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Cel rozprawy doktorskiej

Celem niniejszej pracy doktorskiej byto otrzymanie nanomateriatéw domieszkowanych
jonami lantanowcéw (Ln*), wykazujacych intensywng luminescencje pod wptywem
promieniowania z zakresu bliskiej podczerwieni (NIR, ang. near infrared radiation), wykazujac tym
samym zjawisko up - konwersji (UC, ang. up-conversion). Zsyntetyzowane materiaty
przedstawione w pracy doktorskiej oparte s3 o matryce fluorkowe, a doktadniej metale ziem
alkalicznych i rzadkich, powszechnie stosowane w badaniach dotyczacych zjawiska up - konwersji.
Przeprowadzona zostata ich charakterystyka morfologiczna oraz spektroskopowa.

Otrzymane nanomateriaty w wyniku syntezy hydrotermalnej (zastosowanie wody jak
rozpuszczalnika podczas reakcji), charakteryzujg sie niewielkim rozmiarem (do 560 nm), co ma
istotne znaczenie w zastosowaniach biologicznych, np. w celu przenikania do komoérek czy
wydalania z organizmu. Otrzymane zwigzki ze wzgledu na zastosowang metode majg charakter
hydrofilowy, dzieki czemu tworzg wodne koloidy, bez koniecznosci przeprowadzania
dodatkowych etapdow podczas syntezy czy pdzniejszej obrobki.

Wykonano réwniez optymalizacje stosowanej procedury syntezy nanomateriatéw
fluorkowych, w celu otrzymania pozgdanej morfologii, a takze wzmocnienia obserwowanej
luminescencji. Istotnym aspektem byta rowniez funkcjonalizacja powierzchni nanoczastek
up - konwersyjnych (UCNPs), umozliwiajgca poprawienie stabilnosci wodnych koloidéw
zawierajacych otrzymane nanoczastki, a takze zmniejszenie ich toksycznosci. Ponadto,
modyfikacja powierzchni nanoczastek zaréwno w trakcie syntezy, jak i po niej, umozliwia ich
dalszg biokoniugacje.

W rozprawie doktorskiej przedstawiono synteze nanomateriatéw up - konwersyjnych,
charakterystyke wfasciwosci morfologicznych i spektroskopowych otrzymanych uktadéw oraz
badania cytotoksycznosci dla wybranej grupy nanoczastek, celem okreslenia mozliwosci

aplikacyjnych w naukach biologicznych czy medycznych.



Streszczenie rozprawy doktorskiej w jezyku polskim

Up - konwersja to zjawisko w wyniku ktérego po absorpcji minimum dwdch fotonéw
niskoenergetycznych nastepuje emisja fotonu o wyzszej energii, tj. zachodzi konwersja energii
,»W gére”. UC nazywana jest rdwniez emisjg anty-Stokesowska, poniewaz dtugos¢ fali wzbudzenia
jest wieksza od dtugosci fali emisji.! Najcze$ciej wzbudzenie nastepuje w zakresie bliskiej
podczerwieni, a emisja w zakresie spektrum Swiatta widzialnego oraz ultrafioletowego. UC jest
zjawiskiem charakterystycznym dla jonéw lantanowcdéw, ze wzgledu na budowe ich poziomédw
energetycznych, wynikajaca z przejs¢ f - f elektronowych, ale réwniez jony metali przejsciowych
czy zwigzki organiczne mogg konwertowac energie ,w gére”.?3

W niniejszej pracy doktorskiej materiatami, na podstawie ktérych zbadana zostata UC, s3
fluorki nieorganiczne zawierajgce jony metali z drugiej grupy uktadu okresowego, tzw. metale
ziem alkalicznych oraz jony pierwiastkow ziem rzadkich. Matryce fluorkowe charakteryzujg sie
niskg energig fonondw tj. drgan sieci krystalicznej, dzieki czemu wygaszanie wielofononowe,
bedace bezpromienistg depopulacjg stanu wzbudzonego do nizej potozonego poziomu
wzbudzonego przy asyscie fononu, jest zminimalizowane, zwiekszajgc tym samym wydajno$é UC.4
Zwigzki te wykazujg réwniez duzg stabilnos¢ chemiczng oraz fizyczng, stanowig dobry akceptor
elektronéw, a luminofory na ich bazie charakteryzujg sie wysokg wartoscig wydajnosci kwantowe;j
luminescencji.>® Natomiast jony metali ziem alkalicznych majg podobny promier jonowy do jonéw
lantanowcéw, dzieki czemu mozliwe jest wbudowywanie sie jondw Ln** w ich miejsce, bez
powodowania znieksztatcen sieci krystalicznej.”®

Bardzo duzy wptyw na witasciwosci otrzymanych struktur ma ich nanometryczny rozmiar, tzn.
$rednica w jednym wymiarze ponizej 100 nm. Dzieki temu mozliwe jest uzyskanie nanoczastek
(NPs) o wtasciwosci innych od tych charakteryzujgcych ich odpowiedniki mikrokrystaliczne. Istotny
jest réwniez duzy stosunek powierzchni do objetosci czastki, niewielki rozmiar umozliwiajacy
przenikanie przez membrany czy zmiana koloréw emisji zalezna od wielkosci, a takze ich
samoorganizacja.>°

Efektem przeprowadzonych prac badawczych sg proste fluorki CaF.:Yb®, Er®;
SrF2:Yb*, Ln** (Ln = Ho, Er, Tm, Yb); struktury typu rdzeri/powtoka (ang. core/shell),
SrF,:Yb®, Er¥*@SrF,:Yb3*, Nd3* oraz niestechiometryczne fluorki MyRE,F,:Yb3*, Er** (M= Ca, Sr, Ba;
RE=Y, La, Gd, Lu), otrzymane metodg hydrotermalng. Warunki syntezy jak i jej procedura (stezenia
domieszek, zawartos$¢ zrédta jonow fluoru, dodatek zwigzkéw kompleksowych, pH) zostaty

zoptymalizowane dla wszystkich otrzymanych uktadéw, w celu uzyskania efektywnej emisji pod

wpltywem promieniowana NIR czgstek o rozmiarze nanometrycznym.
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Dla fluorkdw wapnia przeprowadzono analize wptywu warunkéw syntezy oraz zwigzku
kompleksujgcego na obserwowang luminescencje. Zbadano wptyw kompensacji tadunku na
strukture otrzymanych nanoczgstek, a tym samym ich emisje. Na podstawie wykonanych
pomiaréw oraz ich analizy, ustalono wystepowanie jondéw Yb** o rdznej symetrii otoczenia w
jednej prébce.

Optymalizacja uktadu SrF,:Yb*, Ln®*" pozwolita na otrzymanie stabilnych, wodnych koloiddw,
charakteryzujgcych sie efektywng emisjag pod wptywem promieniowania z zakresu bliskiej
podczerwieni. Ponadto, NPs dla ktérych przeprowadzono modyfikacje powierzchni w roztworze
soli fizjologicznej, wykorzystujgc do tego polimery amfifilowe, zbadano pod katem ich
cytotoksycznosci.

Dzieki zsyntetyzowaniu struktur typu rdzen/powtoka, mozliwe byto wprowadzenie do
powtoki jondw Nd**, co umozliwito otrzymanie up - konwersji pod wptywem wzbudzenia 975 oraz
808 nm. Ze wzgledu na homogeniczng strukture otrzymanych zwigzkéw, potwierdzenie
otrzymania probek typu rdzenn/powtoka przeprowadzono poprzez doktadng analize
spektroskopowsg, wykorzystujgc do tego rézne dtugosci fali wzbudzenia (808, 975 oraz 1532 nm),
obserwujac przy tym zjawisko up - konwersji oraz down - konwersji (DC).

Dla niestechiometrycznych fluorkéw nieorganicznych MyRE,F,:Yb**, Er®* przeprowadzono
doktadna analize sktadu pierwiastkowego, na podstawie ktérego przedstawiono mechanizm
formowania sie otrzymanych zwigzkdéw, w ktérym duze znaczenie odgrywa trwatosé¢ komplekséw
przejsciowych jondw metali tworzonych z kwasem etylenodiaminotetraoctowym (EDTA). Dla
zwigzkéw o duzej intensywnosci emisji zostata réwniez wyznaczona wydajnosé kwantowa.

Dla wszystkich zwigzkéw wykonano dyfraktogramy proszkowe (XRD), analize ilosciowa (ICP-
OES/MS, EDS), zdjecia mikroskopii elektronowej (TEM), analize wielkoSci czastek
i tadunku na ich powierzchni (DLS, potencjat zeta) spektroskopie w podczerwieni (FT - IR) oraz
spektroskopie laserowa.

Poprzez badania nad wspomnianymi UCNPs charakteryzujgcymi sie intensywng emisja,
rowniez w srodowisku wodnym, mozliwe jest otrzymanie struktur alternatywnych dla obecnie
stosowanych znacznikéw biologicznych. Ponadto otrzymane nanoczastki mogg stuzy¢ do
transportu lekéw, umozliwiajg $ledzenie szlakow metabolicznych, a uzyskane rezultaty wzbogaca

obecny stan wiedzy odnosnie zjawiska up - konwersji.



Summary of the doctoral thesis in English

The upconversion UC is the phenomenon in which absorption of at least two low energy
photons leads to emission of one high energy photon. UC is also called anti-Stokes emission, as
the excitation wavelength is longer than the emission wavelength.! Usually, the excitation occurs
in near-infrared range and emission in the visible and UV spectrum. UC is a phenomenon
characteristic of lanthanide ions, which is related to the system of their energy levels, however, it
is also observed for transition metals as well as organic compounds.?3

In the presented doctoral thesis, the UC process in inorganic fluorides containing metal ions
from the second group of the periodic table, the so-called alkaline earth metals and rare earth
elements ions, is examined. The fluoride matrices have a crystal lattice of low phonon energy, i.e.
the low-energy crystal lattice vibration, which minimizes multiphonon quenching, due to phonon-
assisted non-radiative depopulation of excited energy level to lower-lying energy level, and as a
result, increasing UC efficiency.* Moreover, these compounds exhibit high chemical and physical
stability, they are good electron acceptors, and phosphors based on them have high quantum
yield.>® On the other hand, alkaline earth metals ions have similar ionic radii to lanthanide ions,
so incorporation of Ln3* in their place occurs without distortion to the crystal lattice.”?

The properties of the obtained compounds are to a significant degree determined by their
nanometric size (diameter in one direction is smaller than 100 nm). Thanks to this, nanoparticles
(NPs) exhibit different properties than their bulk counterparts. Significant impact on NPs
properties have also high surface to volume ratio, small size allowing penetration through
membranes or change in nanoparticle’s color depending on the size as well as the NPs ability to
self-organization.>°

The study was performed on simple fluorides CaF,:Yb*, Er®*; SrF:Yb3*, Ln3* (Ln= Ho, Er, Tm,
Yb); core/shell structure SrF.:Yb®, Er**@SrF.:Yb*, Nd** and non-stoichiometric fluoride
MLRE,F,:Yb3*, Er** (M= Ca, Sr, Ba; RE=Y, La, Gd, Lu), obtained by hydrothermal method.

The synthesis conditions, as well as the synthesis procedure (dopants concentration, amount
of fluorine ions source, the addition of complexation compounds, pH), were optimized for all of
the obtained nanometric structures, to observe effective emission under excitation from near-
infrared range. For calcium fluorides, the impact of synthesis conditions as well as complexation
agents on observed luminescence was analyzed. The effect of charge compensation on the
structure of the obtained nanoparticles, and thus their emission, was thoroughly studied. On the
basis of the measurements and their analysis, the presence of Yb3* at different symmetry sites in

one sample was determined.
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The optimization of SrF,: Yb3*, Ln3 structure allowed obtaining stable water colloids,
characterized by effective emission under excitation from the near-infrared range. Moreover,
cytotoxicity of NPs whose surface had been modified by amphiphilic polymers, dispersed in PBS
medium, was investigated.

The synthesis of core/shell structure, with Nd** ions in the shell, allowed UC emission under
975 and 808 nm excitation wavelengths. Due to the homogeneity of the prepared compounds,
the presence of a core/shell structure was confirmed through detailed spectroscopic
measurements, using for this purpose different excitation wavelength (808, 975 and 1532 nm),
with UC and DC as an effect.

For inorganic fluorides M\RE,F,:Yb3*, Er** the formation mechanism, based on elemental
analysis and consideration of transition complex stability of metal ions with
ethylenediaminetetraacetic acid (EDTA) was established. Moreover, for the compounds with the
highest luminescence, the quantum yield was determined.

All obtained compounds were characterized by X-ray diffractograms (XRD), quantitative
analysis (ICP - OES/MS, EDS), electron microscopy imaging (TEM), analysis of nanoparticles size
and surface charge (DLS, zeta potential), infrared spectroscopy (FT-IR) and laser spectroscopy.

The studies of the above-described UCNPs, showing intense emission, also in a water
environment, have proved that it is possible to obtain the structures alternative to those currently
used as biomarkers. Moreover, the prepared compounds can be applied as drug delivery systems
or for tracking of metabolic pathways. The presented results have contributed to the current

knowledge about the up - conversion phenomenon.
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Wstep teoretyczny

Nanotechnologia

Nanotechnologia to interdyscyplinarny dziat nauki zajmujacy sie projektowaniem, syntezg,
charakterystyka oraz zastosowaniem struktur oraz materiatéw, ktérych co najmniej jeden wymiar
miesci sie w zakresie od 1 do 100 nm. | cho¢ sama koncepcja nanotechnologii zostata
zapoczatkowana przez fizyka Richarda Feynmana w 1959 roku to nanomateriaty sg znane od
stuleci, np. czerwone witraze z nanoczgstkami ztota.

Nanomaterialy znajdujg zastosowanie w dziedzinach takich jak chemia, fizyka, biologia,
medycyna, inzynieria materiatowa czy elektronika. Mozliwosci wykorzystania nanomateriatéw sg
bardzo duze przede wszystkim ze wzgledu na ich odmienne wtasciwosci od analogéw
grubokrystalicznych. Istotne znaczenie ma réwniez duzy stosunek powierzchni do objetosci
czastki, niewielki rozmiar umozliwiajacy przenikanie przez membrany czy zmiane koloréw zalezng
od wielkosci, a takze ich samoorganizacja.

Nanotechnologia moze znaczgco wptyngé na rozwigzanie problemoéw wspodtczesnych ludzi,
przedstawionych przez znanego chemika, Richarda Smalley’a! laureata Nagrody Nobla (1996
odkrycie fulerenéw) oraz gtéwnego rzecznika National Nanotechnology Initiative w 2003, m.in
poprzez produkcje wyspecjalizowanych materiatéw, katalizatoréw, ogniw stonecznych i
paliwowych, akumulatoréow, czujnikdw, bioczujnikdéw, sprzetu analitycznego, w terapiach

genowych, naprawianiu tkanek, dostarczaniu lekéw czy bioobrazowaniu.

Up - konwersja

Znaczaca role w nanotechnologii ze wzgledu na mozliwosci aplikacyjne, odgrywaja materiaty
luminescencyjne, m.in. kropki kwantowe czy barwniki organiczne. Wiekszos¢ tych materiatéw
podlega prawu Stokes’a, tzn. dtugosc¢ fali wzbudzenia jest krétsza od dtugosci fali emisji, z czym
wigze sie emitowanie fotonu o energii nizszej niz foton wzbudzajgcy (ang. downconversion,
konwersja energii ,w dét” oraz downshifting, przeniesienie ,w dot”). Ciekawym zjawiskiem,
odwrotnym czy tez przeciwnym do klasycznej emisji jest
up - konwersja (UC, ang. upconversion, konwersja energii w gore), ktéra umozliwia konwersje
promieniowania z zakresu podczerwieni do Swiatta widzialnego oraz ultrafioletu. Proces ten
odpowiada za absorpcje dwdch lub wiekszej liczy fotondow w skutek czego nastepuje emisja

promieniowania o energii wyzszej niz zaabsorbowana. Up - konwersja jest réwniez nazywana
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emisjg anty-Stokesowska. Ponizszy schemat przedstawia w uproszczony sposdb réznice miedzy

fotoluminescencjg a luminescencjg up - konwersyjna.

3 3
r—2
hv, hvs
2
hv; hv,
hv;
— A 1
Fotoluminescencja Luminescencja

up-konwersyjna

Rys. 1. Schematyczne przedstawienie proceséw klasycznej luminescencji oraz luminescencji
up - konwersyjnej.’?

Pierwsze informacje o up - konwersji, a wiasciwie o mozliwosci wykrycia oraz zliczania
fotondw w podczerwieni (IRQC, ang. Infrared quantum counter) w ciele statym za pomoca
detektora, pojawity sie w 1959 roku.* W 1966 roku Auzel zaproponowat mechanizm transferu
energii zachodzacy pomiedzy stanami wzbudzonymi jonow w procesie
up - konwersji.»>!® Od tego momentu zainteresowanie zjawiskiem UC wciaz rosnie, do czego
znacznie przyczynit sie rozwdj nanotechnologii w XXI wieku.

Nanomateriaty up - konwersyjne ze wzgledu na mozliwos¢ wzbudzenia promieniowaniem
podczerwonym, umozliwiajg gtebsza penetracje tkanek biologicznych, nie powodujgc przy tym ich
uszkodzenia, charakteryzujg sie wysokg stabilnoscig fotochemiczng, a takze duzym przesunieciem
anty-Stokesowskim.*17:18 |stotny jest réwniez brak autofluorescencji tta, ze wzgledu na stosowany
zakres wzbudzenia.'® Dodatkowa zaletg jest mozliwo$é wykorzystania tanich laseréw pracy ciggtej

o niskiej mocy (1-10° Wem2).2°
Materiaty wykazujgce up - konwersje

Zjawisko up - konwersji mozna zaobserwowacd dla zwigzkow ktdre charakteryzujg sie tzw.
budowg drabinkowg, czyli wykazujg wiele dtugozyjacych, metastabilnych poziomodw
energetycznych. Warunek ten spetniajg zwigzki zaréwno organiczne, np. wielopierscieniowe
weglowodory aromatyczne oraz nieorganiczne np. jony metali z bloku d oraz f.

Dla wiekszosci organicznych nanoczastek up - konwersyjnych emisja promieniowania

zachodzi wg mechanizmu anihilacji tryplet-tryplet (TTA, ang. triplet-triplet annihilation),
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polegajgcy na wzbudzeniu sensybilizatora do jego stanu singletowego Si, nastepnie poprzez
przejscie miedzysystemowe do stanu trypletowego Ti, skad energia poprzez tzw. transfer energii
tryplet-tryplet przechodzi do anihilatora, zwanego réwniez emiterem, a sam wraca do stanu
podstawowego So. Gdy pomiedzy dwoma wzbudzonymi anihilatorami w stanie trypletowym
zajdzie interakcja, zostaje utworzony wyzej energetyczny stan singletowy z ktérego nastepuje
emisja UC, a anihilator wraca do stanu podstawowego.1*2021

Grupe zwigzkdw nieorganicznych wykazujgcych UC mozna podzielic na materiaty
domieszkowane jonami lantanowcdéw, materiaty oparte o metale przejsciowe (TM, ang. transition
metals), materiaty zawierajace jony Ln3* oraz TM, a takze materiaty pétprzewodnikowe.

Wtasciwosci fizykochemiczne oraz spektroskopowe jonéw lantanowcdéw zostaty opisane w
dalszej czesci rozprawy (rozdziat Charakterystyka Lantanowcow). W tym podrozdziale zostang
przedstawione jedynie w potaczeniu z metalami przejsciowymi.

Wiasciwosci metali przejsciowych nalezgcych do bloku d, a takze zaliczane do tej grupy
aniony zawierajgce w swoim sktadzie metale d-elektronowe (MoOs®, VO,3, TiOs*), ze wzgledu na
obecnos$¢ elektrondw na podpowtoce d jako elektronéw walencyjnych, s3 silnie zalezne od ich
chemicznego otoczenia. Szerokie pasma absorpcji sg charakterystyczne dla tych metali, a
prawdopodobienstwo przejs¢ bezpromienistych pomiedzy ich stanami energetycznymi jest
wysokie, szczegdlnie w temperaturze pokojowej, co znaczgco zmniejsza wydajnosé proceséw UC.2
Jednakze duzg zaletg tych zwigzkow jest mozliwosé obserwacji przestrajalnej luminescencji w
bliskiej podczerwieni (Mn%, Cr¥), ich wtasciwosci magnetyczne czy katalityczne. Przyktadami
zwigzkdw bazujacych na metalach przejsciowych, ktére wykazujg UC sg MgCl,:Ti**, CsCdClz:Ni%,
CsaNaYCle:Mo3*.22 W zwigzku z ograniczeniami TM czesto stosowane jest ich potgczenie z Ln3* czy
kropkami kwantowymi. Umozliwia to zminimalizowanie relaksacji bezpromienistej oraz
wykorzystanie powszechnie stosowanych laseréow diodowych jako Zrédfa wzbudzenia, pomimo
braku poziomdéw energetycznych o odpowiedniej energii.

