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Wani solid material yana juya visible blue light zuwa
UV a sunlight-level intensity — amma ba
solar-energy machine ba ne

Masu bincike sun engineer DHI-based organic crystals da alkyl side chains ɗinsu ke kare π-electron system
ba tare da hana triplet energy motsi ba. Mafi kyawun iBu-DHI/Ir(ppy)3 solid film ya yi visible-to-UV
triplet-annihilation upconversion da 1.9% absolute quantum yield da threshold 1.2 mW cm−2 kusa da
solar intensity a kewayen 445 nm. Wannan real materials advance ne ga solid-state photon upconversion.
Ba working solar device ba ne, ba “free UV” ba, kuma ba proof cewa visible sunlight yanzu zai iya drive
useful UV chemistry at scale ba.
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Dabara a ƙarfin hasken rana, ba injin solar energy ba

Mafi yawan hasken rana da ke isa Duniya visible da infrared ne. Ultraviolet ƙaramin sashe ne kawai, amma UV
photons suna da ƙarfi a chemistry: suna iya tafiyar da reactions da visible photons masu ƙarancin energy ba za su
iya ba. Wannan ya sa photon upconversion ya zama ra’ayi mai jan hankali. Idan material zai iya karɓar visible
photons biyu masu ƙarancin energy ya mayar da su UV photon guda mai ƙarin energy, za a iya amfani da visible
sunlight ga chemistry da aka saba buƙatar UV.

Wannan takarda tana magana ne kan nau’i mai wahala na matsalar: yin visible-to-UV upconversion a cikin solid,
a sunlight-level intensity, ba tare da dogaro da molecules da ke yawo cikin solution ba. Wannan yana da muhim-
manci saboda solution systems na iya zama efficient, amma suna da matsala ga devices: solvents suna evaporate,
leak, ko takaita long-term use. Solids sun fi practical, amma yawanci suna kashe excited states da upconversion
yake buƙata.

Saboda haka ainihin sakamakon ba “UV kyauta daga sunlight” ba ne. Materials-chemistry fix ne ga contradiction
takamaimai: a solid, molecules dole su kasance kusa sosai don triplet energy ta motsa, amma ba kusa sosai har su
quench juna ba.

Design logic na takardar a figure guda. An gyara acceptor molecules da alkyl side chains da ke fitowa daga flat
π-plane, suna sauya yadda molecules suke pack a crystal. Manufa ita ce solid material inda triplet energy har
yanzu za ta iya motsawa da sauri tsakanin molecules, amma ba ta da sauƙin ɓacewa ta quenching. Sensitizer
ya fara shan visible blue light sannan ya transfer triplet energy ga acceptors; idan acceptor triplets biyu suka
haɗu, triplet-triplet annihilation na iya samar da UV photon mai ƙarin energy. Wannan yana takaita molecular
design, solid-state tradeoff da energy-transfer pathway — ba direct measurement na device performance ba.

Harada et al. / Nature Communications CC BY 4.0
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Abin da marubutan suka yi

Mechanism ɗin shi ne triplet–triplet annihilation photon upconversion (TTA-UC). A sauƙaƙe:

1. donor molecule ya sha visible light ya samar da long-lived triplet excited state;
2. wannan triplet energy ta transfer zuwa acceptor molecule;
3. excited acceptors biyu suka haɗu;
4. energies ɗinsu suka haɗu su zama singlet state guda mai ƙarin energy;
5. acceptor ya fitar da photon mai ƙarin energy — a nan ultraviolet light.

A liquids, molecular diffusion yana taimakawa step 3. Molecules suna motsi su yi collisions. A solid crystal, ba
haka ba ne. Energy dole ta migrate ta packed material, kuma packing ɗin dole ya yi daidai.

Marubutan sun yi amfani da family na molecules da suka dogara da dihydroindeno[2,1-a]indene (DHI). Design
move ɗinsu mai sauƙi ne a ra’ayi: saka alkyl chains sama da ƙasa da π-electron plane na molecule. Waɗannan side
chains suna aiki kamar spacers ko bumpers. Suna hana fluorescent π-system packing sosai har quenching ya ƙaru,
amma suna barin isasshen orbital contact don triplet energy ta motsa.

Sun gwada derivatives da dama kuma suka gano iBu-DHI — isobutyl-substituted version — a matsayin mafi
kyawun balance. Sun haɗa shi da triplet donor Ir(ppy)3, suka yi crystalline solid films ta spin-coating ko drop-
casting, sannan suka auna fluorescence, triplet lifetime, triplet diffusion behavior, upconversion quantum yield,
oxygen tolerance, da threshold excitation intensity.

Abin da suka gano

Side chains sun kare excited states. Plain DHI yana fluoresce sosai a dilute solution, amma ba kyau a crystal:
fluorescence quantum yield ya sauka daga 96% a solution zuwa 10% a crystal. Da iBu-DHI, crystal ya ci gaba da
fluoresce sosai — kusan 69% kafin grinding da 83% bayan grinding, kusan daidai da solution value. Wannan shi
ne rabin dabara ta farko: solid ɗin ba ya sake lalata singlet excited state da sauƙi.

