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Solid material kan yi visible blue light pada si UV ni
sunlight-level intensity — sugbon ki 1 se solar-energy
machine

Awon oliwddii engineer DHI-based organic crystals ti alkyl side chains won 7i dd m-electron system ldabo
ldida triplet energy duiré lati rin. Best iBu-DHI/Ir(ppy); solid film se visible-to-UV triplet-annihilation
upconversion pélii 1.9% absolute quantum yield ati threshold 1.2 mW cm™? nitosi solar intensity ni ayikd
445 nm. Eyi jé real materials advance fiin solid-state photon upconversion. Ki i se working solar device,
ki i se ‘free UV, ki i si se proof pé visible sunlight ti le drive useful UV chemistry ni scale.
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Etan to sis€ ni intensity imole oorun, ki 1 se ero solar-energy

C)pé) imol¢ oorun t6 dé Ile Ayé jé visible ati infrared light. Ultraviolet jé apa kékeré nikan, sugbén UV photons
ni agbdra chemistry t6 pd: wén 1& fa reaction ti visible photons t6 ni agbara kéré ko 1& fa. Eyi 16 mii photon
upconversion jé erd té wuni. Ti ohun ¢l0 kan b4 I¢ gba visible photon méji t6 ni agbdra kéré, ki 6 si dd UV
photon kan t6 ni agbara ga pada, visible sunlight I¢ se chemistry ti UV nikan sdba maa 1i se.

iwé iwadii yii i wo eda t6 nira ju lo ti isoro naa: visible-to-UV upconversion nind solid, ni sunlight-level intensity,
laigbéke 1€ molikulu té 1 rin kiri 16f6€ nind solution. Eyi se pataki nitori &to solution I¢ efficient, sigbén wén soro
fin device: solvent l¢ evaporate, leak, tabi di long-term 10 mé. Solid practical si i, suigbdn 6 sdba maa 1i pa excited

ip0 ti upconversion nilo.

Nitori nda abajade gidi ki i se “UV 0f¢ lati im¢le oorun.” O jé materials-chemistry fix fin contradiction kan pato:
nind solid, molikudlu gbddod sin m¢ ara won t6 ki triplet agbdra 1¢ rin, suigbén won ko gbddo sin méra té bée ti

won fi quench ara won.
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Logic apere iweé iwadii naa ninu figure kan. Acceptor molikulu ni a se modify pélu alkyl side chains to yo sita
kuro ni flat m-plane, eyi t6 yi bi won se pack ninu crystal pada. Goal ni solid ohun €l0 ti triplet agbara si le rin
kiakia laaarin molikulu, sugbon ti quenching kéré sii. Sensitizer kan koké gba visible blue light, 6 si gbe triplet
agbara lo si acceptors; nigba ti acceptor triplet méji ba padé, triplet-triplet annihilation l& se UV photon té ni
agbara ga. Figure naa sakétan molecular apere, solid-state tradeoff ati energy-transfer pathway — ki i se
measurement taara ti device performance.
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Ohun ti awon olukowé se
Mechanism nda ni triplet-triplet annihilation photon upconversion (TTA-UC). Ni ¢da t6 rorun:

donor molikulu kan gba visible light, 6 si wo long-lived triplet excited ipo;
triplet agbara nda gbe lo si acceptor molikilu;

excited acceptor mé;ji padé;

agbdra won darapo si singlet ipo kan t6 ni agbdra ga;

e

acceptor nda td photon t6 ni agbdra ga sita — nibi, ultraviolet light.

Nind liquid, step 3 rorun nitori molecular diffusion. Molecule 1 rin kiri, won si fi kolu ara won. Nind solid crystal,

won ko I¢ se bée. Energy naa gb6do migrate koja packed ohun ¢10 nda, packing naa si gbddo jé “just right”.