Dos¢ nowg grupa zwigzkdw wykazujgcych zjawisko up - konwersji, a zarazem bardzo ciekawa
sg potprzewodniki nanokrystaliczne (NCs), bedgce potgczeniem popularnych kropek kwantowych
i czastek organicznych.?*2* Kropki kwantowe wykazuja bardzo dobrg absorpcje promieniowania o

> w przeciwienstwie do czastek organicznych, absorbujacych jedynie w

szerokim spektrum,?
zakresie bliskiej podczerwieni, ktére natomiast sg idealnymi emiterami. Mechanizm UC zwigzany
jest z anihilacjg typu tryplet-tryplet, ktéra opisana zostata powyzej dla zwigzkéw organicznych
wykazujgcych UC. W omawianych strukturach, dzieki uzyciu potprzewodnikéw (np. CdSe, PbS) jako
fotosensybilizatora, a molekut organicznych jako transmitera (np. kwas antraceno-9-

karboksylowy, 9-ACA) oraz anihilatora/emitera (np. 9,10-difenyloantracen, DPA) mozliwe jest
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osiggniecie znacznie wiekszej wydajnosci procesu up - konwersji, nawet ok. 30-40%.% Dodatkowa
zaletg obu materiatdw jest mozliwo$é wytworzenia z nich elastycznych urzadzen

optoelektronicznych.
Mechanizmy up - konwersji

Obecnie wyrdznia sie pie¢ mechanizmdw zwigzanych ze zjawiskiem up - konwersji: absorpcja
w stanie wzbudzonym (ESA, ang. excited state absorption), up - konwersyjny transfer energii
(ETU, ang. energy transfer upconversion), kooperatywna up - konwersja (CUC, ang. cooperative
upconversion), fotonowy efekt lawinowy (PA, ang. photon avalanche) oraz up - konwersyjna
posrednia migracja energii (EMU, ang. energy mediated- migration upconversion).! Z posréd
wymienionych proceséw najczesciej obserwowany jest up - konwersyjny transfer energii oraz
up - konwersyjna pos$rednia migracja energii zachodzaca w strukturach typu rdzer/powtoka.?®
Up - konwersyjny transfer energii zachodzi poprzez sekwencyjng absorpcje fotondw, w uktadzie
gdzie wystepujg dwa rdzne jony- sensybilizator i aktywator, o zblizonych energiach wzbudzenia
oraz bedace w niewielkiej odlegtosci od siebie. Mechanizm polega na bezpromienistym
przeniesieniu energii od wzbudzonego sensybilizatora do aktywatora, rowniez znajdujgcego sie w
stanie wzbudzonym. Dzieki zaabsorbowanej energii mozliwe jest osiggniecie wyzszego stanu
wzbudzonego.'® Procesem towarzyszacymi temu mechanizmowi moze byé przeniesienie energii z
asystg fononu, umozliwiajgc zajécie procesu pomimo rdznicy energetycznej pomiedzy jonami.?”’
ETU moze réwniez zachodzi¢ innymi drogami, np. poprzez sukcesywny transfer energii,
up - konwersyjng relaksacje krzyzowa czy kooperatywng luminescencje.’® Mechanizm ten
uznawany jest za jeden z najbardziej efektywnych proceséw UC, zwtaszcza dla par jonéw Yb3*/Er3*
oraz Yb¥/Tm3*.1315
Up - konwersyjna posrednia migracja energii to mechanizm opisujgcy transfer energii w
strukturach typu rdzen/powtoka, gdzie fotony zaabsorbowane przez sensybilizator przechodza
kolejno do tzw. akumulatora (typ Il), nastepnie przez donory (typ lll) trafiajg do jonu aktywatora,
emitujgcego promieniowanie.”® Struktura typu rdzeri/powtoka umozliwia rozdziat jonéw
biorgcych udziat w procesie up - konwersji na rézne obszary, dzieki czemu wzajemne wygaszanie
sie jonéw jest minimalizowane. Dodatkowg zaletg jest réwniez transfer energii pomiedzy
oddalonymi od siebie jonami na wieksze odlegtosci (kilka nm) bez strat energetycznych. Takie
podejscie pozwala na domieszkowanie nanomateriatéw takimi jonami jak Eu®*, Tb®* czy Dy** o

zawartosci zoptymalizowanej do danego zastosowania (od kilku do kilkudziesieciu procent).1>26:2%

22



Charakterystyka Lantanowcow

Wiasciwosci fizykochemiczne

Lantanowce to grupa metali z széstego okresu uktadu okresowego, o liczbie atomowej od 58
do 71, tj. od ceru do lutetu, ktére zawierajg w swojej budowie elektrony na podpowtoce 4f. Cho¢
od lantanu wzieta sie nazwa grupy i jest on czesto do niej zaliczany, to formalnie poprzez brak
elektronéw na podpowtoce 4f nie nalezy on do lantanowcéw. Jednakze, ze wzgledu na duze
podobienstwo fizyczne oraz chemiczne lantanu, a takze itru

i skandu do opisywanych metali, wspdlnie z nimi tworzg one grupe pierwiastkow ziem rzadkich.

58 61 (3 66 67 69 70 71
Ce Pm Tb | Dy | Ho Tm | Yb | Lu

Rys. 3. Pierwiastki uktadu okresowego tworzace grupe pierwiastkow ziem rzadkich

Istotna cechag lantanowcow jest wspomniane podobienstwo chemiczne, m.in. struktura

elektronowa powtoki walencyjnej, dtugos¢ promienia atomowego i jonowego, trwaty stopien
utlenienia +3 czy wiasciwosci paramagnetyczne (z wyjatkiem lutetu).
Konfiguracja elektronowa lantanowcdw [Xe] 6s? 4f" (oraz 5d! jesli wystepuje) zwigzana jest z
charakterystycznym dla tych pierwiastkéw stopniowym obsadzaniem podpowtoki 4f, ktéra jest
ekranowana przez zapetnione podpowtoki 5s oraz 5p o niiszej energii. Wszystkie jony
lantanowcédw wystepujg na wspomnianym stopieniu utlenienia +3, jako najtrwalszym. Jednakze
niektére jony wystepujg réwniez na stopniu +2 (np. Eu®, Yb?*) oraz +4 (Ce*, Tb*). Najbardziej
stabilne struktury elektronowe na trzecim stopniu utlenienia wykazuja: La*, ze wzgledu na brak
elektronéw f, Gd**, majacy potowicznie zapetniong podpowtoke 4f oraz Lu®*, z 14-stoma
elektronami na podpowtoce 4f.3031

Cechg charakterystyczng dla lantanowcdéw jest réwniez zjawisko kontrakcji, tj. wraz ze
wzrostem liczy atomowej, zmniejsza sie promien jonowy oraz atomowy danego pierwiastka. Jest

to rezultat silniejszego przyciggania elektronéw do jadra atomowego, wynikajacy z rosnacej liczby

elektrondw przy statej liczbie powtok elektronowych.3?
Wiasciwosci spektroskopowe pierwiastkow ziem rzadkich

Przejscia elektronowe jondw lantanowcéw mozna podzieli¢ na trzy rodzaje:
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- przejScia z przeniesieniem tadunku (ang. chargé transfer, ligand-orbital f), polegajace na
zaabsorbowaniu fotondw przez ligand, stanowigcy donor i przekazaniu ich do podpowfoki 4f
jonu Ln3, ktéry emituje promieniowanie. Przejscia te charakteryzujg sie duzg intensywnoscia i
szerokoscig spektralng, wystepujg na widmach absorpcji w zakresie ultrafioletu. Ponadto sg
przejsciami dozwolonymi regutg Laporte’a (nastepuje zmiana parzystosci przejs¢ dipola
elektrycznego miedzy poziomami energetycznymi);

- przejécia miedzykonfiguracyjne, nf > (n +1) d, najczesciej 4f - 5d obserwowane dla jonéw Ce®*
oraz Pr¥, przejscia te sg przejsciami dozwolonymi, charakteryzujg sie duzg intensywnoscig w
zakresie UV;

- przejscia wewnatrzkonfiguracyjne, f - f, najbardziej charakterystyczne dla jonéw Ln¥, s3 to
przejscia wzbronione regutg Laporte’a, mimo to pasma tych przej$s¢ sy obserwowane na
widmach lantanowcéw.303?

Sposrdéd wymienionych typow, przejscia 4f - 4f s najczestszym przedmiotem badan. Ze
wzgledu na ich wzbroniony charakter, gtéwnym czynnikiem wptywajgcym na elektrony
lantanowcéw sg oddziatywania elektrostatyczne oraz w mniejszym stopniu magnetyczne, czego
nastepstwem jest sprzezenie spinowego i orbitalnego momentu pedu elektronéw, tzw. sprzezenie
spin-orbita badZ sprzezenie Russella-Saundersa. Przedstawia ono rozszczepienie poziomow
energetycznych elektronéw (termdéw) podpowtoki 4f na poszczegdlne multiplety, opisywane
zaleznoscig pomiedzy liczbami kwantowymi, %*1L,;, gdzie S to spinowy, L orbitalny a J catkowity
moment pedu. Jak juz wspomniano, w wyniku ekranowania elektronéw 4f" poprzez powtoki 5s i
5p, otoczenie jondw Ln** ma niewielki wptyw na rozszczepienie pozioméw energetycznych.
Powoduje jednak podziat poszczegdlnych multipletow na tzw. poziomy Starka. Degeneracja tych
poziomdw zalezy od symetrii otoczenia, np. matrycy, im nizsza symetria sieci krystalicznej, tym

mniejsze rozszczepienie multipletow.303%34
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Rys. 4 Struktura elektronowa jonéw lantanowcéw. Od lewej- oddziatywania elektrostatyczne,

sprzezenie spin-orbita, pole krystaliczne jako czynniki wplywajace na degeneracje pozioméw

wraz z wartoéciami rozszczepien.>®
Ze wzgledu opisany powyzej charakter przejs¢ elektronowych 4f - 4f w jonach Ln*', ich widma
luminescencji charakteryzujg sie waskimi pasmami, o matej szerokosci spektralnej. Kazdy jon

charakteryzuje sie specyficznym rozmieszczeniem pasm na widmach emisji, o konkretnej dtugosci

fali, dzieki czemu rozréznienie jondw za pomoca pomiardw spektrofluorymetrycznych jest bardzo

tatwe. Dodatkowo przejscia ze standéw wzbudzonych do podstawowego sg bardzo wolne, moga

trwa¢ nawet kilka milisekund, co ma szczegdlne znaczenie przy praktycznym zastosowaniu

zwigzkéw z jonami lantanowcow.

Lantanowce a up - konwersja
Lantanowce ze wzgledu na budowe swoich pozioméw energetycznych, ktére sg dobrze

rozdzielone oraz charakteryzujg sie dtugimi czasami zycia, stanowig idealny materiat do konwersji

energii w gére. Dodatkowo, stany wzbudzone jondéw Ln* znajduja sie w zakresie od ultrafioletu

do podczerwieni, dzieki czemu mozliwa jest obserwacja promieniowania w szerokim spektrum fal
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Budowa materiatéw up - konwersyjnych

W temperaturze pokojowej nieorganiczne krysztaty wykazujg znikomg badz brak emisji pod
wplywem wzbudzenia z zakresu promieniowania podczerwonego.>*® Dlatego nanomateriaty
up - konwersyjne zbudowane s3 jondw emitujgcych/ domieszkujgcych (guest), bedgcych zrédtem
UC oraz z nieorganicznej matrycy (host), o strukturze krystalograficznej zapewniajgcej
odpowiednie rozmieszenie centréw luminescencyjnych.?” Dzieki odpowiedniemu dobraniu obu
komponentéw mozliwe jest sterowanie wtasciwosciami spektroskopowymi nanomateriatéw, a
tym samym zaprojektowanie materiatu o cechach istotnych w konkretnym zastosowaniu.

Dobdr odpowiedniej matrycy wchodzgcej w sktad UCNPs ma kluczowe znaczenie przy
projektowaniu uktadéw o witasciwosciach optycznych takich jak wydajnos¢ kwantowa czy kolor
emisji. Gtdwnym czynnikiem wptywajacym na dobdr matrycy jest wartos¢ energii drgan sieci
krystalicznej, a doktadniej im nizsza warto$é tym mniejsze prawdopodobienstwo zachodzenia
relaksacji bezpromienistej, bedgcej czynnikiem wygaszajgcym UC. Duze znaczenie ma réwniez
stabilnos¢ fizykochemiczna matrycy. Oba wymagania spetniajg matryce fluorkowe, ktére
charakteryzujg sie niskg energig fonondw ¢ 350 cm™) oraz wspomniang wysoka stabilnoscia
fizykochemiczna, np. NaYF, czy LaFs,*%% w przeciwiefstwie do chlorkéw czy bromkdw, ktére co
prawda wykazujg niskg energie drgania sieci krystalicznej, jednakze ze wzgledu na ich duig
higroskopijno$é majg ograniczone zastosowania.?”* Z tych wzgledéw matryce fluorkowe zostaty
zastosowane w artykule P1, P2, P3 oraz P4. Powszechnie stosowane sg rowniez tlenki, np. Y,0s,
Gd203.15'38’40

Dodatkowym aspektem wartym rozwazenia przy projektowaniu wydajnych UCNPs jest ukfad
krystalograficzny matrycy oraz promien jonowy kationéw wchodzacych w jej sktad. Idealnym
przyktadem potwierdzajgcym powyzsze stwierdzenie jest matryca NaYF4, wystepujgca w uktadzie
regularnym oraz heksagonalnym, gdzie w uktadzie o nizszej symetrii obserwowano nawet 10-
krotnie bardziej intensywng UC niz w uktadzie regularnym.*! Jest to zwigzane z wiekszg asymetrig
pola krystalicznego wokoét jondw emitujgcych, co wptywa na zwiekszenie prawdopodobieristwa
przej$¢ wzbronionych 4f -4f jonédw Ln3*.*° Drugi wspominany aspekt to promien jonowy kationdw,
ktéry powinien by¢ zblizony rozmiarem do jondéw emitujgcych, zapobiegajagc tym samym
tworzenie sie defektéw sieci krystalicznej podczas wymiany jonéw, np. jony Na*, Ca?* czy Zr**, maja
zblizone promienie jonowe do jondw lantanowcéw i ich nieorganiczne zwigzki sg czesto
wykorzystywane jako matryce.>*?

Nieorganiczne matryce nie biorg udziatu w procesie UC, w zwigzku z czym wymagana jest

obecnos¢ tzw. aktywatoréw, tj. jondw domieszkujgcych matryce, ktérych struktura energetyczna
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sktada sie z wielu metastabilnych stanéw wzbudzonych o dtugich czasach zycia. Z tego wzgledu
bardzo czesto stosowanymi aktywatorami sg jony lantanowcéw (Ln3*), zawierajgce w swojej
budowie elektrony na podpowtoce 4f, pomiedzy ktdrymi zachodzg przejscia f - f elektronowe. W
zwigzku z tym dla wszystkich jondw Ln3** majacych wiecej niz jeden elektron na podpowtoce
powinno by¢ obserwowane zjawisko konwersji energii w goére. Jednakze, tylko dla nielicznych
jonéw mozna zarejestrowaé UC (Pr*, Nd**, Er¥*, Tm*, Ho*), z czego tylko Ho*, Er** oraz Tm?*
wykazujg intensywng up - konwersje, ze wzgledu na dobrze rozseparowane stany wzbudzone.

Na wydajnos¢ aktywatora wptyw majg takie czynniki jak prawdopodobienstwo zachodzenia
przejs¢ bezpromienistych ze wzgledu na niewielkie odlegtosci pomiedzy stanami wzbudzonymi,
jego stezenie w matrycy oraz przekréj czynny na absorpcje promieniowania. Niestety, lantanowce
wykazujgce luminescencje charakteryzujg sie niskim przekrojem czynnym absorpcji
promieniowania NIR, a co za tym idzie niewielka wydajnoscig UC. Réwniez zwiekszenie zawartosci
aktywatora w matrycy nie jest mozliwe, ze wzgledu na proces relaksacji krzyzowej znajdujgcych
sie w niewielkiej odlegtosci jonéw. Maksymalne stezenie domieszek to np. dla jonu Er** 3% a dla
Tm3* 0.5%.1337:3° Rozwigzaniem tych ograniczehi jest domieszkowanie matrycy dodatkowym
jonem, o wysokim wspotczynniku absorpcji, ktory bedzie petnit role tzw. sensybilizatora, tj. jonu
absorbujgcego promieniowanie NIR, gdzie poprzez mechanizm ETU, wydajnie przenosi energie do
jonu aktywatora.'® Najczesciej wykorzystywane w tym celu s3g jony Yb%*, ze wzgledu na prosta
budowe oraz wzglednie wysoki przekrdj czynny na absorpcje promieniowania o dtugosci 980 nm.
Ponadto jony Yb** wykazujg stabszg tendencje do wygaszenia stezeniowego, przez co mozliwe jest
zwiekszenie ilosci jondw w matrycy, nawet do 100%.** Wptywa to na wzrost molowego
wspodtczynnika absorpcji jondw Yb3* oraz skrécenie odlegtosci miedzy sensybilizatorem a

emiterem, zwiekszajgc tym samym transfer energii.

Mozliwosci wzmocnienia UC

Pomimo wspomnianych powyzej mozliwosci wzmocnienia UC poprzez zastosowanie jondw
Yb* jako sensybilizatora, czy optymalizacje stezenia domieszek w matrycy, obserwowana
luminescencja jest nadal znacznie mniej wydajna niz np. dla barwnikdw organicznych.
Ograniczenie bowiem stanowi nie tylko niewielki przekréj czynny na absorpcje jonéw Ln** (np. Yb%*
jako sensybilizator wykazuje ok. 1000-10 000 razy mniejszy przekrdj czynny na absorpcje niz
powszechnie stosowane barwniki organiczne), niska wartosé¢ molowego wspétczynnika absorpcji
promieniowania z zakresu NIR,*%** procesy relaksacji krzyzowej miedzy jonami znajdujgcymi sie w
niewielkich odlegtosciach miedzy sobg oraz idgcy za tym brak mozliwosci zwiekszenia

wspomnianego przekroju czynnego,** ale réwniez niewielki rozmiar czastek czy ligandy
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powierzchniowe oraz medium w ktdrym znajdujg sie czastki. Nanometryczny rozmiar, gdzie
obserwuje sie duzy stosunek powierzchni NPs do jej objetosci, a tym samym obecnos¢ wiekszosci
jondw na powierzchni, prowadzi do defektdw sieci oraz wygaszenia emisji poprzez jej otoczenie.**
Natomiast ligandy powierzchniowe oraz medium rozpraszajgce sg czesto bogate w oscylatory -
OH, -NH, czy -CH, ktérych energie wibracyjne majg podobne wartosci do pozioméw
energetycznych jondw Ln¥, przez co znacznie wygaszaja procesy relaksacji promienistej.®
Jednakze ze wzgledu na interesujace wtasciwosci UCNPs zawierajace jony Ln*, takie jak brak
autofluorescencji tta, wysoki stosunek sygnatu do szumdw, waskie pasma absorpcji
i emisji oraz dtugie czasy zycia, naukowcy testujg nowe metody syntezy oraz strategie majgce na
celu wzmocnienie luminescencji wspominanych nanomateriatéw up - konwersyjnych.
Najpowszechniej stosowane strategie w celu wzmocnienia obserwowanej UC to racjonalne
projektowanie materiatéw wykazujgcych ten proces oraz potgczenie UCNPs z innymi materiatami.
Do pierwszej strategii zalicza sie odpowiedni dobdr matrycy oraz jondw emitujgcych, w tym
ich stezenie, optymalizacja transferu energii miedzy jonami, pasywacja powierzchni czgstek,
projektowanie struktur typu core/shell, a takze modyfikacja wzbudzenia UC. Drugi rodzaj
wzmocnienia UC bazuje na pofaczeniu nanoczastek wykazujgcych emisje z plazmonami

powierzchniowymi, krysztatami fotonicznymi oraz barwnikami organicznymi.