Mafi kyawun solid film ya upconvert visible light zuwa UV a low intensity. A spin-coated iBu-DHI/Ir(ppy)3
film, marubutan sun ruwaito absolute upconversion quantum yield na 1.9% bayan self-absorption correction, tare
da threshold excitation intensity na 1.2 mW cm−2 a 445 nm. Sun kwatanta wannan da solar irradiance kusa da
wavelength ɗin, kusan 1.4 mW cm−2 ga 445 ± 5 nm. A sauƙaƙe: material ɗin ya yi aiki a intensity range na
ordinary sunlight, ba sai ƙarƙashin very strong laser ba.

Solid-state performance ya fito daga compromise, ba kawai ƙara bulk ba. Kara nisan molecules na iya
rage quenching, amma nisa mai yawa yana rage triplet energy migration. Bulky 2-EtBu-DHI derivative yana da
long triplet lifetimes, amma poor upconversion threshold behavior. iBu-DHI crystal ya fi sauka a useful middle:
enough steric protection don suppress quenching, enough molecular contact ga triplet transfer da triplet–triplet
annihilation.

Material ɗin ba solution system ne kawai da aka daskare a wuri ba. Takardar tana cewa crystalline packing,
homogeneous donor distribution, da dense molecular assembly duk suna da muhimmanci. SEM-EDX maps ba
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su nuna micrometer-scale donor segregation a relevant films ba, kuma phosphorescence quenching na donor ya
nuna efficient triplet energy transfer. Supplementary material kuma yana da theoretical estimates na triplet energy
transfer da annihilation times ga molecular pairs a crystals.

Ya nuna oxygen-tolerant emission. Oxygen yawanci yana quench triplet states, babban nuisance ga TTA-UC.
Dense solid films har yanzu sun nuna upconversion a air, bayan initial oxygen-consuming turn-on period. Wannan
yana da muhimmanci a practical terms, amma ba daidai yake da proof na long-term outdoor device stability ba.

Abin da wannan mai yiwuwa yake nufi

Karatun da za a iya karewa shi ne wannan clean materials-design sakamako ne. Marubutan sun gano hanyar tune
packing na organic π-electron system ta yadda solid zai iya yin visible-to-UV upconversion da yawanci ya fi sauƙi a
solution. Advance ɗin ba cewa photon upconversion yana wanzuwa ba ne; shi ne cewa wannan specific solid-state
system ya haɗa properties da suke yawan faɗa da juna: high fluorescence yield, long triplet lifetime, fast triplet
diffusion, oxygen tolerance, da aiki kusa da solar irradiance.

Babban darasi ya fi molecule ɗin. Ga solid-state TTA-UC, tambayar ba “ta yaya za mu kare excited states?” ko “ta
yaya za mu motsa triplet energy?” daban-daban ba. Tambayar ita ce yadda za a engineer molecular spacing don
duka su zama gaskiya lokaci guda. iBu-DHI sakamako concrete example ne na wannan design principle.

Overreadingmai jan hankali ma a bayyane yake: visible sunlight ya zamaUV, don haka solar chemistry an warware.
Wannan ba abin da takardar ta nuna ba ne. Ta nuna material mai promising photophysical mechanism da specific
performance numbers, a controlled films, ƙarƙashin defined optical conditions.

Abin da wannan ba ya tabbatar

• Ba solar-energy device ba ne. Babu complete device, outdoor module, system-level energy balance, ko
demonstrated useful chemical output da film ɗin ya power.

• Ba “UV kyauta daga sunlight” ba ne. Upconversion quantum yield a solid 1.9% ne, ba near-complete
conversion ba. Yana da muhimmanci ga wannan class na material, amma mafi yawan input photons ba su
zama UV photons ba.

• Ba ya nuna broad durability a real use. Marubutan sun gwada photostability da oxygen tolerance a controlled
settings, amma wannan ba months ko years na device operation ƙarƙashin heat, humidity, oxygen, mechanical
stress da broadband sunlight ba ne.

• Ya dogara da specific donor-acceptor material system. Mafi kyawun sakamako iBu-DHI tare da Ir(ppy)3 ne.
Takardar kuma tana nuna nearby molecular variants na iya yin mummunan performance, don haka ba generic
“ƙara alkyl chains sai ya yi aiki” recipe ba ne.

• Ba ya cire duk practical concerns. Ir(ppy)3 yana ɗauke da iridium; marubutan sun kuma nuna sensitization da
metal-free TADF donors a supplementary gwaje-gwaje, amma kanun labarai solid-state best case har yanzu
iridium-donor system ne.

• Ba ya tabbatar visible-to-UV upconversion zai zama economically ko technologically useful ga photocatalysis,
solar fuels, sensing, ko sterilization. Waɗannan mai yiwuwa applications ne, ba sakamako na takarda ba.
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Yaya ƙarfin shaidar yake?

