive for these complexesheasift of
the metaliPhen centered®MLCT state toDPA through TEnMand reacha triplet equilibrium
Consequelhy, the triplet lifetimes othe DPA-appended complex@screased significantly te 1
ps compared tdhe referenceomplexlacking theDPA units (Os-Phen, 373 ns). FolOs-DPA
paired with theDPA acceptor/emitter moleculen efficient TTA photon wgonversion was
observed (9.7%) The high tgonversion yield can be attributed to efficient TEnM frtime
sensitizer tadhe acceptor in TTAPUC system due to prolonged triplet lifetime of the sensitizer.

The antiStokes shift for this systemeached the value Gf12 eV.
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Figure 24. TTA-PUC systera consisting ofthe OHll) based sensitizeil®s-Ph-DPA andOs-
DPA that are directly excited into a lelying 3MLCT state (ultimately @PA-localized triplet
state)andtheDPA triplet acceptarThevalues of thentiStokes shitmeasuredor these systems

are also given.

6. CONCLUSIONS AND OUTLOOK

Enormousprogresshas been witnessed in the field of T'PAJC in designing new triplet
photosensitizes, and various methodologies have been opted to reduce energy loss during ISC
However, there arstill numerous challenges tivercome angugmentthe efficiency of these
sensitizers. Frorthemolecular design point of viewhe prediction of charggansfer absqtion

banda in the UV-Vis-IR spectrarangeis still a main hurdle to design such photosensitizeis

hence photosensitizemhich are capable of being photoexcited at &€ rarely reported
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Moreoverthe molar absorption coefficient afCT absorptiorband isnot large in all the solvents
resulting inefficientlight-harvesting capability of tilse sensitizes which is one of the vital
requirementsand has a strongmpact on the efficiency of TTAPUC. Although TADF
photosensitizers have demonstratetharkably highup-conversion quantum yieddas well as
exceptionally large antbtokes shiftowing to their high triplet energy leveldesigningTADF
photcsensitizersaddressedvith nearlR excitationand their use in TTAUC remainsa less
investigated arean this field. Osmiun(ll) complexs represent anew emerging class of
photosensitizers for TTARUCfield due to their capabilitpf beingsensitized directly ito their
triplet state by virtue oftheappearance ofeS Titransitiorsin theirelectronic absorptiorspectra
which permits tobypass energy loss during ISC. However, théow intensity of the S: Ti
transitiors in theseensitizerseducegsher light-harvesting abilityasone of the vitatequirements
for a photosensitizewith a highTTA-PUC quantum yieldVoreover, the triplet lifetimesf these
Os(Il) sensitizers are usually very shavhichis limiting the TEnM during TTAPUC. These two
drawbacks areeflected in low up-conversion quantum yietddobtained withsuch system
Although TEnM strateigshave been used to shift the tripd¢atelocalization fromametal cengr
to a remotdigand to decrease the heavy metal effaatachieve prolonged lifetimes, there is still
much spacéor further update in this field.

In short in thisreviewvarious strategies recentixploitedto minimize energytoss during
ISCin moleculamphotosensitizerdesigned folf TA-PUC, have been criticallyevaluatedWe have
summarized these techniquesalyzedn detailthelSC mechanisnandhighlightedchallengesn
this field. It is anticipated thahis overview will be of considerabldanterestto the scientific

communityactivein this area of research
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Abbreviation

TTA-PUC =Triplet-triplet annihilation photon uponversion

ISC =Intersystem crossing

TADF = Thermally activated delayeftlorescence

MLCT = Metakto-ligand chargeransfer

PDT = Photodynamic therapy
TENM=7ULSOHWiWULSOHW HQHUJ\ PLIJUDWLRQ
CR =Charge recombination

CS =Charge separation

CT =Chargetransfer

RP-ISC = Radicabair intersystem crossing

SOCT-ISC = Spinorbital chargdransfer intersystem crossing

OLED =0rganic light emitting diode

relSC =Reversantersystem crossing

DF =Delayed fluorescence

ESP =Electronspin polarization

EPR = Electron paramagnetic resonance

HFC =Hyperfine coupling

CPL =Circularly polarizeduminescence

UC-CPUVL = Upconverted circularly polarized ultraviolet luminescence
MR-TADF = Multiple-resonanceéhermally activated delayeftliorescence

LMCT = Ligand to metal charge transfer
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IL = Intraligand

NP =nanoparticles

VR = Vibrationalrelaxation

FRET = Forester resonance energy transfer

TD-DFT = Time dependent density functional theory
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