Strategie wzmocnienia
v

Sprzeganie z ‘
\ UCNPs : //
P | __a—
-~
krysztaty fotoniczne / / \
Soe”
Soe barwniki organiczne
O o o

materiaty plazmoniczne
Rys. 5 Strategie wzmocnienia up - konwers;ji.*

W podrozdziale Budowa materiatow up - konwersyjnych zostata juz opisana strategia

wzmochienia UC poprzez odpowiedni dobdér matrycy oraz domieszek. Warto jednak wspomniec
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rowniez, iz na wzmocnienie obserwowanej luminescencji moze wptyngé dodatek takich jonow jak
Li*, Na*, czy metali przejéciowych np. Sc*, Bi®*, Zn%*, Fe®*, poprzez zwiekszanie asymetrii struktury

krystalograficznej,*’~4°

co przedstawiono w artykule P1 oraz P2. Moze to powodowac czesciowo
dozwolony charakter przejs¢ elektronowych ze wzgledu na mieszanie sie poziomoéow 4f z
poziomami energetycznymi dodatkowych jondw (np. d - f). Inny efekt wptywajacy na zwiekszanie
luminescencji poprzez dodatkowe domieszkowanie wspomnianymi jonami to m.in. zmniejszenie
wielko$ci komorki elementarnej czy zwiekszenie sprzezenia elektron-foton.*

Racjonalne projektowanie nanomateriatéw zaktada niskie stezenia jondw emitujacych ze
wzgledu na procesy relaksacji krzyzowej. Co ciekawe, zastosowanie duzej mocy lasera, (powyzej

2)°051 moze czesciowo zniwelowac

energii powodujacej efekt wysycenia, nawet do 5x10° W cm"
wygaszanie UC przy zastosowaniu wysokich zawartoéci jondw Ln®*, wptywaé na zmiane barwy
emisji czy fotonowos$¢ procesu.>>>? Réwniez zastosowanie kilku dtugo$ci fal wzbudzenia np. 980
oraz 1532 nm w tym samym momencie, wptywa pozytywnie na efektywno$¢ up - konwers;ji.>

Inna mozliwosé poprawienia wydajnosci UC wigze sie z uzyciem dtugos¢ fali wzbudzenia
roznej od powszechnie stosowanego 980 nm. Giéwng zalety takiego podejscia jest
zminimalizowanie efektu nagrzewania sie komodrek, wynikajacego z wysokiej absorpcji
promieniowania o dtugosci fali 980 nm przez wode, ktdra stanowi ich gtéwny skfadnik.
Rozwigzaniem tego problemu jest skrdcenie dtugosci fali wzbudzenia poprzez zastosowanie
jondw Nd**, absorbujgcych promieniowanie o dtugosci ok. 808 nm, gdzie absorpcja wody jest
znacznie nizsza. Co istotne, Nd** moze petnié role sensybilizatora jak i aktywatora.>* Stosuje sie
réwniez domieszkowanie matrycy jonami Nd* wraz z Yb* oraz jonem emitera, jednakze ze
wzgledu na proces relaksacji krzyzowej pomiedzy jonami, stezenie Nd** nie moze przekraczaé ok.
2-3%. W celu ominiecia tego ograniczenia, powstata koncepcja kaskadowego transferu energii,
gdzie jony Nd** bytyby oddzielone od jondw emitera w strukturze typu aktywny rdzern/aktywna
powtoka (NaYF;:Nd**/Yb3*/Er**@NaYF,:Nd**/Yb*) zaproponowanej przez Huang i Lin.>!

Projektowanie struktur typu core/shell umozliwia wzmocnienie obserwowanej luminescenc;ji
poprzez uzyskanie efektywnego transferu energii miedzy jonami, pasywacje powierzchni oraz
zmiane dtugosci fali wzbudzenia.

Pierwsze badania odnos$nie struktur core/shell pojawity sie w 2007 gdzie Yi oraz Chow *!
zastosowali pokrycie matrycy zawierajacej jony Ln3*, NaYFs:Yb*, Er¥* (Tm3*) pasywng warstwa
ochronng, NaYF4, oddzielajgca jony od otaczajgcego je medium >° np. czasteczek wody, osiggajac
29 - krotne wzmocnienie emisji w pordwnaniu do emisji samego rdzenia. Struktury typu
rdzen/powtoka zabezpieczajg rdwniez przed zmniejszeniem emisji spowodowanej przypadkowa

migracjg energii od wzbudzonych jondw do wygaszaczy na powierzchni czastek. Powtoka ta moze
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zosta¢ otrzymana poprzez wzrost anizotropowy, mieszanie sie rdzenia oraz powtoki, a takze

%658 Czesto powtoki bazujg na takich samych

poprzez nukleacje czastek powtoki na rdzeniu.
matrycach jak rdzenie. Jednakze gdy s3 to struktury heterogeniczne najczesciej stosowane zwigzki
jako powtoki to NaYF., CaF,, SrF, oraz krzemionka, ze wzgledu na mozliwos¢ dalszej modyfikacji
oraz biokoniugacji. Istotna jest réwniez grubos¢ warstwy ochronnej, najczesciej wynoszaca kilka
nm, ktdra jest czesto $cisle powigzana z intensywnoscig luminescencji, umozliwiajac jej wzrost
nawet kilkudziesieciokrotnie.”® Jest to szczegdlnie wazna strategia dla matych czastek (ponizej
20 nm), gdzie wiekszos¢ jondw wystepuje na powierzchni NPs ze wzgledu na duzy stosunek
powierzchni do jej objetosci. Powoduje to wygaszanie emisji poprzez zachodzgce procesy
relaksacji krzyzowej pomiedzy potozonymi w niewielkiej odlegtosci od siebie jonami jak
i oddziatywania NPs z otaczajagcymi je ligandami oraz $rodowiskiem.%46

Interesujgcym rozwigzaniem jest rowniez pokrycie rdzenia aktywng powtokay, tzn.
domieszkowang jonami, np. Yb%, dzieki czemu mozliwe jest zastosowanie wiekszej ilosci
sensybilizatora, a tym samym zwiekszenie absorpcji promieniowania. Poprzez zastosowanie
struktury rdzen/powtoka energia moze by¢ przeniesiona z jondw Yb** znajdujgcych sie w powtoce
do jondw Yb** w rdzeniu, a nastepnie do jondw emitera.?®°% Takie rozwigzanie umozliwia lepsze
roztozenie jondw w matrycy minimalizujagc zachodzenie relaksacji krzyzowej czy przejs¢
bezpromienistych.*® Otrzymane zostaty rdéwniez bardziej zaawansowane struktury, tzw.
multipowtokowe (ang. multilayer shell), umozliwiajgce domieszkowanie kazdej powtoki innym
jonem. Dzieki temu mozliwe jest uzyskanie przestrajalnej luminescencji czy wzbudzenie pod
wpltywem rdéznych dtugosci fal, np. 980 oraz 808 nm, waz ze znacznym wzmochieniem
luminescencji.?¥ % Dodatkowo, wspomniane struktury umozliwiajg zastosowanie wiekszego
stezenia jonédw Nd>* niz byto to w przypadku potréjnie domieszkowanej matrycy (np. jonami Yb**,
Er®* oraz Nd*), uzyskujgc dzieki temu emisje UC pod wptywem 808 nm o podobnej badZ nawet
wiekszej efektywno$ci.®*> Taka strategia wzmocnienia UC oraz skrocenie dtugosci fali wzbudzenia
zastosowano w artykule P3, gdzie wtasciwosci luminescencyjne struktury rdzen/powtoka zostaty
poréwnane z wiasciwosciami tréjdomieszkowanej matrycy, dla ktérej zaobserwowano znaczne
wygaszenie luminescencji. Ponadto, stosujgc odpowiednie metody syntezy mozna sterowac
bardzo precyzyjnie gruboscig powtok, a tym samym koricowym rozmiarem czgstek.®6-%8

Druga strategia wzmocnienia up - konwersji opiera sie na potgczeniu nieorganicznych
nanoczgstek zawierajgcych jony lantanowcéw z barwnikami organicznymi, plazmonami
powierzchniowymi oraz krysztatami fotonicznymi.

Plazmony powierzchniowe mogg by¢ wytworzone przez metale lub pétprzewodniki, poprzez

ich naswietlenie, w wyniku ktérego uwolnione elektrony gromadza sie na powierzchni danego
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materiatu, gdzie poprzez oscylacje tworzg powierzchniowy rezonans plazmonowy.*5%70

Najczesciej wykorzystywane metale do wzmochienia absorpcji jak
i emisji w procesie UC to ztoto oraz srebro w postaci metalicznych nanoczastek, powtok lub
cienkich warstw.*"

Krysztatly fotoniczne to dielektryczne materiaty optycznie, o periodycznie zmieniajgcym sie
wspotczynniku zatamania Swiatta, wptywajac tym samym na ruch fotondw. Ze wzgledu na
naprzemiennie wystepujgce warstwy o duzym i matym wspoétczynniku zatamania swiatta, czes¢ fal
jest przepuszczana, a czes¢ jest odbita. Podobnie jak w krysztatach wystepuje pasmo wzbronione,
tzw. fotoniczna przerwa energetyczna. Krysztaty fotoniczne mogg wptywacé na dtugosc fali emisji,
jej kierunek i intensywnos$¢. W celu wzmocnienia absorpcji jak i emisji UC wykorzystuje sie
krysztaty na bazie odwrdconego opalu, krzemionki, azotku krzemu czy siarczku kadmu.”?7°

Znaczne wzmocnienie UC jest réwniez obserwowane poprzez potaczenie UCNPs
z molekutami organicznymi, a doktadniej barwnikami organicznymi, zawierajgce w swojej
budowie uktady sprzezonych wigzan m (tzw. chromofory). Umozliwiaja one znacznie wieksza
absorpcje promieniowania w szerokim zakresie, charakteryzujgc sie nawet 10 000 - krotnie
wiekszym przekrojem czynnym na absorpcje od jondw Ln3*.”® Dodatkowo mozliwa jest zmiana

dtugosci fali wzbudzenia, np. 808 nm co pozwoli na zminimalizowanie efektu nagrzewania sie

uktadu.”
Modyfikacja powierzchni

Dzieki potgczeniu specyficznych witasciwosci fizykochemicznych oraz optoelektronicznych NPs
z biologiczng aktywnoscig (np. selektywne wigzanie) mozliwe jest otrzymanie wyspecjalizowanych
narzedzi diagnostycznych oraz terapeutycznych. Jednakze, aby stworzenie takich uktadéw byto
mozliwe, powierzchnia nanoczastek powinna by¢ hydrofilowa, biokompatybilna, o niskiej
toksycznosci. Z tego wzgledu oraz poprzez stosowane metody syntezy nanoczastek (gtdéwnie w
rozpuszczalnikach organicznych powodujac obecnos¢ hydrofobowych ligandéw na powierzchni
NPs) wymagana jest modyfikacja powierzchni UCNPs. Gtdwne strategie modyfikacji to usuniecie
ligandu, wymiana ligandu, utlenianie ligandu, absorpcja ligandu, silanizacja powierzchni oraz
osadzanie warstw na powierzchni czastki. Najpowszechniej stosowane metody zostang opisane
ponizej.

Usuniecie liganda, (ang. ligand removal), najczesciej organicznego z powierzchni nanoczastek
poprzez protonacje, jest metodg bardzo prostg i czesto stosowang. Potraktowanie NPs z kwasem
oleinowym na powierzchni kwasem solnym w $rodowisku kwasnym (pH 4) powoduje jego

uwolnienie. Drugim etapem tej modyfikacji jest przytaczenie grup elektroujemnych, takich jak - SH,
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- COOH, - NH; oraz - OH do powierzchni nanoczastek, w celu umozliwienia biokoniugacji do
molekut.”” Inny uzywany odczynnik do usuniecia liganda to roztwor tertrafluoroboranu nitrosonu
(NOBF,4) w dimetylosulfotlenku (DMSO) lub dimetyloformamid (DMF).”®

Rownie efektywng metodg jest absorpcja ligandu (ang. ligand attraction), gdzie zachodzg
oddziatywania van der Waals’a pomiedzy hydrofobowymi czesciami oryginalnego liganda oraz
nowego (najczesciej polimery amfifilowe), przy czym drugi koniec polimeru, hydrofilowy,
poprawia powinowactwo czgstek do wody, a tym samym umozliwia stworzenie stabilnych
wodnych koloidéw.” Najczeéciej stosowane uktady polimerowe to poli(L-lizyna) (PLL), kwas
6 - aminoheksanowy (6AA), kwas poliakrylowy (PAA), zastosowany w artykule P2, kopolimer
glikolu polietylenowego oraz polikaprolaktonu (PEG-block-PCL), bezwodnik polimaleinowy-alt-1-
oktadecen (PMAOQ), oktyloamina-kwas poliakrylowy- glikol polietylenowy (OA-PAA-PEG) oraz
inne.5’77’79_81

Réwnie czesto wykorzystywana metoda, to pokrywanie NPs powtoka krzemionkowa oraz
silanizacja powierzchni (ang. silica shell and surface silanisation). Modyfikacja ta polega na
pokryciu nanoczgstek cienkg warstwg krzemionki, ktérg nastepnie mozna modyfikowac
pochodnymi silanowymi, bogatymi w grupy aminowe, karboksylowe czy tiolowe. Obie
modyfikacje mozna przeprowadzi¢ w tym samym etapie, badZ jeden po drugim. Modyfikacja
powierzchni krzemionkg ma wiele zalet, powtoka krzemionkowa jest catkowicie transparentna,
nietoksyczna, biokompatybilna, nie wptywa (badz w bardzo niewielkim stopniu) na witasciwosci
optyczne materiatu, moze by¢ stosowana zaréwno dla materiatow hydrofilowych jak i
hydrofobowych, przy czym te ostatnie dzieki modyfikacji mogg zosta¢ zdyspergowane w
wodzie.>’®8 W celu pokrywania czastek warstwg krzemionki oraz przeprowadzeniu procesu

silanizacji, stosowana jest metoda Stdbera oraz odwrdconych mikroemulsji.””

Zastosowania UCNPs

Ze wzgledu na unikalne wiasciwosci UCNPs domieszkowanych jonami lantanowcéw (waskie
pasma na widmach wzbudzenia i absorpcji, stabilnos¢ fotochemiczna, duze przesuniecie
anty - Stokesowskie, wzbudzenie w zakresie podczerwieni, brak autofluorescencji tta oraz
niezuzywanie sie materiatu) sg one powszechnie wykorzystywane w wielu dziedzinach nauki jak i
codziennego zycia.

Duza grupa UCNPs wykorzystywana jest w zaawansowanych technologiach czy
optoelektronice (np. ogniwa stoneczne, lasery pétprzewodnikowe, wzmacniacze Swiattowodowe,
wyswietlacze 3D, falowody optyczne).8®” Coraz wiecej badain prowadzonych jest réwniez w

obszarze zabezpieczen dokumentow, papierdw wartosciowych, lekéw oraz kryminalistyce (odciski
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palcow).88#9 Ciekawe zastosowanie przedstawit You i inni, wykorzystujac fluorescencyjne kody QR
oparte o UCNPs wykorzystujace trzy kolory (czerwony, zielony oraz niebieski, RGB) do znakowana
kapsutek lekdw z mozliwoscig znalezienia informacji o nim w dedykowanej aplikacji po
zeskanowaniu kodu.*® Nieorganiczne nanomateriaty up - konwersyjne wykorzystywane sg réwniez
w reakcjach fotokatalizy czy fotoizomeryzacji.1*993

Materiaty UC majg rowniez szerokie zastosowanie analityczne, do wykrywania okreslonego
pH, temperatury, jonéw metali, aniondw, wolnych rodnikéw czy biomolekut.”>*%° Najczesciej
detekcja odbywa sie w wyniku rezonansowego transferu energii (LRET, lub FRET), gdzie
nanoczgastki stanowig donor energii, a badana substancja akceptor. W wyniku obecnosci w analicie
danej substancji, obserwuje sie zmiany w widmach absorpcji czy réznice w odlegtosciach miedzy
donorem i akceptorem.”®

Jednakze najwiecej badan i ciekawych rozwigzan wigze sie z zastosowaniem UCNPs
w biologii, medycynie oraz naukach pokrewnych. Coraz czestsze zastosowanie we wspomnianych
dziedzinach jest zwigzane z istnieniem tzw. okna optycznego zwanego tez biologicznym. Wyrdznia
sie trzy okna optyczne, pierwsze, (NIR I, 750-900 nm), drugie, (NIR 1I, 1100-1350 nm) oraz trzecie
(NIR 1ll, 1500-1700 nm).10%192 Stosujgc wzbudzenie w przedstawionych zakresach, mozliwa jest
gteboka penetracja tkanek (im wieksza dtugos¢ fali tym gtebsza penetracja, Rys.6), przy
zmniejszonym rozpraszaniu fotonéw i minimalnej autofluorescencji. Dodatkowo ze wzgledu na
zastosowanie promieniowania podczerwonego, szkodliwy wptyw na zdrowe komérki jest

zmniejszony w poréwnaniu do wzbudzenia UV.

UV: promieniowanie ultrafioletowe VIS: promieniowanie widzialne IR: promieniowanie podczerwone
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Rys. 6 Schematyczna penetracja tkanki przez promieniowanie o réznej dtugosci fali.'%

Przyktadami zastosowan UCNPs w biologii czy medycynie jest przede wszystkim
bioobrazowanie (np. luminescencja UC, potgczenie luminescencji UC z technikg rezonansu
magnetycznego czy z tomografia komputerowg, $rodki kontrastowe),”® terapie komdrkowe

(terapia fotodynamiczna, fototermiczna),’®* wspomniane juz sensory temperatury i pH 96105106
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oraz biomolekut,® monitorowanie uwalniania lekéw oraz ich dostarczanie, 1% testy

10§ inne.

diagnostyczne

Bardzo ciekawg oraz rozwijajacg sie technikg jest optogenetyka, gdzie za pomocg swiatta
prowadzona jest kontrola oraz stymulacja neuronéw. Wprowadzone do organizmu UCNPs moga
np. poprzez zielong lub niebieskg luminescencje wywotang promieniowaniem NIR stymulowac/
hamowa¢ dane neurony np. brzusznego obszaru nakrywkowego (VTA) mézgu.tt?

Szeroko rozwijajg sie réwniez techniki obrazowania, jak obrazowanie 3D czy Mikroskopia
Wymuszonego Wygaszania Emisji. Obrazowanie 3D komodrek oparte o UCNPs jest mozliwe
poprzez mikroskopie konfokalng, pozwalajgcg na uzyskanie obrazéw o wysokim kontrascie i
rozdzielczosci. Co ciekawe, mozliwe jest sledzenie pojedynczej komérki. Nastepcg mikroskopii
konfokalnej jest natomiast Mikroskopia Wymuszonego Wygaszania Emisji (STED, ang. STimulated
Emission Depletion), w ktérej dzieki pokonaniu limitu dyfrakcyjnego uzyskuje sie obrazy o wysokiej
rozdzielczos$ci.® Ze wzgledu na brak obserwowanego fotowybielania UCNPs, w przeciwieAstwie do

stosowanych w tej technice barwnikéw organicznych, nanoczgstki zawierajgce jony Ln® sg z

powodzeniem wprowadzane do mikroskopii STED.!!2113

Toksyczno$é UCNPs

Coraz szersze wykorzystanie nanoczastek zawierajacych jony Ln*" w wielu dziedzinach nauki
wymaga rozwazenia ich wyptywu na organizmy zywe oraz srodowisko naturalne,
m.in. toksyczno$é, usuwanie z organizmu, degradacja czy rozktad. Ze wzgledu na kroétki okres
badan nad nanomateriatami up - konwersyjnymi, a takze ich wcigz niewielkie wykorzystanie w
zyciu codziennym, trudno obecnie przewidzie¢ wptyw UCNPs na nas samych i srodowisko w
dtuzszej perspektywie czasu. W zwigzku z tym bardzo istotne sg badania okreslajgce oddziatywania
nanoczastek na oraz z organizmami zywymi i materig nieozywionga.°

Wptyw na toksycznos¢ nanoczgstek moze mie¢ ich rozmiar, ksztatt, tadunek
i modyfikacja powierzchni, sktad i zawartos¢ danych pierwiastkdw oraz czystos¢ produktu,
a takze stabilno$é¢ w wodzie.!*'> Pomimo prowadzonych testéw in vitro, trudno przewidzieé jak
nanoczastki moga sie zachowywaé w organizmach o duzo bardziej ztozonej budowie.'!® Jednakze
dotychczasowe badania wskazujg na znikomga cytotoksyczno$¢ UCNPs na bazie lantanowcdéw. Wg
Li i pozostatych, nanoczastki NaYF4:Yb**, Tm3*,Gd**@PEG po wstrzyknieciu myszom, po 1 h
akumuluja sie gtéwnie w watrobie i Sledzionie, po 24 h ich najwieksza ilo$¢ znajduje sie w nerkach,
malejac tym samym w watrobie i Sledzionie, a po
30 dniach niewielka ilo$¢ znajduje sie w ptucach. Dodatkowo zbadano wptyw nanoczastek na

komorki $ledziony i nerek, nie odnotowujac ich negatywnego wptywu.'” Réwniez inne badania
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przedstawiajg znikomg badz brak toksycznosci UCNPs dla komdrek i organizméw, przy czym
bardzo duze znaczenie ma rodzaj ligandéw znajdujacych sie na powierzchni czgstek.”>118-124

Zwraca sie jednak uwage na mozliwos¢ generowania przez nanoczastki reaktywnych form
tlenu (ROS), ktéry moze negatywnie wptywac na procesy odbywajgce sie w komarkach, a takze
powodowac ich uszkodzenia.''® Z drugiej jednak strony ROS lub tlen singletowy (*02) moze niszczy¢
komérki chorobowe w organizmie, np. komdrki nowotworowe. Odpowiednie pofaczenie
nanoczgstek z okreslonym fotouczulaczem (np. ftalocyjaning cynku, ZnPc, tetrafenyloporfiryng,
btekitem metylenowym czy rézem bengalskim), absorbujgcym promieniowanie emitowane przez
NPs, a nastepnie wytwarzajagcym ROS, powoduje skierowanie reaktywnych form tlenu na komoérki
ktére maja ulec zniszczeniu.124127

Istotny aspekt to réwniez trwatosé i stabilnos¢ nanoczastek. Mozliwos¢ rozpuszczania sie
materiatu w wodzie, moze spowodowac uwalnianie jonéw takich jak fluor,*?® ktéry gromadzony w
nadmiarze w organizmie powoduje zaburzenia wielu proceséw enzymatycznych. Dodatkowo, brak
odpowiedniej trwatosci moze spowodowac¢ uwalnianie sie jondw lantanowcdéw. Kolejny
niepokojacy aspekt to czesto wystepujgce agregacje nanoczastek, gromadzgce sie w narzadach,
gdzie makrofagi mogg spowodowac ich rozktad, a powstajgce zwigzki negatywnie wptywaé na
procesy zachodzagce w komdrkach i je same.'®® Tworzace sie agregaty moga rowniez tamowac
naturalny przeptyw krwi.'*®

Nanomateriaty up - konwersyjne, zawierajace jony Ln3** majg bardzo szerokie mozliwosci

aplikacyjne w biologii i medycynie, jednakze istotne jest rowniez bardzo doktadne zbadanie
efektdw niepozgdanych jakie mogg wystgpi¢ w organizmach przy ich stosowaniu. Pomimo badan
in vitro oraz in vivo wskazujgcych na niskg toksycznos$¢ NPs, badania fizykochemiczne UCNPs jak
ich interakcje z komérkami, tkankami i skomplikowanymi zywymi organizmami sg bardzo istotne.
Bez doktadnych testéw i analiz wptywu nanoczastek, zwtaszcza w trakcie dtugotrwatego

oddziatywania z organizmami, ich bezpieczne stosowanie bedzie niemozliwe.