Awon olukowé 1o family molikdlu t6 d4 16ri dihydroindeno[2,1-a]indene (DHI). Design move won rorun ni ti
concept: fi alkyl chains m¢ molikdlu nda 16ke ati ni isale m-electron plane r¢. Side chains wonyi da bi spacer tabi
bumper. Wén 11 se idiwd fiin fluorescent 7-¢to 1ati pack po ju, €yi t6 din quenching ki, stigbén won si jé ki orbital
contact té ye wa fin triplet agbdra 14ti rin.

Wén idanwo derivative pip0, won si ri iBu-DHI — eda peld isobutyl substitution — gégé bi balance t6 dara ju.
Wén darapo r¢ peld triplet donor Ir(ppy)s, won se crystalline solid films nipa spin-coating tabi drop-casting, won
si won fluorescence, triplet lifetime, triplet diffusion ithuwasi, upconversion quantum yield, oxygen tolerance ati

threshold excitation intensity.

Ohun ti won ri

Side chains da excited ipo laabo. Plain DHI 1 fluoresce ddadda gan-an ninu dilute solution, sugbdn burd nind
crystal: fluorescence quantum yield r¢ subt 14ti 96% nint solution si 10% nint crystal. Peld iBu-DHI, crystal si
fluoresce lagbdra — t6 69% s44ji grinding ati 83% léyin grinding, t6 stin mé value nind solution. Eyi ni iddméta
akoko ti trick nda: solid ko pa singlet excited ipo run rorun mo.

Solid film t6 dara ju se visible-to-UV upconversion ni intensity kéré. Ninu spin-coated iBu-DHI/Ir(ppy)s film,
awon olukowé royin absolute upconversion quantum yield 1.9% I€yin self-absorption correction, peld threshold
excitation intensity 1.2 mW em~2 ni 445 nm. Wén fi &yi wé solar irradiance nitosi wavelength yen, t6 1.4 mW
em 2 fin 445 + 5 nm. Ni &d@ rortn: ohun &10 na sisé ni intensity aala té jo ordinary sunlight, ki 1 se labe laser
t6 lagbdra gan-an nikan.

Solid-state performance naa wa lati compromise, ki i se pé a kan fi bulk kin molikialu. Bi molikdlu se i
jinna si ara won l¢ din quenching ki, sigbdn separation té po jiu mda 1 fa triplet agbdra migration 1¢ra. Bulky
2-EtBu-DHI ni triplet lifetime t6 gun, sugbdn upconversion threshold ihuwasi r¢ burt. iBu-DHI crystal da bi eni
pé 6 dé middle t6 wilo: steric protection td té 14ti suppress quenching, peld molecular contact té té fin triplet
transfer ati triplet—triplet annihilation.

Material naa Ki i se solution éto ti a kan di sile. iwé iwadii naa jiyan pé crystalline packing, homogeneous donor
distribution ati dense molecular assembly se pataki. SEM-EDX maps ko fi micrometer-scale donor segregation
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han nind film t6 ye, phosphorescence quenching ti donor si fi efficient triplet agbdra transfer han. Supplementary
ohun ¢l0 tin ni theoretical isird afojisun fln triplet agbdra transfer ati annihilation times fun molecular pairs nina
crystals.

O fi oxygen-tolerant emission han. Oxygen siba méa i quench triplet ipd, &yi si jé nuisance pataki fiin TTA-UC.
Dense solid films n4a si fi upconversion han nind air Iéyin initial oxygen-consuming turn-on period. Eyi wiild ni
ise, sugbon ko ddgba peld proof ti long-term outdoor device stability.

Ohun ti eyi se€ tamo si

Ttumd t6 dda juni pé eyi jé materials-design €si t6 mo. Awon olukowé ri Ona 14ti tune packing ti organic 7-electron
eto ki solid I¢ se visible-to-UV upconversion t6 saba rorun ju ninud solution. Advance ki1 se pé photon upconversion
wa; advance ni pé solid-state eto yii darapod property pup0 ti won sdba 1 tako ara won: high fluorescence yield,
long triplet lifetime, fast triplet diffusion, oxygen tolerance ati operation nitosi solar irradiance.