Ga central photophysical ikirari, shaidar yana da ƙarfi: takardar ta ruwaito consistent absorption/emission mea-
surements, fluorescence quantum yields, triplet lifetimes, excitation-intensity thresholds, upconversion spectra, ab-
solute quantum-yield measurements, crystal structures, donor-distribution checks, supplementary source bayanai,
da theoretical calculations da ke goyon bayan proposed packing mechanism. Article na Nature Communications
open access ne, kuma supplementary information da source-bayanai file suna samuwa.

Babban caution shi ne scope. Strongest conclusion game da material ƙarƙashin laboratory characterization ne.
Tsalle daga “solid-state film da 1.9% visible-to-UV upconversion kusa da sunlight-level blue intensity” zuwa “useful
solar technology” babban tsalle ne. Zai buƙaci integration, stability, useful output, scalable manufacturing, da
dalilin da ya sa upconverted UV photons suka fi sauran hanyoyin driving target chemistry.

Akwai kuma subtle wording issue. “Sunlight-level” yana nufin intensity kusa da excitation wavelength da aka yi
amfani da shi a gwaji, ba automatically efficient operation ƙarƙashin full solar spectrum a real device ba. Wannan
distinction yana da muhimmanci.

Me ya sa yake da muhimmanci

Photon upconversion yana da sauƙin bayyana da kuskure: weak photons biyu sun shiga, strong photon guda ya fito.
Amma difficult part ba slogan ba ne. Difficult part shi ne tsara real molecules ta yadda energy za ta zauna tsawon
lokaci, ta motsa nisa da ya dace, sannan ta haɗu kafin ta ɓace a matsayin heat.

Wannan takarda ta ba wannan wahala material shape. Side chains ba decoration ba ne. Molecular architecture ne:
suna shield π-system sama da ƙasa, suppress quenching, kuma suna barin hanyar triplet energy ta yi tafiya.Wannan
shi ne ɓangaren da ya dace a koyar, domin yana canza vague “better material” zuwa physical compromise da mai
karatu zai iya hango.

Idan future visible-to-UV upconversion devices suka zama useful, za su buƙaci steps da yawa bayanwannan takarda.
Amma za su kuma buƙaci daidai wannan irin molecular control. Sakamakon ba device breakthrough ba ne; strong
demonstration ne na yadda za a sa solid ya yi photophysical trick da solids yawanci suke lalatawa.

Takaitaccen bayani mai tsabta

Masu bincike sun tsara family na DHI-based organic molecules da alkyl side chains ɗinsu ke shield π-electron
plane sama da ƙasa. A best case, iBu-DHI da triplet donor Ir(ppy)3 sun samar da crystalline solid film da ya canza
visible blue light zuwa ultraviolet emission ta triplet–triplet annihilation. Film ɗin ya kai absolute upconversion
quantum yield na 1.9% da threshold excitation intensity na 1.2 mW cm−2, kusa da solar irradiance a kewayen
excitationwavelength na 445 nm. Real advancemolecular packing ne: enough separation don suppress excited-state
quenching, amma enough contact ga triplet energy transfer da triplet diffusion. Strong materials demonstration ne
ga solid-state visible-to-UV photon upconversion — ba solar-energy device ba, ba “free UV” ba, kuma ba proof
na deployed technology ba.
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Binciken No-BS

Abin da takardar ta nuna: Specific iBu-DHI/Ir(ppy)3 crystalline solid film yana yin visible-to-UV TTA photon
upconversion da 1.9% absolute quantum yield da threshold 1.2 mW cm−2 a 445 nm, tare da high fluorescence
yield, long triplet lifetime, fast triplet diffusion, da wani oxygen tolerance. Design ɗin yana aiki ne ta sterically
protecting π-system yayin da useful molecular contacts suke ci gaba.

Abin da yake yiwuwa amma ba a tabbatar ba: Cewa iri ɗaya packing principle zai samar da better solid-state
upconversion materials; cewa related metal-free sensitizer systems za a optimize zuwa comparable performance;
cewa irin films ɗin za su iya taimakawa photocatalysis ko solar-chemistry applications nan gaba.

Abin da ba ya nuna:Working device; useful solar-fuel ko photocatalytic output; outdoor durability; high overall
solar-spectrum efficiency; economic practicality; general recipe ga arbitrary chromophores.

Babban limitations: Laboratory film, specific material system, modest absolute quantum yield, iridium donor a
best-performing case, controlled excitation wavelength, da babu device-level demonstration. “Sunlight-level” na
excitation band ne, ba full solar-technology ikirari ba.

Nawa ne amincewar da mai karatu na gama gari ya kamata ya yi?Mai girma cewa material design ya inganta
solid-state visible-to-UV TTA-UC a tested system, kuma mai girma cewa sakamakon yana da scientific meaning.
Ƙasa cewa wannan yana kusa da deployable solar technology. Matsayin da ya dace: clever, real materials advance
— application story har yanzu tana gaba.

Majiyoyi

Nature Communications 17, 5134 2026
https://doi.org/10.1038/s41467-026-73898-0

Supplementary Information
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-026-73898-0/MediaObjects/
41467_2026_73898_MOESM1_ESM.pdf

Source Data
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-026-73898-0/MediaObjects/
41467_2026_73898_MOESM3_ESM.xlsx
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