Metody syntezy nanomateriatéw uzyte w pracy doktorskiej

W pracy doktorskiej zostata wykorzystana metoda hydrotermalna jedno- badz dwuetapowa.
Jest to metoda syntezy, prowadzona w warunkach wysokiego cisnienia (do 250 MPa) i
temperatury (max 300°C), w specjalnym autoklawie, gdzie woda petni role rozpuszczalnika.
Umozliwia ona otrzymanie produktu o wysokim stopniu krystalizacji, charakterze hydrofilowym,
matym rozmiarze oraz zapewnia kontrole warunkdéw syntezy. Dodatkowo, przeprowadzana w

$rodowisku wodnym nie wytwarza toksycznych produktéw ubocznych.?130
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Najwazniejsze metody charakterystyki nanomateriatow uzyte w pracy doktorskiej

Gtéwne metody charakterystyki nanomateriatéw mozna podzieli¢ na dwie grupy, pierwsza

opisuje wiasciwosci fizykochemiczne oraz morfologiczne, a druga spektroskopowe.

Metody opisujgce wtasciwosci morfologiczne:

Dyfrakcja promieniowania rentgenowskiego (XRD, ang. X-ray diffraction), pozwala na okreslenie
struktury krystalograficznej badanych nanokrysztatéw na podstawie dopasowania do wzorca z
krystalograficznej bazy danych. Dodatkowo, mozliwe jest wyznaczenie parametréw komérki oraz
obliczenie wielkosci krystalitdw poprzez wykorzystanie réwnania Scherrer’a. Poznanie struktury
umozliwia zjawisko interferencji, zachodzace na ptaszczyznach krysztatu. Dyfraktogram powstaje
poprzez rejestracje obrazéw dyfrakcyjnych, tworzacych sie poprzez oddziatywanie
promieniowania rentgenowskiego z chmurg elektronéw wokét atomu. Promieniowanie odbijane
jest od krysztatu pod réoznymi katami 6, tworzac przestrzenny obraz komoérek, z ktérych

zbudowany jest krysztat.

Transmisyjna mikroskopia elektronowa (TEM, ang. transmission electron microscopy), to
wysokorozdzielcza metoda stuzgca do obrazowania struktury wewnetrznej nanomateriatu,
pozwala okresli¢ wielkosci poszczegdlnych nanokrysztatéw oraz analize ich morfologii. Jest to
mozliwe poprzez oddziatywanie wigzki wysokoenergetycznych elektronéw z badanym
materiatem, gdzie czes¢ elektrondw przechodzi przez prdbke i trafia do detektora, a czes¢
z nich ulega rozproszeniu na atomach badanej prébki. Rozproszenie jest tym wieksze, im wyzsza

jest liczba atomowa pierwiastkdw wchodzgcych w sktad probki.

Spektroskopia dyspersji energii promieniowania rentgenowskiego (EDX/EDS ang. Energy-
dispersive X-ray spectroscopy), umozliwia poznanie sktadu pierwiastkowego oraz ilosciowego
danej prébki na podstawie oddziatywan wigzki elektronéw z atomami w prébce, ktdre nastepnie
wytwarzajg promieniowanie X i przesytajg go do detektora, przetwarzajgcego sygnat, formujac w

ten sposéb widmo.

Analiza elementarna, metoda stuzgca do okreslenia zawartosci jondw takich jak azot, wegiel,
wododr i siarka w probce. Analiza przeprowadzana poprzez pomiar powstajgcych tlenkéw,

bedacych wynikiem przeprowadzonego katalitycznego spalania préobki w temperaturze 1200°C.

Optyczna spektrometria emisyjna ze wzbudzeniem w plazmie indukcyjnej sprzezonej (ICP - OES

ang. inductively coupled plasma optical emission spectrometry) oraz Spektometria mas ze
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wzbudzeniem w plazmie indukcyjnie sprzezonej (ICP-MS, ang. (Inductively Coupled Plasma Mass
Spectrometry), metody stuzgce do okreslania sktadu oraz wykrywania sladowych ilosci metali w
badanej prébce, poprzez jonizacje w plazmie, a nastepnie okreslenie ilo$ci za pomocay

spektroskopii emisyjnej/spektrometru masowego.

Spektroskopia w podczerwieni, (FT-IR, ang. Fourier transform infrared spectroscopy), okreslenie
obecnosci zwigzkdw organicznych oraz nieorganicznych w badanym materiale, poprzez absorpcje
przez czgstki promieniowania z zakresu podczerwonego, o pordwnywalnej energii do energii
drgan oscylacyjnych/rotacyjnych wigzan chemicznych, charakterystycznych dla obecnych w

prébce grup funkcyjnych.

Dynamiczne rozpraszanie $wiatta, (DLS, ang. Dynamic light scattering) oraz potencjat zeta (ang.
Zeta potential), metody umozliwiajgce pomiar Srednicy hydrodynamicznej nanoczgstek, stopnia
tworzenia przez nie agregatéw oraz ich tadunek powierzchniowy. Analiza rozmiaru czgstek
wykonywana jest na podstawie zbierania przez detektor swiatta rozproszonego przez czastki
znajdujace sie w prébce w stanie ciektym, bedace w ciggtym ruchu, na skutek ruchéw Browna.
Natomiast potencjat zeta zostaje obliczony na podstawie ruchliwosci elektroforetycznej,

wywotanej poprzez przytozone do prébki pole elektryczne.
Spektroskopia luminescencyjna

Spektroskopia luminescencyjna  to metoda badajaca emisje promieniowania
elektromagnetycznego przez badang substancie. W  przypadku nanomateriatow
up - konwersyjnych, zrédtem wzbudzenia sg lasery pracy ciggtej (CW), emitujgce promieniowanie
o statym natezeniu lub lasery impulsowe, emitujgce impulsy. W celu okreslenia wtasciwosci
spektroskopowych wykonuje sie pomiary widm wzbudzenia i emisji, krzywe zaniku luminescencji,
zaleznos¢ intensywnosci emisji od mocy lasera oraz pomiary wydajnosci kwantowej. Na podstawie
widm emisji i wzbudzenia w zakresie NIR - Swiatto widzialne — UV, wiele istotnych informacji,
takich jak zalezno$¢ pomiedzy strukturg, morfologia, oraz zawartoscig jondw Ln** w zwigzku a
efektywnoscig obserwowanej emisji czy poznanie mechanizmow biorgcych udziat w UC, majacych
wplyw na obserwowane wzbudzenie i emisje, moze by¢ okreslona. Na podstawie widm emisji
mozna réwniez wyznaczy¢ koordynaty chromatycznosci, okreslajgce rzeczywistg barwe probki.
Wiele cennych informacji odnosnie kinetyki proceséw promienistych w badanych uktadach
dostarczajg pomiary narostow oraz zanikdw luminescencyjnych, na podstawie ktdrych oblicza sie

czasy zycia dla przejs¢ energetycznych danego jonu. Réwniez wykonanie pomiaréw
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przedstawiajacych zaleznos¢ intensywnosci emisji préobki od mocy lasera, umozliwia poznanie
ilosci fotondw biorgcych udziat we wzbudzeniu danego poziomu energetycznego.

Istotne sy réwniez pomiary wydajnosci kwantowej (QY, ang. quantum yield), danego
materiatu, ktorg okresla sie na podstawie stosunku jonéw wyemitowanych do zaabsorbowanych.
Znaczenie tych pomiardw jest tym bardziej istotne, gdyz jest to jedyna wartosé dzieki ktérej mozna
poréwnac prébki pochodzgce z rdéinych laboratoriéw miedzy sobay, ze wzgledu na duze
podobienstwo w technice wykonywania pomiaréw, czego niestety nie mozna powiedzie¢ o

pozostatych badaniach spektroskopowych.
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P1. Tailoring structure, morphology and up - conversion properties of CaF.:Yb% Er*

nanoparticles by the route of synthesis

Fluorki metali ziem alkalicznych majg szerokie zastosowanie w zaawansowanych
technologiach, a takze biologii oraz medycynie. Budowa ich sieci krystalicznej charakteryzuje sie
niskg energia fononodw, (drgan sieci), a zwigzki, ktdre tworzg, sg stabilne, stanowig dobry akceptor
elektronéw, a takze luminofory na ich bazie charakteryzujg sie wysokg wartoscia wydajnosci
kwantowej luminescencji. Dodatkowo jony metali ziem alkalicznych majg podobny promien
jonowy do jondéw lantanowcéw, dzieki czemu mozliwe jest wbudowywanie sie jonédw Ln3* w ich
miejsce, bez powodowania znieksztatcen w sieci krystalicznej. Pomimo iz ich wydajnos¢ kwantowa
jest nizsza od luminoforéw opartych o NaYF4, to stanowig przedmiot wielu badan. Jednakze ze
wzgledu na rosngce zainteresowanie nanomateriatami up - konwersyjnymi oraz coraz wiekszymi
wymaganiami odnosnie powtarzalnosci syntez, monodyspersyjnosci zwigzkdw oraz efektywnej
luminescenciji, istotna jest optymalizacja strategii syntezy i jej przeprowadzanie. W zwigzku z tym
wykonano szereg syntez fluorku wapnia, CaF,, domieszkowanego jonami Yb** oraz Er®* réznigcych
sie miedzy sobg zastosowanym surfaktantem podczas syntezy, zmienng iloscig fluorku amonu,
(stosowanego jako zrédto jondw fluoru oraz czynnik stracajgcy), rézng objetoscig roztworu
zawierajgcego prekursory nanoczastek, a takze brak lub obecnos¢ mieszania w trakcie syntezy.
Wyniki badan zostaty zawarte w publikacji P1. Przedstawiony zostat znaczgcy wptyw surfaktantu,
cytrynianu sodu, na otrzymany produkt oraz jego wtasciwosci spektroskopowe. Zaobserwowane
zostato réwniez jednoczesne tworzenie sie struktury heksagonalnej jak i klasteréw dla jonu Yb**,
jako rezultat wprowadzenia jondw Na* do sieci krystalicznej, w celu uzyskania kompensacji
tadunku po domieszkowaniu matrycy jonami Ln®*. Na podstawie analizy otrzymanych wynikéw
ustalono optymalne warunki syntezy hydrotermalnej fluorku wapnia domieszkowanego jonami
iterbu oraz erbu, (czas trwania reakcji 12 h, niewielki nadmiar jonéw fluoru (1, 5), cytrynian sodu
jako surfaktant, mata objetos¢ (50 mL) oraz brak mieszania roztworu podczas syntezy), ktére
umozliwity otrzymaé¢ NPs charakteryzujace sie niewielkim rozmiarem oraz intensywng

luminescencjg pod wptywem wzbudzenia z zakresu bliskiej podczerwieni.

P2. Upconverting SrF, nanoparticles doped with Yb3**/Ho3*, Yb*'/Er** and Yb3'/Tm3 ions —

optimisation of synthesis method, structural, spectroscopic and cytotoxicity studies

Optymalizacja procedury przygotowania probki oraz jej syntezy zostaty réwniez
przeprowadzone dla uktadu SrF2:Yb3*, Ln®** (Ln = Ho*, Er®*, Tm3*). Dla wspomnianych struktur

wykonano analize wptywu surfaktantu (cytrynian sodu, cytrynian amonu), nadmiar zrédta jonéw
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fluoru (1,5 lub 3-krotny nadmiar fluorku amonu) oraz dtugosc¢ syntezy (6 lub 12 h) na wtasciwosci
morfologiczne oraz spektroskopowe. Uzyskane rezultaty przedstawiono w artykule P2. Istotny
wptyw na wielko$¢ nanoczastek, ich stopien agregacji oraz ksztatt miat uzyty w trakcie
przygotowania prébki nadmiar jonéw fluoru. Mniejsze, sferyczne nanoczastki, bez widocznych
agregatéw uzyskano dla 1,5-krotnego nadmiaru fluorku amonu, natomiast przy uzyciu wiekszego
nadmiaru, otrzymano wieksze czastki, o nieregularnej strukturze oraz tendencji do agregacji. Z
posréd wszystkich probek nanoczastki otrzymane z trzykrotnym nadmiarem fluorku amonu oraz
cytrynianem sodu, jako surfaktantem, charakteryzowaty sie najbardziej intensywng emisjq oraz
najdtuzszymi czasami zycia. Zaobserwowany zostat réwniez istotny wptyw cytrynianu amonu na
wygaszenie uzyskanej emisji, w produktach gdzie wykorzystano go w trakcie syntezy. Na bazie
uzyskanych prébek przygotowane zostaty réwniez wodne koloidy oraz koloidy w roztworze soli
fizjologicznej. Z posrédd nich wybrano czastki o sferycznym ksztatcie oraz intensywnej
luminescencji w celu przeprowadzenia modyfikacji ich powierzchni, w ktérej zastosowany zostat
kwas poliakrylowy (PAA) oraz glikol polietylenowy eteru bis karboksymetylenowego
(PEG - (COOH),). Tak zmodyfikowane nanoczgstki wykorzystano w badaniach wptywu NPs
SrF2:Yb*, Ln* na zywe komérki- ludzkie fibroblasty. Wedtug przeprowadzonych testéw,
nanoczastki wptywajg na proliferacje komdrek w zaleznosci od zastosowanego stezenia oraz
jondw lantanowcéw, co obrazujg wyniki dla jonu Tm?*, ktéry wykazat znacznie wiekszy wptyw na
zmniejszone namnazanie sie komoérek. Co ciekawe zaobserwowano podobny wptyw nanoczastek
modyfikowanych oraz niemodyfikowanych na komdrki. Dodatkowo wykonano zdjecia pod

mikroskopem konfokalnym obrazujgce rozmieszczenie sie NPs w komérkach.

P3. Synthesis and up - conversion of core/shell SrF,:Yb3*Er¥*@SrF,:Yb3*,Nd** nanoparticles

under 808, 975, and 1532 nm excitation wavelengths

Badania nad nanomateriatami fluorku strontu domieszkowanego jonami lantanowcéw
wykorzystano w dalszych etapach prac badawczych nad tym uktadem, a doktadniej przy
otrzymaniu struktur typu rdzen/powtoka w $rodowisku wodnym. Zwigzki te uzyskano w
dwuetapowej syntezie hydrotermalnej, modyfikujgc odpowiednio procedure z wczesniejszych
badan. Otrzymane wyniki przedstawiono w publikacji P3. Dzieki strukturze rdzen/powtoka
mozliwe jest rozdzielenie domieszek pomiedzy rdzen i powtoke, a tym samym zwiekszenie stezen
stosowanych jonéw Ln3* oraz minimalizacja relaksacji krzyzowej miedzy jonami. Dodatkowa zaletg
takich uktadéw jest mozliwo$é wprowadzenia kilku sensybilizatoréw, w tym przypadku Yb** oraz
Nd3* uzyskujgc tym samym wzbudzenie o dtugosci 975 oraz 808 nm. Ma to istotne znaczenie w

przypadku zastosowania otrzymanych zwigzkédw w biologii czy medycynie, ze wzgledu na
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skrécenie dtugosci fali wzbudzenia, minimalizujgc przez to efekt nagrzewania sie komaérek poprzez
absorpcje promieniowania (980 nm) przez wode. Przedstawiono szereg badan odnosnie
morfologii otrzymanych NPs, a takze ich dogtebng analize spektroskopowa. Ze wzgledu na
homogeniczng strukture zwigzku (SrF,@SrF;) zdjecia TEM nie stanowig dowodu na otrzymanie
core/shell, dlatego w celu potwierdzenia uzyskania zatozonego zwigzku, wykorzystana zostata
spektroskopia laserowa, a doktadniej widma emisji pod wptywem wzbudzenia 975 nm w zakresie
900-1700 nm, obserwujac tym samym zjawisko down-konwersji oraz wzbudzenie 1532 nm w
zakresie 450-1200 nm (zjawisko up - konwersji). Widma uzyskanych probek typu rdzen/powtoka
poréwnano z emisjg SrF,:Yb*, Er¥*, Nd*, dla ktdrej zarejestrowano przejécie Nd>*: *Fz/; = 112, nie
pojawiajace sie na pozostatych widmach. Potwierdza to transfer energii pomiedzy jonami Er®* >
Nd** pod wptywem wzbudzenia o dtugosci 1532 nm, ktéra to w omawianych NPs jest jedynie
absorbowania przez jony erbu. Proces ten nie jest obserwowany dla struktur rdzen/powtoka, co
potwierdza rozdzielenie par jonéw Yb3*/Er®* znajdujgcych sie w rdzeniu oraz Yb**/Nd** obecnych
w powtoce. Otrzymane struktury moga by¢é wykorzystane w aplikacjach biomedycznych ze
wzgledu na mozliwos¢ wzbudzenia promieniowaniem znajdujagcym sie w zakresie okien

biologicznych, a takze w ogniwach stonecznych.

P4. Formation Mechanism, Structural and Upconversion Properties of Alkaline Rare-Earth

Fluoride Nanocrystals Doped With Yb3*/Er3* lons

Istotne znaczenie w badaniach dotyczacych zjawiska up - konwersji i jego praktycznych
zastosowan ma poszukiwanie nowych nanomateriatéw, wykazujgcych efektywng konwersje
promieniowania energii w gore, a takze poszerzanie wiedzy o mato poznanych ukfadach. W
przeciwienstwie do NaYF,, fluorki oparte o stechiometrie MiRE,F, (gdzie M = Ca, Sr, BaorazRE =Y,
La, Gd, Lu) sg stabo poznane (np. Sr.LuF;, Ba,YF;, and Ba,GdF;), badz nie sg dostepne zadne
badania naukowe na ich temat, (np. Ca,YF;, Ca,GdF; czy Ba,LuF;). Bazujgc na wynikach
opublikowanych dla zwigzkéw BaGdFs oraz BaYFs, ktore wykazujg intensywng emisje UC,
otrzymano szereg matryc M\RE,F, oraz matryc domieszkowanych jonami Yb*, Er®* przedstawiajac
ich charakterystyke morfologiczng i wtasciwosci spektroskopowe w artykule P4. Po dokfadnej
analizie sktadu pierwiastkowego zsyntezowanych zwigzkéw, wykorzystujac do tego optyczng
spektrometrie emisyjng ze wzbudzeniem w plazmie indukcyjnej sprzezonej (ICP — OES), ustalono
otrzymanie trzech réznych stechiometrii: MREFs (SrLaFs), M,REF7 (CaxYF, Sr.YF7, Ba,YF7, BasLaF;,
Ca,GdF, Sr,GdF7, Ba,GdF7, SroLuFs, BasLuF;) i M1«RE«F2.xdla struktur zawierajgcych jony Ca®* oraz
Lu3*. Kolejnym etapem badan byta analiza mechanizmu powstawania przedstawionych NPs w celu

wyjasnienia uzyskania réznych stechiometrii, pomimo uzycia takiej samej procedury syntezy dla
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wszystkich zwigzkéw (stosunek molowy chloréow MCIl; oraz RECI; wynosit 1:1) oraz nizszej
zawartosci domieszek jondw Ln3* niz zatoZzona. Bazujgc na analizie stabilnosci komplekséw
przejsciowych jonéw metali z EDTA (kwas (etylenodiamino)tetraoctowy), réznicach w
promieniach jonowych metali wchodzgcych w sktad zwigzkéw oraz rozpuszczalnosci fluorkéw
zastosowanych w syntezie metali, zaproponowano mechanizm formowania sie przedstawionych
fluorkdw metali ziem alkalicznych i pierwiastkdw ziem rzadkich. Scharakteryzowano réwniez
wiasciwosci spektroskopowe otrzymanych nanomateriatéw. Z posrdd nich matryce Ba,LuF; oraz
SroLuF,, dla ktérych okre$lono najwyiszg zawarto$é Yb®* oraz Er®, wykazywaty najbardziej
intensywng emisjg oraz najwiekszg wydajnoscig kwantowa (odpowiednio 0.0176 + 0.001% oraz
0.0192 * 0.001%). Zwiazki te sg bardzo obiecujace ze wzgledu na swoje witasciwosci i zostang

wykorzystane w dalszych badaniach.

Podsumowanie

W niniejszej pracy doktorskiej przedstawiona zostata synteza oraz charakterystyka
fizykochemiczna nanomateriatéw wykazujgcych zjawisko konwersji energii w goére pod wptywem
promieniowania z zakresu bliskiej podczerwieni. Otrzymane metodg hydrotermalng zwigzki
zostaty oparte o matryce fluorkowe metali ziem alkalicznych
i rzadkich, domieszkowane jonami lantanowcéw Ln** (Ln= Yb, Nd, Ho, Er, Tm).