2NN

Lesson t6 gbooro ju molikulu yii o ni pé fiin solid-state TTA-UC, ibéere ki 1 se “bdwo la se da excited ipo 1aabo?”
tabi “bawo la se gbe triplet agbdra?” 16td. Ibéere ni bawo la se engineer molecular spacing ki ohun méjeeji 1& jé

otitd ni akéko kan nda. iBu-DHI jé example gidi ti apere principle yen.

Overreading t6 fa méni jé kedere: visible sunlight yi pada si UV, nitori nda solar chemistry ti solved. Ki i se ohun
ti iwé iwadii fi han. O fi ohun &Id kan han peld photophysical ona isé t6 promising ati performance number pato,

nind controlled films, labe optical conditions pato.

Ohun ti eyi ko fi eri mule

- Ki i se solar-energy device. Ko si full device, outdoor module, system-level agbdra balance, tabi useful
chemical output ti film yii fi sunlight se.

- Kiise “UV ofé lati sunlight.” Upconversion quantum yield nint solid jé 1.9%, ki i se conversion t6 sin md
100%. O meaningful fan class ohun &lo yii, sigbén opd input photons kd di UV photons.

- Ko fi broad durability nind gidi 10 han. Wén iddnwo photostability ati oxygen tolerance ni controlled settings,
sugbodn eyi ko ddgba pela osu tabi odun ti device operation labe heat, humidity, oxygen, mechanical stress ati
broadband sunlight.

« O d4 16ri donor-acceptor ohun &ld &td kan pato. Best &si lo iBu-DHI peld Ir(ppy)s. iwé iwadii nda tin fi han
pé molecular variants té sin m¢ on I¢ se burti gan-an, nitori nda ki i se recipe gbogbogbo “fi alkyl chain kiin
un, yoo sis¢.”

- Ko yo gbogbo practical concern kuro. Ir(ppy)s ni iridium; awon olukowé tin fi sensitization peld metal-free
TADF donors han nind supplementary iddnwo, suigb¢n best solid-state Oran si jé iridium-donor ¢to.

- Ko fi eri male pé visible-to-UV upconversion y6o jé economically tabi technologically useful fin photocatal-
ysis, solar fuels, sensing tabi sterilization. Won jé seé se applications, ki 1 se abajade iwé iwadii yii.
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Bawo ni eri se lagbara t6?

Fun central photophysical claim, ¢ri nda ldgbéra: iwé iwadii nda ni absorption/emission measurements t consis-
tent, fluorescence quantum yields, triplet lifetimes, excitation-intensity thresholds, upconversion spectra, absolute
quantum-yield measurements, crystal iseto, donor-distribution checks, supplementary orisun data ati theoretical
calculations t6 se atiléyin fin packing ona is¢. Nature Communications article nda jé open access, supplementary

information ati source-data file si wa.

Caution pataki ni scope. Conclusion t6 ldgbéra ju jé nipa ohun &lo labe yard iddnwo characterization. Igbese 14ti
“solid-state film pela 1.9% visible-to-UV upconversion nitosi sunlight-level blue intensity” si “useful solar technol-
ogy” guin gan-an. O nild integration, stability, useful output, scalable manufacturing, ati idi kan ti upconverted UV

photons fi dara ju ona mii ti driving target chemistry lo.

Subtle wording issue kan tin wa. “Sunlight-level” timo si intensity nitosi excitation wavelength ti idanwo lo, ki {

se automatically efficient operation labe gbogbo solar spectrum nind gidi device. Iyatd yen se pataki.

Ki nidi ti 6 i se pataki?