Wszystkie otrzymane materialy majg nanometryczny rozmiar ponizej 60 nm, a takze
hydrofilowy charakter, ze wzgledu na wykorzystane wody jako rozpuszczalnika w syntezie.

Przygotowane nanoczastki bazujgce na matrycy M"F, (M = Ca, Sr) zostaty zoptymalizowane
pod katem morfologii oraz wtasciwosci spektroskopowych wykorzystujgc zmienne czynniki, takie
jak rodzaj dodanego surfaktantu, nadmiar zrédta jonow fluoru, czas reakcji oraz jej objetos¢ czy
obecnosé badz brak mieszania. Dzieki temu ustalono optymalne paramenty syntezy oraz sposéb
przygotowania probki w celu uzyskania pozgdanego rozmiaru, ksztattu oraz stopnia agregacji, a
takze intensywnej luminescencji pod wptywem wzbudzenia z zakresu bliskiej podczerwieni o
dtugoéci fali 975 nm. Dodatkowo dla nanoczastek fluorku wapnia, domieszkowanych jonami Ln%*
(Lh = Yb, Er) przeprowadzono doktadng analize symetrii otoczenia jonéw Yb** obecnego w
otrzymanych NPs, zaleznej od zastosowanego rodzaju jondw petnigcych funkcje kompensacji
tadunku (tutaj Na*). Natomiast dla fluorku strontu, domieszkowanego parami jonéw Yb3*/E3*,
Yb*/Tm3*, Yb*/Ho* zostata wykonana modyfikacja powierzchni nanoczastek, w celu otrzymania
stabilnych koloidéw, a takze badania cytotoksycznosci UCNPs wzgledem zywych komoérek. W

wyniku przeprowadzonych testéw stwierdzono podobny stosunek komérek zywych do martwych
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dla prébek kontrolnych oraz inkubowanych z NPs, jednakze obecnos¢ nanoczastek powoduje
spadek namnazania sie komérek zalezny od zastosowanego stezenia czgstek w analicie.

Wykorzystujgc procedure syntezy nanoczgstek SrF, opisang w artykule P2, przeprowadzono
dwuetapowg synteze NPs fluorku strontu w celu otrzymania struktury typu rdzen/powtoka.
Zastosowanie zwigzku tego typu, umozliwito rozdzielenie jondw aktywatora (Er®*) znajdujacych sie
w rdzeniu, od jondw sensybilizatora (Nd*, Yb3) obecnych w powfoce. Dzieki temu
zminimalizowany zostat proces relaksacji krzyzowej pomiedzy jonami, a takze zwiekszone zostato
stezenie jondw Nd**, w poréwnaniu do matrycy SrF, domieszkowanej trzema jonami (Nd**, Er®,
Yb*), nie posiadajgcej powtoki. Co istotne, zastosowanie jonéw Nd** umozliwito otrzymanie
up - konwersji pod wptywem wzbudzenia o dtugosci fali 808 nm. Ma to znaczacy wpltyw na
minimalizacje efektu nagrzewania sie wodnych koloidéw, ze wzgledu na niski wspdtczynnik
absorpcji wspomnianego promieniowania przez wode. Otrzymanie struktur typu rdzer/powtoka
zostato potwierdzone dzieki wykorzystaniu spektroskopii laserowej, stosujgc wzbudzenie o
dtugosci 808, 975 oraz 1532 nm.

W wyniku przeprowadzonych badan otrzymano tez szereg nowych badz stabo poznanych
struktur o stechiometrii MRE,F, (gdzie M = Ca, Sr, Ba oraz RE =Y, La, Gd, Lu). Dzieki doktadnej
analizie sktadu otrzymanych zwigzkéw, ustalono doktadny skfad pierwiastkowy zsyntezowanych
nanoczastek. Ponadto, zaproponowany zostat mechanizm powstawania opisywanych ztozonych
fluorkdw w oparciu o analize stabilnosci komplekséw przejsciowych jonéw metali z EDTA,
réznicach w promieniach jonowych metali wchodzacych w sktad zwigzkdéw oraz rozpuszczalnosci
fluorkéw metali utworzonych z zastosowanych w syntezie prekursoréw jondéw M? oraz RE**. Dla
zwigzkdw o najintensywniejszej emisji wyznaczono réwniez wartosci wydajnosci kwantowej, ktéra
jest istotnym parametrem w jakoSciowej ocenie nanoczastek oraz umozliwia pordwnanie
zwigzkoéw otrzymanych przez réze grupy badawcze.

Wyniki przeprowadzonych badain przedstawiono w formie czterech artykutéw,
opublikowanych w miedzynarodowych czasopismach naukowych, z tzw. listy filadelfijskie;].
Zsyntezowane nanomateriaty majg szerokie potencjalne zastosowanie, m.in. w bioobrazowaniu,
dostarczaniu lekéw, jako sensory temperatury i cisnienia, w kryminalistyce, a takze przy produkcji

ogniw fotowoltaicznych czy urzadzeniach optycznych.
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Abstract

Control of morphology and spectroscopic properties during the synthesis of
up-converting nanoparticles (NPs) is a great challenge. One of the most popular ways of NPs
synthesis is the hydrothermal method, which is relatively simple, effective, environmentally
friendly and permits easy control of synthesis parameters. For these reasons the hydrothermal
method was applied for the synthesis of CaF,:Yb**,Er** NPs and optimized. The effects of
synthesis conditions on the properties of the product were carefully analysed. The tests were
performed to check the impact of two surfactants: sodium citrate (NaCit) and ammonium citrate
(NH4Cit), different excess of ammonium fluoride used as a precipitation agent and different
volume of solution with reactants. The type of co-reagent was found to influence the size of the
obtained NPs and charge compensation, required after Yb** and Er** doping into Ca?" sites.
Depending on the synthesis conditions, the formation of Yb** clusters and alterations in the
Yb?* site symmetry were detected. The excitation and emission spectra revealed the importance
of the presence of the Na* ions on the energy transfer mechanism and the resulting emission
intensity. The presented results show that applying stirring during the synthesis or changing the
type of anti-agglomeration agent, have a great influence on the luminescence intensity and
colour as well as maximum of excitation when Yb** ions are used. Analysis of the excitation
spectra and Yb** emission decays showed the complex structure of CaF,:Yb**,Er’** NPs, with
Yb** ions in two different environments within the volume of NPs with different site-

symmetries. The samples prepared in the presence of Na* ions were characterized by long Yb**
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emission rise times, revealing energy migration between Yb** at different symmetries and, at
the same time, improved the overall luminescence intensity of NPs.

Keywords: calcium fluoride, up-conversion, hydrothermal method optimization, Yb3* clusters
Introduction

Up-converting nanoparticles (UCNPs) have been intensively investigated in last years
because of their unusual properties allowing, in general, for conversion of near-infrared light
(NIR) to higher energetic, visible and even ultraviolet [1-5]. This phenomenon can be observed
for materials containing lanthanide ions (Ln**) because of the possibility of electronic
transitions within their 4f subshell. Because of the properties of the 4f shell, sharp emission
spectra, long luminescence lifetimes and massive Stoke’s shifts can be observed [6-8].
Nanomaterials containing Ln** ions are very attractive in many fields of science and industry.
Their small size and the possibility of conversion of NIR light make them excellent for many
applications, e.g. optical materials, displays, sensors, biological markers, drug delivery systems
and many others [9-12].

Considering UCNPs for different applications, particularly in the biomedical field, the
ability to control their morphology and spectroscopic properties are essential. These issues are
still a challenge [13]. The simplest solution is to adjust the type and conditions of the synthesis
route. So far a few main synthesis methods have been proposed, e.g. thermal decomposition,
solvo(hydro)thermal synthesis or co-precipitation with polyols [14—16]. The most common and
useful method is the thermal decomposition of precursors, which leads to highly uniform
nanoparticles of specific shapes and sizes [15, 17-19]. However, in the hydrothermal synthesis,
it is also possible to control the conditions so that to obtain particles of desired properties. The
hydrothermal synthesis is usually conducted in water, under high pressure and temperature, in
a special type of autoclave [15, 20, 21]. Moreover, the process, as well as equipment needed,
are quite simple [22-24].

During hydrothermal synthesis, there are many variables like pressure, temperature,
synthesis time, the volume of solution or stirring that can significantly influence the
morphology and spectroscopic properties of UCNPs. Great importance in synthesis route have
also the addition of hydrophilic compounds like sodium citrate, ethylenediaminetetraacetic acid
(EDTA), cetyl trimethylammonium bromide (CTAB), as well as polymers, e.g. polyethylene
glycol (PEG), polyethylenimine (PEI) and other [14, 16, 25]. These additives not only promote
the formation of particles of certain size and shape but also improve the dispersion of UCNPs
in water and stabilize the colloids. Additionally, surfactants may affect the spectroscopic

properties of NPs.
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Calcium fluoride, CaF: is one of the best hosts for Ln** ions, thanks to its stability, low
phonon energy, fluorite structure and very good compatibility with Ln3* jons [26-28].
Moreover, CaF, is a material with high rigidness, low refractive index and is optically
transparent in a range from mid-infrared to UV [29]. As a host compound, CaF; can be used in
lasers [30], for bioimaging (high biocompatibility with living cell, non-toxic material) [31],
biomedical sensors [32], and other applications. Also, this material can be easily obtained by a
variety of methods such as sol-gel, solvo(hydro)thermal methods, polyol-mediated, thermal
decomposition of precursors, or colloidal techniques [33—-37]. CaF; is also easier to obtain by
hydrothermal method as nanocrystals than NaREFs; materials [38—40]. Furthermore, our
previous research indicated that using similar to presented here, hydrothermal method, sub-
microspheres can be synthesised instead of nanoparticles and by incorporation of Mn?* ions
into CaF> sub-microspheres the colour of up-conversion can be tuned [41].

In this work, CaF» was used as a model, allowing to track the way in which dopant ions
are incorporated, which allows for a better understanding of the UC process in similar materials.
Moreover, the presented results of synthesis in different volumes or with, and without stirring
give insight into problems of production of Ln**-doped nanomaterials at larger scale.
Experimental section
Characterization

Powder diffractograms were recorded on a Bruker AXS D8 Advance diffractometer,
with Cu Ko radiation A = 1.5406 A. The reference data were taken from the International Centre
for Diffraction Data (ICDD). The composition of prepared materials was analysed by Energy-
dispersive X-ray spectroscopy (EDS), using Quanta 250 FEG, FEI, with voltage 30kV.
Transmission-electron-microscopy (TEM) images were recorded on a JEOL 1400
Transmission Electron Microscope, which used an accelerating voltage of 120 kV. Fourier
transform infrared spectra (FT-IR) were recorded using a JASCO 4200 FT-IR
spectrophotometer. Dynamic light scattering (DLS) and zeta potential measurements were
performed by using a Malvern Zetasizer Nano ZS instrument, where the sample concentration
was 0.25 mg/mL.

UV-Vis-NIR absorption spectra of powders were recorded with spectrophotometer
JASCO V-770. The xcitation and emission spectra of the prepared samples in the form of solid
powders were measured on a Photon Technology International QuantaMaster™ 40
spectrofluorometer equipped with an Opolette 355L.D UVDM tuneable laser, with a repetition
rate of 20 Hz and a Hamamatsu R928 photomultiplier used as a detector. A continuous CNI

multiwavelength (808, 975, 1208 and 1532 nm) 2W CW diode laser was used as the excitation
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source, coupled to a 200 um optical fibre and collimator for emission measurements and
examination of relations between emission intensity and laser power. Laser beam size and
power were measured by Ophir 10A-PPS sensor (CW laser) or by Coherent EnergyMax-USB
J-10MB-HE Energy Sensor (pulsed laser). As a detector, a Digital CCD Camera made by
Princeton Instruments PIXIS:256E, equipped with an SP-2156 Imaging Spectrograph was
applied, corrected for the instrumental response. Luminescence decay curves were recorded
using a 200 MHz Tektronix MDO3022 oscilloscope, coupled to the R928 PMT and the
QuantaMaster™ 40 spectrofluorometer. All spectra, i.e. excitation and emission were corrected
for the instrumental response and OPO laser energy.
Synthesis of CaF2:20%Yb>*,1%Er* nanoparticles

In order to obtain 3.5 mmol of CaF> doped with 20% of Yb** and 1% of Er’*, the aqueous
solution of chlorides with concentration 1 M or 0.25 M was used. CaCl» (2.77 mmol) and YbCl3
mixed with ErCls (0.7 mmol Yb** and 0.035 mmol Er**) was added to 20 mL of 1 M aqueous
solution of sodium citrate (NaCit) or 20 mL of 1 M aqueous solution of ammonium citrate
(NH4Cit). Then, 5 mL of 2.10 M (1.5 excess to the stoichiometric amount, 1.5% NH4F) or 5 mL
of 4.2 M aqueous solution of NH4F (3 times excess to the stoichiometric amount, 3x NH4F) as
a source of fluoride ions, were added to the solution containing CaCl, and LnClj3 salts. The pH
of the final solution was 7.5. The as-prepared transparent solution was transferred into 50 mL
(35 mL of solution) or 100 mL (75 mL of solution) the Teflon-lined vessel and hydrothermally
treated for 12 h (200 °C, 15 bar), in an externally heated autoclave. Two different Berghof
autoclaves were used: DAB-2 reactor for the smaller volume sample, without a stirrer and
BR - 100 for the larger volume sample, with a stirrer. When the reaction was complete, the
obtained white precipitate was purified by centrifugation and rinsed several times with water
and ethanol. The final product was dried under ambient conditions. Additionally,
CaF2:20%Yb**, NaCit, 1.5x NH4F in 35 mL of solution was prepared to investigate the
influence of complexing agent on spectroscopic properties. Dopant concentrations were
established based on literature data and earlier research, as well as synthesis conditions [25,

42].
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Results and discussion
Structure and morphology

Cubic nanocrystals of CaF, doped with lanthanide ions (Ln**) were obtained by the
hydrothermal synthesis in the presence of sodium citrate (NaCit) or ammonium citrate (NH4Cit)
as a complexing agent. The prepared samples showed a single-phase structure with Fm3m

space group, for both reactor volumes used (Fig. 1).

CaF,: 20%Yb*, 1%Er**
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Fig. 1. XRD patterns of the CaF,:Yb**, Er** samples synthesized by the hydrothermal method:
a) without stirring, in 35 mL volume, b) with stirring, 75 mL volume. The patterns are labelled

according to the scheme: an excess of NH4F precipitating compound, a source of citric ions.

Additional information about the physical properties of prepared NPs was obtained from
the cell parameter analysis (Table S1). An increase in the cell volume of all samples (163.26 to
166.57 A%) in comparison to that of undoped CaF> (163.04 A®), was observed. The larger cell
volumes were interpreted as a result of electronic repulsion between F~ ions distributed in a cell
in different positions due to local or nonlocal charge compensation as well as clusters formation
[43, 44]. Additionally, differences in the cell size between the samples prepared with
NaCit and NH4Cit are presented, which confirms the occurrence of two types of charge
compensation processes (1% 2 Ca®>* — Ln** + Na*, 2": Ca?* — Ln** + F"). During the
synthesis with NaCit, Na* ions are incorporated into the structure replacing interstitial
fluorine ions because their ionic radii are similar to those of calcium ions (rNa*= 1.18,
rCa®*= 1.12, for coordination number CN = 8). In the process of synthesis using NH4Cit,
F-ions act as a charge compensator, as the size of NH4* cations is bigger 'NH4*=1.54 A)
[45—48]. Moreover, the change of cell size is also noticeable in the XRD patterns

(Fig. 1) as a slight shift of the peaks towards lower angles for the samples prepared with
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NH4Cit and a shift towards higher angles for the sample with NaCit, obtained in the

small volume, with 1.5x NH4F excess.

TEM images were used to determine the accurate size of CaF> nanoparticles and

the results are listed in Table 1.

Table 1. Size of obtained NPs, calculated from TEM analysis

TEM analysis
g o % 8 CaFx20%Yb™,1%Er*
= E o 2
c =5 = K
- » 8 % Size (nm)
= L5x 17.4+3.9
3
é . 2 3% 772%+58
Z =
0 3 1.5 x 35.9 +24.7
o T 3x 465+115
= 15X 19.5+ 7.4
2
E L2 3x 144+3.4
(]
e @ 1.5 x 13.8+2.4
L 3x 404+118

NPs sizes were in the range of 17.4 nm to 46.5 nm when the small volume was
used and 13.8 nm to 40.4 nm for the larger volume (Table 1 and Fig. 2). Additionally,
some particle agglomerations can be observed in TEM pictures, which was also
confirmed by DLS histograms (Fig. S1 in Electronic Supplementary Information, EST). The
tendency to agglomeration is visible mainly for the samples prepared without stirring (Figs.
2a-2d). Moreover, the NPs, obtained with the use of NH4Cit for the synthesis, had irregular
shapes and were of larger sizes. To investigate the incorporation of Ln** ions and the real
structure of the obtained compound, EDS mapping was made and the results are presented in
Table S2. The amount of Ln** dopants is lower than assumed, but similar in all samples, i.e.:
Yb** 11.03 - 14.50% and Er** 0.47 - 1.14%, with one exception, for the sample prepared in the
presence of NH4Cit with 3% NH4F and in 75 mL of solution. The EDS analysis confirmed the
incorporation of Na* ions into the structure at the sites occupied by Ca®* and F~ ions when the
samples were prepared in the presence of NaCit. The amount of Na* ions was estimated to be
between 16.50 and 28.11%. Additionally, the presence of citrate groups on NPs surface was

confirmed by FT-IR measurements (Fig. S2). Prepared samples exhibited negative charge on

6
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the surface, except for the samples prepared in the presence of NH4Cit with 3x NH4F in 35 mL,
and NH4Cit, 1.5% NH4F in 75 mL (Table S3) which had a positive charge. What is more, the
NPs showed different stability in water (zeta potentials varied between |20.3| and |7.75| mV) at

physiological pH for 24 h.

a) 174+390m € b3 e 195:7.4nm
-t
S8 | oh L . !
I‘é‘ -
-

/ X r 3
5 o 0 20 %0
Stz (om)
b) 272+ 58nm .‘ 14.4+34nm
e & \
Sol's
'r; /

0% pg R
Slmi m) Size (nm)

359£24.7 nm 139224 nm

sl
J‘Q

Y 4
o B Size (nm)

d) % 4654 115mm
&y
£ © | 2 LR
[ ) \ )
* \
e Y
Size (nm) S size (nm)
AL

Fig. 2. Nanocrystals size distribution of hydrothermally synthesized samples:
(a) CaF2:Yb* Er**, NaCit, 1.5% NH4F (b) CaF»:Yb**,Er**, NaCit, 3x NH4F (c) CaF»: Yb**,Er’*,
NH.Cit, 1.5%x NHsF (d) CaF2:Yb*Er*, NH4Cit, 3x NH4F, (e) CaF2:Yb* Er*, NaCit,
1.5% NH4F (f) CaF2:Yb* Er**, NaCit, 3x NH4F (g) CaF2:Yb** Er**, NH4Cit, 1.5x NH4F (h)
CaF,:Yb** Er**, NH4Cit, 3x NH4F, where a)-d) 35 mL, without stirring, and e)-h) 75 mL, with
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fa

stirring.

Summarizing, it is possible to control the CaF»: Yb**,Er** NPs morphology by selecting
the appropriate concentration of NH4F and the type of co-reagent. From the above-presented
results, it is also seen that the synthesis in a reactor with stirring should be more favourable,
resulting in lower agglomeration of NPs. It is possible to obtain small NPs of the size below to
20 nm even with a high content of NH4F, which is quite essential when the synthesis is

conducted in water.
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Spectroscopic properties

It is well known from the literature, that only for low concentrations (<0.1%), the Ln**
dopants form isolated centres. Yb** ions are sensitive to the site symmetry and their absorption
spectra reflect this feature [49]. The mentioned centres have trigonal, tetragonal or cubic
symmetry, depending on the location of charge compensating F ions. In the heavily-doped
materials, Yb** ions form clusters, mainly cubooctahedral hexamers with the six Yb** ions site
in square antiprisms [44, 50]. Cluster formation is well confirmed on the basis of the broad Yb**
excitation bands that do not allow drawing conclusions on the Yb** ions site symmetries as it
overlaps any other possible signals. However, for the samples prepared with NaCit, in 35 mL
of solution, the formation of centres with the cubic symmetry (Op) is responsible for the
presence of peaks at 966 nm (10352 cm™) and 920 nm (10870 cm!), which are intense and well
separated (Fig. 3a). After Na* ions introduction into the structure as a charge compensator,
Yb**-Na* ion pairs are formed. At the same time, a decrease in the number of Yb**-Yb** pairs
and formation of Yb**, which are responsible for quenching luminescence through cooperative
energy transfer from Er** ions, are observed [47].

As a result, the emission of particles with incorporated Na* ions is more intense, which
is observed in Figs. 4 and S3. What is interesting, the domination of O, symmetry is only visible
for the sample prepared with NaCit, 3x NH4F in 35 mL solution, where more effective
incorporation of Na* ions replacing interstitial F~ ions occurred. Furthermore, in the analogous
sample but prepared in larger volume (75 mL) with stirring, a lower amount of Yb** sites with
the O, symmetry are present, despite the fact that the determined concentration of Na* ions was
higher (28%) than for the sample described above. It is worth noting that Na* ions can be also
present on the surface of NPs due to the bonding to citrate groups, which are incorporated into
CaF, NPs (Fig. S2). Interestingly, the excitation peak near 966 nm can be detected in the
excitation spectra of all of the synthesized samples (Fig. 3), hence confirming the presence of
the O), symmetry of Yb** ions in the prepared NPs, regardless of the used surfactant, which has
been also observed by another research group [44]. Absorption spectra of samples prepared are
presented in Fig. S11 showing different characteristics of the Yb** absorption peaks, hence
revealing also different efficiency of energy transfer between various types of Yb** ions and

Er** ions.
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Fig. 3. Excitation spectra of CaF»:20% Yb**,1% Er** samples (900 — 1050 nm): a) small volume,
without stirring, b) large volume, with stirring; excited by pulsed laser as excitation source (at

25 mJ-cm?).

For prepared samples the emission spectra were measured under continuous diode laser
with Aex = 975 nm wavelength and are presented in Fig. 4. The brightest luminescence was
recorded for the samples synthesized in the presence of NaCit and with 1.5x NH4F in both
volumes used, 35 mL, without stirring and 75 mL with stirring. The observed luminescence
intensities confirm the influence of sodium ions on the effectiveness of emission. Additionally,
samples prepared without stirring, with NaCit in 35 mL, exhibited twice time stronger emission
than the best samples obtained in 75 mL solution with stirring. High luminescence can be
connected with a decreased number of formed Yb**-Yb** clusters which reduced the
non-radiative energy losses. Changes in the cooperative energy transfer between Yb** ions and

shorter distances between Yb** and Er** ions (see Table S1) can improve energy transfer.
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Fig. 4. Luminescence (450 — 860 nm) spectra and emission color of CaF»:20%Yb* 1%Er*
samples: a) small volume, without stirring, b) large volume, with stirring, where: (i) NaCit, 1.5%
NHyF, (ii) NaCit, 3x NH4F, (iii) NH4Cit, 1.5x NH4F, (iv) NH4Cit, 3x NH4F, excited by laser

under continuous excitation source (at 25 W-cm™).

The synthesis procedure also influences the samples emission colour, which is
illustrated in the photographs, the calculated ratios between two of the strongest bands and the
chromaticity diagrams (Figs. 4, S4, S5). Interestingly, for the samples prepared without stirring
and in the small volume the domination of red band over green is strongly visible, in comparison
to the luminescence of the samples obtained with stirring and in larger volume, for which the
483/, — “I15/2 and *Forp — *1;52 intensities are similar. As a result, the samples obtained in larger
volume, with stirring, showed the yellow-green colour of emission. The most significant shift
to the green region was recorded for the sample prepared in 75 mL with stirring, NaCit as co-
reagent and 3x NH4F, which is also noticeable in Figs. 4b)ii) and S5. Comparing the
luminescence of the obtained samples prepared in the same way, it is possible to receive
different emission intensity and colour, just by changing the volume and application of stirring.

More information about spectroscopic properties of synthesized CaF> NPs was obtained

from the luminescence decays of Er’* ions, measured under Aex= 976 and 966 nm wavelength
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with pulsed laser as the excitation source (for experimental data see ESI, Figs. S6 and S7).
Moreover, luminescence rise times as well as decays of Yb** under Aex = 966/977 nm pulsed
laser excitation were also recorded to investigate the energy transfer between Yb** ions in
different sites and the influence of complexing agent on their lifetimes (Fig. S8). On the basis
of these measurements, luminescence lifetimes were calculated for transitions of Er** and Yb>*

ions (collected in Tables 2, S4 and S5).

Table 2. Emission lifetimes calculated from the measured luminescence decay of
CaF»: Yb**, Er¥*NPs under 976 nm laser excitation (for decays see Fig. S6, err < 1.6 us). The
number of photons involved in the up-conversion mechanism, determined from the
dependencies of luminescence intensity on laser energy for CaF.: Yb**, Er’* NPs (for

experimental results see Fig. S9, err < 0.06).

CaF2:20%Yb*,1%Er*

© 2 ;ED % Lifetime (ps) Number of photons
E £ ¥ 5 3 & s @ s | &8 § § 3
s £ o= £ ¥ £ 2 2|5 £ 5 2
- A N !

E g & £ F|F & £ F

6 1.5x 224 242 240 994 239|122 20 20 13

'g o Z 3x 390 584 500 2005 542 |14 16 16 14
“ A @ 1.5x 95 143 143 313 162 |13 14 16 12
E 3x 121 123 126 267 166 | 1.0 1.1 12 1.0

6 1.5x 441 47.1 493 2069 210 |14 13 12 1.1

'é % Z 3x 253 265 249 1798 328 |19 17 20 12
e g 1.5x - 84 86 164 82 |04 06 12 05
E 3x - 333 332 1375 453 |13 14 16 13

The longest luminescence decay of Er** ions was recorded for the sample prepared in
the presence of NaCit and with 3x NH4F, without stirring in 35 mL solution as well as NPs with
NaCit, 1.5%x NH4F, in 75 mL solution. From all Er** transitions, the decay of 4Fopn — 1150 was
recorded as the longest one for all samples (16.4 s to 206.9 us), which may be a result of strong
emission of this band and the mechanism responsible for *Fon energy level excitation.
Importantly, for the samples with a large number of Yb** ions at O, symmetry sites (NaCit,
1.5%x NH4F and 3x NH4F in 35 mL of solution), longer lifetimes for Er** were calculated under

966 nm excitation than under 976 nm.
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Fig. 5. Excitation spectra of CaF»: Yb**, Er’* a,b) and decay time of Yb** ?Fs/» — *F72 transition
¢, d) under 966/977 nm pulsed excitation source (at 15 mJ .cm), observed at 1050 nm, where
a, ¢) sample with NaCit, 3x NH4F, 35 mL solution, b, d) sample with NH4Cit, 3x NH4F, 35 mL

solution.

The Yb** decay time measurements did not reveal significant changes in the lifetimes
of Yb** ions upon excitation with 966 or 976 nm wavelengths, even for the samples with a large
number of Yb** ions at the sites of O, symmetry. Taking into account a significant impact of
site symmetry on Ln** emission lifetimes, it is expected to find longer lifetimes for the structure
with sites of higher symmetry [51]. The explanation of the difference between the literature-
based expectation and observations can be the domination of Yb**-Yb** clusters in the sample’s
structure or at least the presence of a mixture of sites of different symmetries, which makes it
impossible to excite Yb** ions at the sites of a single symmetry. However, for the samples
prepared in the presence of NaCit, relatively long rise times were observed, especially in

comparison to those of the samples obtained with NH4Cit. What is more, the difference was
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also detectable for the same samples obtained by the two synthesis routes (NaCit, 3x NH4F, 35
mL and NaCit, 3x NH4F, 35 mL, Table S5, Fig. 5). The reason for this observation is related to
the energy transfer from O, centres of Yb** of higher energy (10 352 cm ') to Yb** cluster
centres with lower energy (10246 cm™, 5—5 transitions, Fig. 6a). On the basis of these
measurements and calculations, it can be concluded that the values of Yb** lifetimes are
independent of the dominant symmetry (the presence or absence of Na* ions) as well as of the
excitation wavelength. At the same time, the luminescence rise times seem to be sensitive to
the site symmetry of Yb** ions. This result is an additional confirmation of Yb** ions multisite
positions in NPs, there is a fraction at sites of O, symmetry and a fraction of those in clusters.
According to the Hraiech et al., when a high number of Na* ions are present in the sample, the
band characteristic of Yb** ions with O, symmetry appears in the NIR emission spectra with a
maximum near 1028 nm. However, when a small number of Na* ions were added, or for the
samples without sodium ions, only the broad electronic transitions 5 — 3 and 5 — 4 of Stark’s
level with a band maximum near 1030 and 1050 nm appeared in the spectra [51]. For the all
obtained samples, the lifetime, as well as rise time, were measured for the emission at 1050 nm,
which proves the presence of Yb** ions at the sites of O, symmetry and clusters in all of obtained

NPs.

To establish the up-conversion mechanism of the prepared NPs and investigate the
effects of the synthesis methodology on it, the dependencies of the luminescence intensity on
the laser power were measured. The results of the slope calculations are collected in Table 2
(measurement results Fig. S9). The slope coefficients calculated for the samples studied took
values from the range 1 to 2, which is lower than the theoretical value for energy transitions in
Er’* ions [25]. The highest slope coefficient was calculated for the CaF»: Yb**, Er** samples
prepared with NaCit and 1.5% NH4F in the small volume (35 mL), without stirring and with
NaCit and 3x NH4F with magnetic stirring and in the large volume (75 mL). Such a result can
be connected with effective emission, long luminescent lifetimes and high crystallinity of these
two samples (appropriate distance between Yb’* and Er** ions, can minimize quenching
effects). The highest slope was determined for the *Fo,—*I;52 transition. This result can be
explained by the relaxation from 2Hji2 or *Ss; level and the highest emission of a band
corresponding to the described transition for all samples. For the few prepared nanomaterials,
the slope coefficient is close to one, however, the up-conversion emission can be treated as a
two-photon process [52]. There are many factors, which can influence the experimental slope

like saturation effect, heating of samples or cross-relaxation process between dopants [53, 54].
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Furthermore, quite often the saturation effect which is attributed to the competition between
linear decay and up-conversion depletion of the intermediate state when excitation density

is high takes place [19, 55, 56].
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Fig. 6. Scheme of the up-conversion mechanism for CaF»:Yb>*,Er** systems, where a) proposed
mechanism of energy transfer between Yb** ions with different symmetry, b) up-conversion

energy transfer in Yb**-Er** system, under NIR excitation (Aex = 975 nm).

On the basis of the number of photons established for a population of each excited level,
a UC mechanism- energy transfer up-conversion (ETU) can be proposed (Fig. 6 and S10). In
the first step, Yb** ion absorbs a photon and excitation of 2Fs/» from F72 is observed. For the
Yb** ions at O, symmetry sites present in the structure, absorption from the ground state to 5
and 6 Stark’s sublevel is observed, from which the energy can be transferred to Yb**-Yb**
clusters or directly to Er** ions (*Iis, —*I,1/2 transition). For the hexameric clusters, the energy
is absorbed from ground state mostly to 5 Stark’s sublevel and transferred to activator ions.
These two possible ways of excitation of Yb** ions can occur simultaneously in one sample
with mixed symmetry. The next step of the mechanism is the energy transfer from the excited
Yb**:?Fsp to Er**:*111,2 and the absorption of the second photon, to populate *F7/, from which
relaxation to 2Hi1.2, *S32 occurs. Two photons emission is also observed from “Fo and *Ios to
Tisp.
Conclusions

Up-converting nanoparticles based on CaF, matrix doped with lanthanide ions (Yb>*

and Er**) were synthesized by the hydrothermal method. The influence of such factors as the
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type of co-reagent, excess of fluoride ions, volume and stirring on the morphology and
spectroscopic properties of the nanoparticles were investigated. The results provided the
evidence illustrating the importance of the synthesis procedure because of its effect on emission
intensity, colour and excitation mechanism.

The main factor influencing NPs morphology was the excess of NH4F; with the higher
concentration of F ions in the solution, the obtained NPs were bigger. It can be related to a
more effective precipitation process. The effect of size of NPs as a result of NH4F excess used
in the synthesis on the spectroscopic properties was also investigated. Moreover, in both
synthesis route, the samples prepared with NaCit and 1.5x NH4F were characterized by the
most intense emission. Additionally, the presence of Na* ions changes the symmetry of Yb**
ions, which was visible for the products prepared in 35 mL of the solution without stirring
whose luminescence was almost twice higher than that of the other NPs. Moreover,
luminescence lifetimes of Er** and the rise times of Yb** ions depended on the surfactant used
for the synthesis and shows that NaCit is more favourable.

Summarizing, we have established the ideal hydrothermal conditions to obtain small
NPs with bright up-conversion luminescence under 975 nm (see comparison with
NaYF4:Yb** Er’+ in Fig. S12), which are: synthesis in the presence of NaCit as an anti-
agglomeration agent, suppression of NPs growth and 1.5x NH4F precipitating agent and 12 h
time of synthesis. Avoiding stirring during the reaction and small reaction volume, 35 mL,
resulted in the highest intensity of luminescence from all prepared samples. However,
increasing reaction volume to 75 mL and the introduction of stirring during synthesis also
brought products with satisfactory luminescence intensity and NPs sizes.
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1. Structure and morphology

Table S1. Cell parameter for cubic structure CaF,:Yb**,Er** calculated in Maud software.!

g ¥ ?P é CaF2:20% Yb*,1% Er**
2 E & g
> @& 2 B a[A] VA%
g L5~ 5.47(8) 164.39(4)
3, Z  3x 5.46(6) 163.26(7)
a a & 15x 5.49(9) 166.57(1)
§ 3 x 5.50(2) 166.65(0)
5 15x 5.48(1) 164.67(8)
3 Z 3« 5.46(8) 163.47(0)
o 5 15 5.48(8) 165.26(6)
; 3 x 5.48(8) 165.29(6)
Reference CaF; 5.462 163.04 (0)

During the synthesis with NaCit Na* ions are incorporated into the structure replacing
interstitial fluorine ions because their ionic radii are similar to those of calcium ions (rNa*= 1.18,
rCa®*= 1.12, for coordination number CN = 8). In the process of synthesis using NH4Cit , F~ ions act

as a charge compensator, as the size of NH4* cations is bigger ({NH4*= 1.54 A ) [1-4]. Moreover, the
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change of cell size is also visible in the XRD patterns (Fig. 1) as a slight shift of the peaks towards
lower angles for the sample prepared with NH4Cit and a shift towards higher angles for the sample

with NaCit.
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Fig. S1. Hydrodynamic diameters obtained by DLS analysis of the synthesized CaF.:Yb** Er** NPs, where
a)-d) synthesis conducted in small volume, without stirring, )-h) large volume, with stirring
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Table S2. Composition of the synthesized NPs obtained by EDS analysis.

& &
s or bl e
= = 2
O - ———.
O Z ca Yot E* F Nt
5 1Sx 6791 1177 055 6923 1977 CaosYbonEnmeFaas
2 o z 3x 7143 1156 047 5950 1650 CaonYbo.:EroossFia
TR & 15x 8480 1450 070 69.50 0  CagssYbosEromFan
z 3% 8560 1390 050 6658 0  CaoseYboisErooosFam
5 1Sx 6886 1362 049 6537 17.03 CunwYbouEnusFis
2 : z 3x 5971 1103 114 63.04 28.11 Cags:YboisErooiFi
275 15x 8660 1270 060 7160 0  CansYborEromxFas
S T 3x 9301 553 146 6464 0  CanssYbumEronsFum
CaF;fIgZ; gﬁ;’mlfc“’ 69.06 13.05 O 6272 1790  CaosYbousFies
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CaF,: 20% Yb*, 1% Er**
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Fig. S2. Fourier transform infrared spectroscopy (FT-IR) spectra of obtained samples, where a) synthesis
conducted in the small volume (35 mL), without stirring, b) large volume (75 mL), with stirring.

The presence of citrate groups on NPs surface was inferred from the appearance of the signals assigned
to: OH stretching vibration (3457 cm™'), -CH asymmetric and symmetric stretching vibrations (2962 and
2840 cm™ ), -C=0 stretching vibrations (1622 cm™") and —CH scissoring (1400 cm™).
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Table S3. Summary of zeta potential measurements for obtained CaF,:Yb**,Er** particles at physiological
pH value.

CaF»:20% Yb*,1% Er**

-] =] ~—
=

E £ 8 3¢

s & Y35 ZE

> 2 = © pH Zeta potential (mV)
g Lsx 7.46 203£5.8
]

E o Z 3x 7.44 -17.8 + 46

w Z —

- g  15x 7.39 -10.6 £5.9
> 3x 7.37 113 +4.7
= 1.5x 7.43 -143 + 5.8
S

O Z 3x 7.39 -10.0 £5.4

Q

e ™ & Lsx 740 7.8 £5.09

z 3x 7.32 -17.0 £6.1

2. Spectroscopic properties

" NaCit, 1.5xNH,F, &= 976 nm
1250 + — NaCit, 1.5xNH,F, .,= 966 nm
" — NaCit, 3xNH,F, %,,= 976 nm
o * sl — NaCit, 3xNH,F, %= 966 nm
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Fig. S3 Emission spectra of CaF2:20% Yb*, 1 %Er+ samples obtained in the small volume, without stirring,
measured under Aex = 966 and 976 nm with pulsed excitation source (25 mJ -em™?).

Similarly to the excitation spectra presented in Fig. 3, the excitation by 966 nm wavelength results in
a brighter up-conversion intensity than that by 976 nm, for the samples prepared with NaCit in the small
volume (35 mL). The excitation via Yb** ions at the sites of O, symmetry is more favourable than via the

clustered ones.
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CaF,:20% Yb%*, 1% Er’*
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Fig. S4. Integrated luminescence intensities of CaF2:20%Yb**,1%Er** samples: a) small volume, without
stirring, b) large volume, with stirring, calculated from the spectra measured under
Aex = 975 nm continuous excitation source (at 25 W-cm™?).
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Fig. S5. CIE chromaticity diagrams of CaF2:Yb** Er** NPs, where a) small volume, without stirring, b) large
volume, with stirring, taken from the emission spectra measured under Aex = 975 nm continuous excitation
source (at 25 W-cm?).
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Fig. S6. Emission decays of CaF,:Yb**,Er’* NPs, where a) small volume, without stirring, b) large volume,
with stirring, measured under Aex = 976 nm pulsed excitation source (at 15 mJ-cm™).
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Table S4. Emission lifetimes calculated from the measured luminescence decays of CaF2:Yb** Er** NPs under
966 nm laser excitation (for decays see Fig. 7, err < 1.6 ps).

CaF»:20%Yb**,1 % Er**

o w & % Lifetime (ps)
E £ 2
ZE E & 2 8 £ 3 8 8
24d: 8 ¢ 5 & = :
$ 2 1 L1 o1 1
T o & 15x 280 290 301 1124 314
w2 3x 772 803 795 2134 81.0
a) A= 966 nm C) Agy= 977 Nm

& NaCit, 1.5xNH,F
O NaCGit, 1.5xNH,F
NaCit, 3xNH,F
A NH,Cit, 1.5xNH,F

& NaCit, 1.5xNH,F
O NaCit, 1.5xNH,F
NaCit, 3xNH,F
A NH,Cit, 1.5xNH,F,
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% b
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Fig. S8. Emission decays of Yb** of CaF,:Yb** Er** NPs, where a,c) small volume, without stirring, b, d)
large volume, with stirring, measured under Aex = 966/977 nm pulsed excitation source
(at 15 mJ-cm’?), observed at 1050 nm.
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Table S5. Emission rise and decay times of Yb** calculated from the measured luminescence decay of

CaF,: Yb*, Er** NPs under 966/977 nm laser excitation (for decays see Fig. 8, err < 1.6 ps).

- o Lifetime (ps)
© &0 g S CaF2:20%Yb*,1%Er™
g E ‘%0 5 zF5/2—>2F7/z (1050 nm)
= = : = hex = 966 nm hex = 977 nm
o 4
Tr Td Tr Td
5 1.5 x 49.30 205.20 45.80 193.90
7 & z 3 x 156.70 228.00 136.00 228.00
z. =
- 5 1.5 x 5.71 185.93 5.61 187.31
= 3 x 4.60 185.20 4.88 185.10
5 1.5 x 14.53 185.19 8.05 188.24
2 % Z 3 x 46.97 201.78 45.80 201.85
2 2 3 1.5 x 9.01 195.86 5.47 193.58
i 3 x 15.60 191.80 12.00 197.10
. 3+ 0
CuFz20%Yh o L=NHHS5 65.85 221.94 54.39 232.06

According to the Hraiech et al., when a high number of Na* ions are present in the sample, the band
characteristic of Yb** ions with O, symmetry appears in the NIR emission spectra with a maximum near 1028
nm. However, when a small number of Na* ions were added, or for the samples without sodium ions, only the
broad electronic transitions 5 — 3 and 5 — 4 of Stark’s level with a band maximum near 1030 and 1050 nm
appeared in the spectra [5]. For the all obtained samples, the lifetime as well as rise time were measured for
the emission at 1050 nm, which proves the presence of Yb** ions at the sites of O symmetry and clusters in

all of obtained NPs.
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The number of photons taking part in the UC process can be estimated from the equation [6]:
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Fig. S9. Double-logarithmic plots of the upconversion emission intensity versus laser power density
(Aex = 975 nm), for CaF»:Yb** Er’** NPs, where a) small volume, without stirring, b) large volume, with
stirring.

where 7 is UC intensity, P is the pumping excitation power density and » is the number of photons required to
populate the excited state, indicated by the slope coefficient, determined from dependence of the luminescence
intensity versus pump power in double-logarithmic plot [7].
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Fig. S10. Proposed mechanism dependent from Yb** symmetry, where all samples are obtained in small

volume (35 mL) without stirring.
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Fig. S12. a) Comparison of up-conversion between the best emitting CaF»: Yb**,Er** sample (NaCit, with 1.5x
NH4F and without stirring) and NaYFs:Yb**Er’* reference NPs prepared with procedure published by
Homann et al. [8], b) TEM image with NPs sizes distribution obtained for prepared NaYFs:Yb** Er** sample.
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OPEN Upconverting SrF, nanoparticles
doped withYb3*/Ho3*, Yb**/Er3+
andYb3*/Tm3* ions — optimisation

s of synthesis method, structural,
et spectroscopic and cytotoxicity
studies

Dominika Przybylska(®?, Anna Ekner-Grzyb?, Bartosz F. Grzeskowiak® & Tomasz Grzyb*

For a number of years nanomaterials have been continuously devised and comprehensively
investigated because of the growing demand for them and their multifarious applications, especially
in medicine. This paper reports on the properties of SrF, nanoparticles (NPs) for applications in
biomedicine, showing effective ways of their synthesis and luminescence under near infrared radiation
- upconversion. NPs doped with lanthanide, Ln** ions (where Ln =Yb, Ho, Er, Tm) were prepared by the
hydrothermal method and subjected to comprehensive studies, from determination of their structure
and morphology, revealing small, 15 nm structures, through spectroscopic properties, to cytotoxicity
in vitro. The effects of such factors as the reaction time, type and amount of precipitating compounds
and complexing agents on the properties of products were characterized. The cytotoxicity of the
synthesized and functionalized NPs was investigated, using human fibroblast cell line (MSU-1.1). The
synthesized structures may decrease cells’ proliferation in a dose-dependent manner in the measured
concentration range (up to 100 pg/mL). However, the cells remain alive according to the fluorescent
assay. Moreover, the treated cells were imaged using confocal laser scanning microscopy. Cellular
uptake was confirmed by the presence of upconversion luminescence in the cells.