Photon upconversion rorun 14ti salayé I¢na burd: photon aldildgbdra méji wolé, photon aldgbéra kan jade. Sugbén
hard part ki 1 se slogan. Hard part ni bi a se mda setdo molikdlu gidi ki agbdra I¢ wa ftin akoko t6 td, rin jin t6, ki
6 s1 darap0 sddja ki 6 t6 sonu gégé bi heat.

iwé iwddii yii fin 1s0ro yen ni ohun elo shape. Side chains ki 1 se decoration. Wén jé molecular architecture: won
shield 7-&tod 16ke ati ni isale, din quenching ki1, wén si si fi path silé fun triplet agbara I4ti travel. Eyi ni apd t6 ye

k4 ko, nitori 6 yi vague “better ohun ¢l0” pada si physical compromise ti oluka 1¢ foju ind wo.

Ti visible-to-UV upconversion devices ba wilo 10j¢ iwaja, won y6o nilo opo step ju iwé iwadii yii lo. Sugbdn won
yo0 tin nilo ird molecular control yii gan-an. Abajade ki i se device breakthrough; 6 jé 1dgbara demonstration ti

bi a se 1e mu solid se photophysical trick ti solid sdba mda 1 ba j¢.

Akotan kedere

Awon oluwadii apere family organic molikilu t6 d4 16ri DHI, ti alkyl side chains won 1 shield 7-electron plane
16ke ati ni isale. Nind best oran, iBu-DHI ti a darapo pelu triplet donor Ir(ppy)s dé crystalline solid film ti 6 yi
visible blue light pada si ultraviolet emission nipase triplet-triplet annihilation. Film n4a dé absolute upconversion
quantum yield 1.9% ati threshold excitation intensity 1.2 mW em ™2, nitdsi solar irradiance ni ayikd 445 nm
excitation wavelength. Advance gidi ni molecular packing: separation té t6 14ti suppress excited-state quenching,
sligb6n contact t6 t fun triplet agbdra transfer ati diffusion. Eyi jé lagbara ohun &lo demonstration fan solid-state
visible-to-UV photon upconversion — ki 1 se solar-energy device, ki 1 se “free UV,” ki 1 s1 se proof ti deployed

technology.
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Ayewo laisi aseju

Ohun ti iwé iwadii fi han: iBu-DHI/Ir(ppy); crystalline solid film kan se visible-to-UV TTA photon upconversion
pelii 1.9% absolute quantum yield ati threshold 1.2 mW ¢cm~2 ni 445 nm, nigba ti 6 si ni high fluorescence yield,
long triplet lifetime, fast triplet diffusion ati die oxygen tolerance. Design nda 1 sis€ nipa sterically protecting m-eto

nigba ti useful molecular contacts si wa.

Ohun t6 seé gba sugbdn ti a ko fi érf mile: Pé packing principle kan naa 1é mu solid-state upconversion ohun
elo t6 ddra si i wé; pé related metal-free sensitizer eto I¢ j¢é optimized si performance t6 stin mo eyi; pé film bayii

1& ni application 0j¢ iwdju nind photocatalysis tabi solar chemistry.

Ohun ti ko fi han: Working device; useful solar-fuel tabi photocatalytic output; outdoor durability; high overall
solar-spectrum efficiency; economic practicality; recipe gbogbogbo fin arbitrary chromophores.

Main limitations: Laboratory film, ohun ¢l0 €td patd, modest absolute quantum yield, iridium donor nind best
oran, controlled excitation wavelength, ati ko si device-level demonstration. “Sunlight-level” jé agbegbe si excita-
tion band, ki 1 se full solar-technology claim.

Confidence wo ni gbogbhogbo reader ye ki 6 ni? Giga pé ohun €10 apere nda i ma sunwon si i solid-state visible-
to-UV TTA-UC ninu eto ti won iddnwo, ati giga pé ési nda ni scientific meaning. Kéré pé &yi ti stin m¢ deployable
solar technology. Ipo té ye: ohun €lo advance t6 clever, t6 si gidi — application itan si pO siwdju.

Awon orisun

Nature Communications 17, 5134 (2026)
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