Lanthanides are known as excellent for application in luminescent materials, have unique physicochemical and
optical properties, being a result of 4 f electronic configuration. Nowadays the growing interest in research is
focused on upconverting nanoparticles (UCNPs) based on host materials doped with lanthanide ions (Ln3*).
These materials can convert low energy photons from the near-infrared range (NIR) to higher energy ones,
through the multiphoton absorption process'. Upconverting materials can be used in various applications such
as displays, solar cells, sensors, lasers, biosensors, drug delivery and many others®~°. Especially interesting is the
application of UCNPs as biomarkers what is possible due to their excitation within biological transparency win-
dow (in the range 700-1000 nm)*. Thanks to this property and by using of NIR radiation, harmful effects to
healthy cells are reduced in comparison to those taking place under UV excitation.

As potential biomarkers, UCNPs should exhibit high emission intensity, small size (below 50 nm) and low
cytotoxicity. Their surface should also allow conjugation with biomolecules. The most prominent phosphors,
which exhibit efficient emission of light under NIR radiation are based on fluoride matrices, such as, MF, host
materials doped with Ln*" ions (where M = Ca, Sr, Ba; for more details see Table S1)*’-22. These materials are
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characterized by low phonons energy and high chemical stability, which have direct influence on their potential
applications*?!,

The most important step, determining NPs utilization is their effective synthesis. For this purpose, the most
promising for preparing MF, materials is the solvo(hydro)thermal method allowing carrying out the process
under high pressure and temperature®’. The advantages of the method are: obtaining single-phased products
with small sizes of NPs, possibility of carrying out the synthesis in water, easy control of the synthesis conditions
and, what is the most important, good crystallinity of products which improves their luminescence efficiency®.

Hydrothermal method is very common for synthesis of upconverting SrF, what is reflected by many of pub-
lished articles!>!1419232526 One of the first papers was published by J. Sun et al.2°, where particles were obtained in
one-step hydrothermal method with different surfactants (citric acid, EDTA, PVP, OA) to change their size and
morphology. The same group of researchers obtained SrF,:Yb**, Er’* in oleate complex system in a mixture of
water, ethanol and oleic acid, what allowed to obtain much smaller particles, around 5-25 nm'!. The most known
and cited method for synthesis of SrF, NPs, was published by M. Pedroni et al.%. This procedure allows obtaining
very small particles with a size around 8 nm and intense emission in water colloids. Based on this synthesis route,
a lot of research has been done, e.g. I. Villa et al. obtained SrF,:Nd** particles for deep tissue, autofluorescence
free, high resolution in vivo imaging using emission band at 1.340 um'%; M. Quintanilla ef al. synthesized 9 nm
SrF,:Yb*", Tm*" NPs in water/D,O colloids, with intense emission in ultraviolet range; S. Balabhada et al.'” based
on SrF,:Yb**,Er* reported a straightforward method to predict the temperature calibration curve of any upcon-
verting thermometer based on two thermally coupled electronic levels independently of the medium. Besides,
many research groups modified Pedroni’s method of SrF, NPs synthesis, especially to obtain core@shell struc-
tures, e.g. S. Zanzoni et al.'® synthesized SrF,:Yb**,Tm* @SrF,:Yb**,Er*" in two-step hydrothermal synthesis
for investigation of interactions between Ln-doped fluoride NPs and biomolecules whereas P. Cortelletti et al.
published synthesis of multishell NPs'” used for optical thermometry. A lot of research was focused on different
applications and properties of upconverting SrF,, (Table S1). The aqueous environment of NPs synthesis may be
responsible for quenching of luminescence by ~-OH modes, due to non-radiative relaxation process. Therefore,
design of accurate nanosized bioimaging probe requires optimization of the standard synthesis methods. Apart
from the appropriate composition of the starting mixture, time and temperature of reaction, also adequate
co-regents present in the synthesis medium, e.g. sodium citrate, ethylenediaminetetraacetic acid (EDTA) or cetyl
trimethyl ammonium bromide (CTAB) may influence luminescence intensity of the final product and have effect
on the size, shape, and degree of agglomeration of particles**'>?’. In MF, doped with Ln*" ions, the composition
of the starting mixture may also be crucial for charge compensation within the crystal structure!'>%,

In this paper, we present structural and spectroscopic properties of StF,:Yb**,Ln** NPs. Most of the published
articles present spectroscopic properties of SrF,:Yb**,Er** or just single Ln**-doped NPs*!":1#15262° Herein we
report comparison of three upconverting systems with Ho**, Er** or Tm*" ions as luminescence activators. NPs
were prepared by hydrothermal synthesis, with two surfactants - trisodium citrate (NaCit) or ammonium citrate
tribasic (NH,Cit) as chelating agents. Alternative synthesis procedure, for the most common, NaCit-based was
developed. Also, the effects of such factors as time and amount of precipitation agent on size, the shape and
agglomeration of particles, and especially spectroscopic properties were investigated. Because of potential bio-
logical applications of the synthesized NPs also their cytotoxicity was assessed. The prepared NPs were also exam-
ined as potential biomarkers. NPs may interfere with the functioning of cells, e.g. by plasma membrane integrity
disruption, disturbance with organelle function or damage of the cytoskeleton®. The cytotoxicity depends on a
lot of traits, such as size, shape, functionalization, coating, cell line used during the experiment, etc.”’. Therefore,
it is essential to assess the toxicity of newly produced NPs, which was one of the aims of the presented study.
Toxicity analysis distinguishes our article from many other. Moreover, the cellular uptake of the nanostructures
was imaged using confocal microscopy. Our article presents complex and wide report covering optimization of
synthesis procedure, comparison of luminescence properties between products prepared in various conditions as
well as with three different emitting lanthanide ions. Additionally cytotoxicity of prepared products was analysed
for bare and functionalised NPs.

Results

Structure and morphology.  Strontium fluoride doped with Ln** crystallized as cubic crystals with Fm3m
space group (Fig. 1). Samples showed single-phased structure, however, they had different crystal sizes, which was
reflected in the width of XRD peaks. NPs’ sizes determined from Scherrer equation and DLS measurements are
collected in Tables S2 and S6 (for experimental results see Figs S1 and S2). Synthesis of the samples with 1.5x
excess of NH,F within 6 and 12 h resulted in similar NPs with 11-14 nm diameter, no matter which co-regent was
used. By increasing the excess of F~ ions to 3, more than twice larger NPs with sizes between 28 and 39 nm were
obtained. These differences in the size and morphology were caused by changes in the kinetics of the reaction and
rapid growth of crystallites in the presence of higher concentration of F~ ions. Determined hydrodynamic diam-
eters of the obtained NPs also confirmed the growth of their sizes from around 20-40 nm to above 100 nm when
a higher amount of NH,F was used. The results indicate also, the tendency to agglomeration of NPs prepared with
threefold excess of NH,E.

TEM images show small spherical NPs with narrow size distribution when 1.5x excess of NH,F was
used (Fig. 2a,b). The determined sizes were: 14.7 + 2.5 nm for products obtained in the presence of NaCit as
a co-reagent and 13.3 £ 2.5 nm when NH,Cit was used. With a 3x excess of NH,F much larger NPs precipi-
tated: 42.4 +9.7 nm for NaCit used as a co-reagent and 38.4 & 10.6 nm when NH,Cit was used. NPs prepared
with higher excess of NH,F were of irregular shape with a wider distribution of their sizes and with visible
agglomeration.

The composition of obtained products analysed by the ICP-OES technique (results in Table S3) revealed
higher than expected amount of Yb** in all samples: between 21-24% when a 1.5x excess of NH,F was used
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Figure 1. XRD patterns of the SrF, samples synthesized by hydrothermal method. The patterns are described
according to the scheme: source of citric ions, time of reaction, excess of NH,F precipitating compound (the
used concentrations were: 20% Yb**, 1% Ho**, 1%Er** and 0.25% Tm>*).

and between 23-28% when the excess was 3. The explanation of the extra amount of Yb** ions is complex.
The smallest ionic radius of Yb** ions from all the elements used in the synthesis allowed efficient incorporation
of these ions into the SrF, crystal lattice (rSr** =1.26 A, rTm3 =0.9994 A, rEr’* =1.004 A, rHo** = 1.0015 A,
rYb** =0.985 A for coordination number CN = 8)*2. High amount of charge compensating F~ ions presented
when 3x excess of NH,F was added, additionally allowed embedding Yb*" into the SrF, structure to a higher
extent. Another factor increasing the concentration of dopant ions, is the difference in solubility between SrF, and
LnF;. The latter one is less soluble in water, which favours incorporation of Ln** into the forming fluoride struc-
ture. The presence of higher amount of F~ ions also leads to this process (according to the solubility constant).

Elemental analysis revealed higher amount of nitrogen atoms in the samples synthesised in the presence of
NH,Cit as co-reagent (see Table $4) in comparison with those obtained in presence of NaCit. The increased
amount of nitrogen is related to NH, " ions presented on the surface of NPs as well as ions embedded into struc-
ture of particles.

Higher concentration of Yb*" in the materials resulted in reduced crystal cell volumes in comparison to
those doped to a lower degree (for more see Table S5). The smallest cell volumes were calculated for the samples
with 3x excess of NH,F and prepared with NH,Cit as co-reagent (for Yb**/Ho**, V = 188.09(4) A% Yb3*/Er*+
V=188.10(5) A% Yb**/Tm*" V=188.16(5) A?). The reference, taken from the ICSD database, shows the cell
volume for the pure StF, V=194.50(7) A%.

In the fluorite-type structure of MF,, the cations are located at the centre of a cubic unit cell, surrounded
by eight F~ anions. The doping by Ln** replaces M>* ions introducing a local charge. Charge balance may be
achieved by the addition of interstitial F~ ions, occurring simultaneously or by introduction of M* jons!>325,
Along with charge compensation process, structural and spectroscopic properties of NPs may be affected.
Monovalent cations (e.g. Na"), lead to a reduction in interatomic distance which can significantly improve upcon-
version properties of these materials****. In the prepared SrF, NPs, there are two possibilities of charge compen-
sation. The first, with creation of interstitial fluorine ions: Sr>* — Ln** + F~, and the second with incorporation
of monovalent cations, which were Na* or NH,* depending on the type of reagent: 25r** — Na*/NH,* + Ln** %,
However, NH, " ions are larger than Na* and Sr?*, thus their ability to compensate charge imbalance is rather low
("NH,* =1.54A, rNat =1.18 A)*.

Zeta potentials were measured to determine the surface charge of the prepared NPs. All samples exhibited
negative surface charge from —14.945.4mV to —33.3+4.4mV (Table S7) at physiological pH, which indi-
cates their good stability in water as colloids and confirm the presence of negative COO~ groups on the sur-
face. Furthermore, the FT-IR spectra also revealed citrate anions on the surface of the obtained particles via the
presence of stretching vibrations assigned to the -CO, -CH, -COO~ and-OH bonds (Supplementary Materials,
Fig. $3). As the result of higher amount of NH, " ions in the materials prepared in presence of NH,Cit, absorption
band located at around 1610 cm ™! revealed shift towards -NH bending range in comparison to samples prepared
in the presence of NaCit.
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Figure 2. TEM images and nanocrystals size distribution of hydrothermally synthesized samples: (a)
SrF,:Yb**,Er**, NaCit, 12h, 1.5 x NH,F (b) SrF,:Yb**,Er**, NH,Cit, 12h, 1.5 x NH,F (c) SrF,:Yb**,Er**, NaCit,
12h, 3 x NH,F (d) StF,:Yb** Er**, NH,Cit, 12h, 3 x NH,E.

Spectroscopic properties.  Under excitation with the NIR radiation (at 976 nm) all samples exhibited emis-
sion that resulted from the used Ho**, Er** or Tm** dopant ions (Fig. 3). The brightest emissions were observed
for the samples, obtained in 12 h synthesis with 3 x excess of NH,F. The weakest emissions were recorded for the
samples obtained in shorter reaction time (6 h) and with 1.5x excess of F~ ions.

For all samples, spectroscopic measurements revealed the emission typical of Ln** ions and energetic pro-
cesses taking place in the products, such as energy transfer from Yb** to Ln>" ions, excitation into higher ener-
getic levels or emission quenching. The excitation spectra (Fig. 3a 900-1050 nm range) measured for the samples
show broad and intense bands with the maximum at 976 nm, which are characteristic of the *F,,, — °F;, tran-
sition of Yb** ions. These ions play a role of sensitisers in the studied systems, absorbing laser light. Yb** ion is
perfect for this function because of its simple energy structure: one excitation energy level (°F;;,), produced by
the absorption of radiation with a wavelength at around 980 nm. The intensity of this band was the highest for the
samples obtained in 12 h synthesis, with 3x excess of NH,F, where NaCit was used as a co-reagent. The excitation
band is broad in each sample, which is the effect of crystal field on the local environment of the ion resulting in
Stark-splitting of the ground *F,,, multiplet.

The strongest emissions, similarly to the excitation spectra, were recorded for the products obtained in the 12h
synthesis with NaCit and 3 x excess of NH,E, (see also Fig. $4). High luminescence intensity was also observed
for the samples doped with Yb**/Ho*" and Yb**/Er** obtained in 12 h synthesis with NaCit and 1.5 x NH,F or
NH,Cit and 3 x NH,FE. The above results can be explained by a relatively large size of NPs, obtained during longer
reaction time and with excess of fluorine ions. Small NPs are known to be prone for surface- and defects-related
quenching to a greater extent than large ones*. Also, an increased amount of sensitiser ions (Yb**), found in the
samples prepared during longer synthesis (Table S5) is a factor which improved luminescence of the described
structures.
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Figure 3. (a) Luminescence (300-900 nm) and excitation (>900nm) spectra of the NPs obtained under
pulsed excitation source (at 15 mJ-cm~2). (b) Emission of SrF,:220%Yb**,1%Er** samples, where: (i) NaCit,
12h, 3 x NH,E (ii) NaCit, 12h, 1.5 x NH,F, (iii) NH,Cit, 12h, 3 x NH,E (iv) NH,Cit, 12h, 1.5 x NH,E, (v)
NaCit, 12h, 1.5 x NH,F, excited by laser (\., =976 nm) in water (i-iv) or phosphate-buffered saline (v) with
concentration 0.1 mg/mL. (c) Simplified scheme of upconversion mechanism for SrF,: Yb**, Ln** systems.

The used co-reagent had a significant effect on the emission of NPs prepared. When NH,Cit was used, lumi-
nescence quenching was observed. This effect was caused by a larger number of NH, " jons present on the surface
of NPs in comparison to that on the products prepared in the presence of NaCit. The N-H vibrations are more
efficient quenchers than O-H and our results confirm this fact.

Analysis of the ratio of intensities of the two most intense bands present in the emission spectra brings addi-
tional information about the studied systems (see Fig. 3a for the spectra or Fig. S5 for comparison of integrated
emission intensities). The samples doped with a Yb**/Ho** pair of ions showed the °S,,°F, — °I; band as the most
intense, which resulted in green colour of emission (for CIE chromaticity diagram see Fig. S5). In the products
whose emission was of lower intensity, the green (°S,,°F, — °I;) and red (°F; — °I;) emission bands had similar
intensities, which was the result of decreased efficiency of excitation to the 58.°R, higher excited state. Excitation
into higher levels of Ln** jons usually require good crystallinity of the material and lack of quenching factors,
such as NH, " ions.

NPs doped with Yb**/Er** pair ions, showed yellowish-green emission colour, as an effect of mixing of the
transitions *Fy, — 1,5, (in the red range) and *S;,, — *I,5,, (green range). The first one was the most intense from
all observed transitions. NPs doped with Yb**/Er** pair ions were characterized by the highest emission intensity
from the whole studied group of compounds. The high upconversion intensity of Yb** and Er** doped samples
is connected with the best match of the energies of the excited levels of the used activator ions (Yb** *F5, — Er**
1,,), thanks to which the energy transfer between these ions is more efficient. Depending on the synthesis con-
ditions, the ratio between red and green transition bands was slightly different, revealing the influence of NPs’
sizes and charge compensation issues on the UC mechanism and quenching processes efficiency (see Figs S5 and
$6). Increased red emission band is usually connected with non-radiative relaxation form the S;,, excited state
what in the presented results is an effect of NH, " ions presence and lower crystallinity of the products obtained at
shorter time and with smaller NPs’ sizes.

The samples doped with Yb**/Tm?* pairs of ions showed blue or pink-blue UC with the domination of
H, — *Hg transition (NIR band) in the spectra (Figs 3a, S5 and S6). The ratio between 'G, — *H, and *H, — *H,
transitions was similar for each type of co-reagent used. However, for the systems in which quenching through
to the presence of -NH oscillators was noticeable in the emission intensity, the colour of emission was slightly
shifted to the red (Fig. $6). The 'D, and 'G, excited states of Tm** are more sensitive to the quenching factors
as evidenced by a change in the emission colour. The observed spectroscopic properties of SrF,:Yb**,Tm** NPs
shows that colour of luminescence may be controlled during the synthesis, by co-reagents affecting the quenching
processes.

Figure 3b shows the luminescence of SrF,:20%Yb**,1%Er** NPs in the form of water colloids under excitation
with 976 nm laser light. The intense emission of water colloids allow a description of prepared NPs as potentially
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6 135 21.0 29.2 168 16.9 254 49.3 487 1183 374.0 364.8 2140
NaCit v 12 157 27.3 35.0 24.0 303 334 335 108.6 204.2 4258 4206 2842
3x 12 515 117.8 146.5 103.9 744 82.1 90.6 2357 309.3 596.6 592.3 4922
6 17.6 22.1 39.5 244 298 41.2 379 89.4 1458 3419 352.8 263.5
NH,Cit v 12 114 31.6 37.1 24.1 260 29.7 304 97.0 147.0 357.0 366.3 252.7
3x 12 44.4 96.7 1108 81.3 462 55.2 63.7 1744 2486 5117 500.5 368.6

Table 1. Emission lifetimes calculated on the basis of the measured luminescence decays of SrF,:Yb**,Ln** NPs
under 976 nm laser excitation (for decays see Fig. 8, err <0.1 jis).

useful for biomedical applications especially for bioimaging as we show below. A scheme of the upconversion
mechanism responsible for the observed emissions is presented in Fig. 3c.

On the basis of luminescence decays measured for the obtained product (Supplementary Materials, Fig. S7),
the luminescence lifetimes were calculated and are collected in Table 1. The values of lifetimes for the Yb**/Ho**
doped samples are strongly related to the luminescence intensity. The longest lifetimes (147 ps for the “F; — °I
and 118 ps for °S,, °F, — °I; transition) were determined for the best emitting sample prepared in 12 h synthesis,
with NaCit as co-reagent and 3 x excess of NH,F. An analogous sample, but prepared in the presence of NH,Cit,
had a similar value of lifetime. Luminescence lifetimes determined for the °F; — °I; transition, which occurred in
the red spectral range, were usually the longest ones, which is related to the necessity of non-radiative transition
between the °S,, °F, and °F;, excited states. The shortest decay time was measured for the sample obtained in 6 h
synthesis and with NaCit as co-reagent. The reason is very weak luminescence of this highly quenched sample.

Analysis of luminescence decays measured for the samples doped with Yb**/Er** ions, revealed that the long-
est lifetimes were typical of products obtained in 12h synthesis in the presence of NaCit and 3 x excess of NH,F,
similarly to the Yb**/Ho* doped samples. The lifetime assigned to the *Fy, — *I,5/, transition was 236 ps for
the sample prepared in the presence of NaCit and 174 pus when NH,Cit was used as co-reagent. Lifetimes were
slightly shorter for the compounds prepared with NH,Cit as a chelating agent, because of the earlier mentioned
quenching effect of -NH modes. The longest lifetimes calculated for the red band can be related to the Er** excita-
tion mechanism to the “Fy, level. There are two possibilities of the excitation: one connected with non-radiative
transition from ?H,, , level and the other with non-radiative transition from I, , to *I,,, excited state followed by
absorption of a photon to *Fy, level (I3, (Er*") +2Fs), (YD**) — *Fy), (Er*") +2F,, (Yb*")). The first excitation
pathway occurs when the emission lifetime of *Fy,, — %I/, transition is similar to that of 1S,, — *I,5,,, which is
observed for the compound synthesized in a 6 h process with 1.5x excess of NH,F and in the presence of NaCit.
The second mechanism can explain the observed spectroscopic properties if the decay time of the transition
4Fy, — 1,5, is twice as long (or even more) as the *S;,, — 1,5, transition lifetime. That is true for all samples
except the one mentioned above. If the first pathway of the *F,,, population dominates, the decay time of 'F, level
should be similar to that of *S,,. But if the energy transfer prevails, the decay time of the *Fy , level depends on the
decay times of *I,3, (Er**) and Fs), (Yb**).

The SrF,:Yb**,Tm** NPs showed the longest decays from all obtained samples. Furthermore, similarly as for
the samples doped with Yb**/Ho** or Yb**/Er** ions described above, the sample prepared in 12 h synthesis,
with 3 x NH,F and with the use of NaCit, was characterized by the highest value of emission lifetime (596.6 jis for
'G, —*Hgand 592.3 pis 'G, — °F,). Similarly to the samples with Yb**/Ho®* and Yb**/Er*, those prepared with
NH,Cit as a complexing agent showed shorter lifetimes in comparison to that of the analogous product prepared
with NaCit. Decay times strongly depended on the population mechanism of the excited states. Also, quenching
factors present in the system affected the determined emission lifetimes.

For better understanding of the upconversion mechanism, dependencies of the luminescence intensity on
laser powers were measured. The relation between the UC intensity I and the pumping excitation power density,
Pis given by the equation®:

Ix P"

where # is the number of photons required to populate the excited state. The results of the calculations are col-
lected in Table 2 (see Fig. S8 for the experimental data).

To achieve °S,/°F, or °F; excited state of Ho®* ions two photons are required. The result of experiments, shown
in Table 2, are in some cases different from the theoretical ones. For the samples prepared in 6 h synthesis and with
NaCit as well as with NH,Cit as co-reagents, the number of photons was lower than expected, which was caused
by non-radiative relaxation to the °F; lower excited state. The highest slope value was obtained for the sample pre-
pared with 3x excess of NH,F, which is also connected with intense emission and long lifetimes determined for
this sample. The slope coefficients determined for NPs doped with a Yb**/Er** pair of ions are higher than those
for almost all samples (except the samples prepared in the presence of NH,Cit), which confirms the two-photon
excitation process. For the samples doped with Yb**/Tm?* ions, the dependencies of the emission intensity on
laser energies were measured for four transitions. According to the scheme in Fig. 3c, the 'D, energy level requires
four photons in the excitation process, 'G, three photons, and *H, two photons. From the experimental data only
for the *H, — *H, transition (two-photon process), the number of photons was close to the theoretical value.
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1 6 1.9 20 1.0 1.7 1.8 17 24 25 1.3 19
NaCit 12 2.0 22 1.5 1.7 1.8 1.8 1.8 2.1 20 1.7
3x 12 1.8 1.8 15 18 1.6 1.7 12 11 2.1 12
6 0.7 1.6 0.7 0.9 1.1 12 0.8 1.6 1.9 1.7
NH,Cit 12 10 12 0.8 10 1.1 13 1.3 1.0 1.5 13
3x 12 1.8 19 1.6 0.8 0.8 1.0 13 13 133 12

Table 2. Number of photons involved in the upconversion mechanism, determined from the dependencies of
luminescence intensity on laser power for SrF,:Yb**,Ln** NPs (for experimental results see Fig. S9, err <0.15).

Summarising, for almost all samples the slope coefficient values are lower than expected, especially for Yb**/
Tm?** dopants. There are many factors which can affect the UC process and lower slope values, e.g. saturation
effect, heating of samples or cross-relaxation process between dopants. Nanomaterials are particularly prone to
quenching processes, and their crystal structure is often defected which yields luminescence deactivation centres.

On the basis of the collected and literature data, the UC mechanism proposed for SrF,:Yb**,Ln** NPs is pre-
sented in Fig. 3c. In these systems, Yb*" ions absorb photons, which results in excitation of the Yb*" ion from *F;,
to 2Fj), excited state. In the next step, the energy may be dissipated, leading to Yb** ion in its ground state or, as
a result of energy transfer upconversion (ETU), to the Ln** ion (°I; energy level for Ho**, *I,, , for Er’* and *H,
for Tm**). To achieve an appropriate energy level for Ho’" and Er** in the samples, the two-photon process is
required. For Tm** from two to four photons must be transferred.

Biological properties.  Cell health and growth can be determined by quantifying different parameters. In
the presented study, the viability of cells treated with the studied NPs was investigated using the WST-1 and Live/
Dead cell viability assays (see Supplementary Materials for more details). The WST-1 assay determines the cell
metabolic activity and proliferation, whereas the Live/Dead assay determines the ratio of alive to dead cells in
the population. Fluorescent Live/Dead cell viability assay showed that the proportions of alive and dead cells
incubated with NPs were similar to the control cells (Fig. 4a). Representative images of the cells exposed to the
analysed NPs are displayed in Fig. 5 and Figs S9-11. However, the WST-1 test showed contrary results. Namely,
NPs caused a significant decrease in the proliferation rate in a dose-dependent manner in the measured concen-
tration range (up to 100 ug/mL) (Fig. 4b). Moreover, the cytotoxic effect differs between the NPs doped with var-
ious ions. From among bare NPs (not coated with PEG-(COOH), or PAA) the structures doped with Tm?** were
more cytotoxic than those doped with Ho** and Er**. Namely, the cells treated with SrF,:20%Yb?",0.25%Tm?**
at concentration 25 pg/mL showed significantly lower proliferation rate than the control cells, whereas the other
two bare nanostructures showed a negative influence on the cells at 50 ug/mL. The obtained results are in contrast
to some of the earlier reports claiming that the synthesized fluorides doped with Ln** ions had no or low impact
on mammalian cells***”. However, other authors reported that some of the NPs may decrease cell viability even
at relatively low concentrations™.

To improve the bio-application and decrease the cytotoxicity NPs are usually coated and functionalized as
described previously®'*’. These procedures were also generally used to improve other properties of nanostruc-
tures, such as dispersion ability and stability of NPs in aqueous solutions, luminescence properties, shape or pro-
tection from the surrounding environment. The studied NPs were coated with two different organic compounds,
namely PEG-(COOH), and PAA. In the case of NPs doped with Ho** their modification with the PEG-(COOH),
and PAA caused a slight increase of the cytotoxicity (Fig. 4b). This effect was not observed when the cells were
incubated with SrF,:20%Yb**,1%Er** and SrF,:20%Yb**,0.25%Tm>*. The obtained results are in accordance with
those Das and co-authors, who claim that PEG-oleate capped NaYF,: Yb**,Er** significantly decrease the viability
of Human Aortic Endothelial Cells in comparison to bare NPs*, although in most of the previous research, NPs
coated with PEG-(COOH), and PAA were considered as a less toxic than bare NPs**%.

The confocal microscopy study demonstrated that all of the synthetized NPs were easily internalized by the
fibroblast cells (Fig. 6 and Figs S12, S13), despite their negative charge, as confirmed by the presence of upcon-
version luminescence. High cellular uptake of negatively charged NPs results from strong and nonspecific
interactions with the plasma membrane®!. The results are in accordance with previous research, showing that
upconverting fluorides doped with Ln** ions are suitable for imaging*>*.

Discussion

SrF,:Yb**,Ln*" nanoparticles (where Ln = Ho, Er, Tm) can be synthesised by hydrothermal method using metal
salts and NH,F as reagents, NaCit or NH,Cit used as co-reagents allowing for control reaction kinetics. The influ-
ence of complexation agents, as well as reaction time and amount of ammonium fluoride on morphology and
spectroscopic properties, was studied in details. The size of obtained NPs was slightly depended on the reaction
time, which was 6 or 12h. Much more important was the concentration of NH,F precipitating reagent. Two con-
centrations were used: 1.5x and 3 x excess to the stoichiometric amount. Lower concertation of NH,F resulted in
NPs with sizes around 11-15nm, however, higher excess caused precipitation of slightly agglomerated NPs with
sizes between 28-39 nm. The used synthesis conditions also affected dopants concentrations what was especially
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Figure 4. (a) Influence of SrF,:Yb**,Ln**, SrF,:Yb**,Ln**@PEG(COOH),, SrF,:Yb**,Ln**@PAA on human
fibroblasts’ viability, determined by the Live/Dead cell viability assay. The data are shown as mean values

with the standard deviation (means = SD). (b) Influence of StF,:Yb**,Ln**, StF,:Yb**,Ln** @PEG(COOH),,
SrF,:Yb*",Ln** @PAA on human fibroblasts’ proliferation, determined by WST assay. Asterisks indicate results
significantly different from those obtained for the control (Kruskal-Wallis test, significance at p < 0.05). The
data are shown as mean values with the standard deviation (means =+ SD).

visible in case of Yb** ions. Smaller particles, prepared in the presence of 1.5x excess of NH,F, usually had
between 20-23% mol. of Yb** ions, where those prepared with 3 x excess of NH,F 23-28% mol. The applied con-
ditions also had the influence of hydrodynamic diameter of NPs in water colloids. 1.5x excess of NH,F resulted
in NPs with diameter around 18-47 nm, whereas 3 x excess in the formation of larger clusters with diameter
100-250 nm, most probably consisted of several NPs. The prepared NPs were negatively charged at physiological
pH, what was a result of the presence of citrate groups on their surface. Determined zeta potentials were in the
range of —15to —33 mV.

The applied synthesis conditions had a great influence on the spectroscopic properties of obtained NPs.
The most intense emission under NIR wavelengths was obtained for products prepared in 12h synthesis, with
3 x NH,F excess and NaCit as a complexing agent. Furthermore, reaction time and added co-reagent had also
effect on the upconversion colour, what was a result of changes in the intensity of emission bands. Measured
luminescence decays as well as dependences of luminescence intensity on laser powers confirmed energy transfer
between Yb** and Ho**, Er** or Tm** as process responsible for observed upconversion.

Summarising, high upconversion intensity can be achieved only if a large excess of NH,F reagent is used, the
reaction time is long (12h) and as co-reagent, NaCit is used. On the other hand, small NPs with narrow size dis-
tribution can be obtained when reaction time is short (6 h) and NH,F precipitating agent is at low concentration.

The cytotoxicity of the synthesized and functionalized NPs was investigated, using WST-1 cell proliferation
assay and Live/Dead cell viability assay. We demonstrated that the synthesized structures exhibited proliferative
inhibition in fibroblast cells in a dose-dependent manner, whereas they appeared to be alive according to fluores-
cent assay. Further in vitro toxicity evaluation with the aim to discover the mechanisms of impact of NPs on the
cells has to be performed. Cellular uptake of the NPs was confirmed by the presence of upconversion lumines-
cence in the cells. The luminescent properties of the nanoparticles allow them to be used as fluorescent agents in
bio-imaging applications.

Methods

Materials. Rare earth (RE) oxides: Er,05 and Yb,0; (99.99%, Stanford Materials, United States) were
dissolved separately in hydrochloric acid, HCI (ultra-pure, Sigma-Aldrich, 37%, Poland) in order to obtain
respective rare earth chloride solutions in a concentration of 1 or 0.25 M. Ammonium fluoride, NH,F (98+%,
Sigma-Aldrich, Poland) was used as the source of fluoride ions. Strontium chloride hexahydrate SrCl,-6H,0
(Sigma-Aldrich, 99+%, Poland), citric acid trisodium salt dihydrate, (Sigma-Aldrich, 97%, Poland) and ammo-
nium citrate tribasic, (Sigma-Aldrich, >97%, Poland), phosphate buffered saline (BioShop), poly(ethylene glycol)
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Figure 5. Representative high-content images of MSU1.1 cells exposed to SrF,:20%Yb*",0.25%Tm**
nanoparticles (6.25-100 ug/mL). Images were obtained using different filters to detect nuclei (DAPI), live cells
(FITC), and dead cells (TexasRed). The scale bars denote 100 pm.

bis(carboxymethyl) ether (average M,, 250, Sigma-Aldrich, Poland), polyacrylic acid (average M,, 1800, Sigma —
Aldrich, Poland) were used as received, without further purification. Deionized water was used for the synthesis.

Synthesis of SrF,:Ln** nanoparticles. To obtain 3.5mmol of SrF, doped with 20% of Yb** and 1% of
Ho’*, 2.77mL of 1 M SrCl, solution and YbCl; mixed with HoCl; (0.70 mL of 1 M YbCl, and 0.14 mL of 0.25M
HoCl;) were added to 20 mL of 1 M sodium citrate, NaCit solution (anti-agglomeration and complexing agent)
or 1 M solution of ammonium citrate, NH,Cit. Then, 5mL of 2.10 M or 4.20 M solution of NH,F (depending on
the NH,F excess) were added to the solution containing SrCl, and LnCl; salts. The pH of the final mixture was
equal to 7.5. The as-prepared transparent solution was transferred into the 50 mL Teflon-lined vessel and hydro-
thermally treated for 6h or 12h (180°C, 15 bars), in an externally heated autoclave (Berghof DAB-2). When the
reaction was completed, the obtained white precipitate was purified by centrifugation and rinsed several times
with water and ethanol. The final product was dried under ambient conditions. NPs doped with Er** or Tm**
were prepared analogously.

Surface functionalization of SrF,:Yb*+,Ln** nanoparticles. Three samples: SrF,:20%Yb**,1%Ho*",
SrF,:20%Yb**,1%Er** and SrF,:20%Yb*+,0.25%Tm?* prepared by 12 h synthesis in the presence of NaCit and
with 1.5% excess of NH,F were selected for cytotoxicity studies. The samples showed necessary parameters for
bioimaging such as good spectroscopic properties and small NPs’ sizes, around 15 nm.

To modify surface of NPs, 100 mg of each sample was dissolved in 30 mL of phosphate-buffered saline (PBS).
After that, the solution was ultrasonicated for 1 h. Next, 4 mL of each NPs solution was mixed with 4 mL of 1%
solution of poly(ethylene glycol) bis(carboxymethyl) ether (PEG-(COOH),) in PBS or 4 mL of 1% solution of
polyacrylic acid (PAA) in PBS. After another 0.5h of sonification, samples where centrifuged, washed with PBS
solution three times, and dissolved in PBS. As prepared colloids were diluted by PBS solution to receive 100 ug/mL
concertation of NPs.
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Figure 6. Human fibroblasts after 24 h incubation with the: (A) SrF,:20%Yb**,0.25%Tm?", (B)
SrF,:20%Yb*0.25% Tm**@PEG(COOH),, (C) SrF,:20%Yb*70.25% Tm** @PAA, imaged using confocal laser
scanning microscopy equipped with a tuneable infrared laser. Red colour - cell membrane (concanavalin 647,
exc. 633 nm), blue colour - cell nuclei (DAPI, exc. 405nm), green colour — NPs (NPs’ luminescence, infrared
excitation).

Characterization. Powder diffractograms were recorded on a Bruker AXS D8 Advance diffractometer in the
Bragg-Brentano geometry, with Cu K, radiation X\ = 1.5406 A, in the 26 range from 6 to 60°. The reference data
was taken from the Inorganic Crystal Structure Database (ICSD). The composition of prepared materials was
analysed by Inductively Coupled Plasma-Optical Emission Spectrometer Varian ICP-OES VISTA-MPX and EA
Vario EL III. Transmission-electron-microscopy (TEM) images were recorded on an FEI Tecnai G2 20 X-TWIN
transmission electron microscope, which used an accelerating voltage of 200 kV. Fourier transform infrared spec-
tra (FT-IR) were recorded using a JASCO 4200 FT-IR spectrophotometer. DLS and zeta potential measurements
were performed by using a Malvern Zetasizer Nano ZS instrument.

The luminescence characteristics (excitation, emission spectra, luminescence decays) of the prepared samples
were measured on a QuantaMaster™ 40 spectrophotometer equipped with an Opolette 355LD UVDM tunable
laser, with a repetition rate of 20 Hz and a Hamamatsu R928 photomultiplier used as a detector for emission/
excitation spectra and decay time measurements. A continuous Dragon Lasers DPSS 980 nm laser was used as the
excitation source, coupled to a 200 um optical fibre and collimator to determine dependencies between emission
intensity and laser power.

Cytotoxicity. Cell culture. Human fibroblast (MSU-1.1) cell line from Prof. C. Kieda (CBM, CNRS, Orleans,
France), was cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco), supplemented with 10% fetal
bovine serum (FBS, Sigma-Aldrich) and 1% penicillin-streptomycin antibiotics (Sigma-Aldrich). The cells were
maintained at 37 °C in a humidified atmosphere supplemented with 5% CO,. The cell morphology was checked
using an inverted microscope (Leica DMIL LED).

Cytotoxicity assays.  For the cytotoxicity test, 5-10° cells/well were seeded at 96-well plate and incubated for 24 h.
Afterwards, 50 ul of several different concentrations of the NPs diluted in PBS were added to 150 pl of culture
medium in each well resulting in a final concentration of 100, 50, 25, 12.5 and 6.25 pg/mL, and the cells were fur-
ther incubated for 48 h. Phosphate buffered saline (PBS, Sigma-Aldrich) was used as a control. For more details
see Supporting Information.
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Introduction

Table S1 shows review of literature about SrF, upconverting nanoparticles with basic information
about synthesis conditions and conclusion form the presented research.
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Table S1. Examples of synthesis method and properties of upconverting SrF, from literature.
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Structure and morphology

Table S2. Size of obtained NPs, calculated from the Scherrer equation on the basis of XRD analysis*°.

E s = Size (nm)
§° 1-3 E SrF2:20%Yb**,1%Ho** SrF2:20%Yb3*,1%Er3* SrF2:20%Yb3*,0.25 %Tm3*
S @ £
S € % | 1.5xNHdF 3x NH4F 1.5x NHaF 3x NH4F 1.5x NHaF 3x NHaF
6 11.7+0.1 11.8+0.2 11.6 +0.2
NaCit
12 12.8+0.1 | 281+03 | 135404 | 385+04 | 11.5+0.1 38.9+0.4
6 12.6+0.1 14.7 +0.5 14.1+0.3
NH4Cit
12 142+03 | 36.2+09 | 151+05 | 388+0.7 | 15302 36.6+0.7
SrF,:20%Yb*,1%Ho™ SrF,:20%Yb* 1%Er™ SrF,:20%Yb*,0.25%Tm**
25 NaCit, 12, 3NH,F 1084367 om| ,; [NaCit, 12h, 3NH,F 959314 nm| ¢ [ NaCit 120, 3:NHF 1125 =370 m
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Fig. S1. Hydrodynamic diameters obtained by DLS analysis of the synthesised SrF»:Yb3*,Ln3* NPs in

the presence of NaCit as a co-reagent.
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Fig. S2. Hydrodynamic diameters obtained by DLS analysis of the synthesised SrF2:Yb3*,Ln3* NPs in

the presence of NH4Cit as a co-reagent.

Table S3. Metal ions composition of synthesised NPs analysed by ICP-OES (uncertainty of ICP-OES

analysis was below + 5% of the value).

= Molar percentage (%)
2 o
] £
w [ S
3 < Dopants 1.5x NHaF 3x NHaF
8%
17 e Yb3* Ln3* S+ Yb3* Ln®*
20%Yb**,1%Ho** 75.42 23.46 1.12
6 20%Yb3*,1%Er3* 77.79 21.39 0.82
5 20%Yb3*,0.25%Tm3* 76.97 22.71 0.32
2 20%Yb**,1%Ho** 74.51 24.17 1.32 74.61 24.02 1.37
12 20%Yb3*,1%Er3* 77.40 20.97 1.63 75.22 23.63 1.15
20%Yb**,0.25%Tm3* 75.43 24.34 0.23 75.54 24.24 0.22
20%Yb**,1%Ho** 75.63 23.07 1.30
6 20%Yb**,1%Er>* 75.95 22.76 1.29
5 20%Yb**,0.25%Tm3* 76.90 22.76 0.34
§ 20%Yb**,1%Ho%* 75.16 22.99 1.85 70.43 28.26 1.31
12 20%Yb**,1%Er3* 74.52 23.42 2.07 70.70 28.29 1.00
20%Yb**,0.25%Tm3* 76.66 22.98 0.36 71.28 28.51 0.22
4
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Table S4. Results of elemental analysis of chosen samples (doped with 20%Yb3*,1%Er3*).

Synthesis conditions N (wt%) C (wt%) H (wt%)
0.246 1.935 0.296
NHaCit, 12h, 1.5x NHsF
0.270 1.950 0.299
0.106 0.529 0.387
NHaCit, 12h, 3x NH4F
0.112 0.535 0.090
0.020 0.645 0.116
NaCit, 12h, 3x NH4F
0.030 0.526 0.098

Table S5. Cell parameter for cubic structure SrF2:Yb3*,Ln3* calculated in Maud software?®.

£ 21 = SrF2:20%Yb?*,1%Ho3* SrF2:20%Yb3*, 1%Er®* SrF2:20%Yb3*,0.25 %Tm3*

2 5| 25
@ Qo @

2 w 8 £

3 :Z‘:' x = a(A) v (A3) a[A] v (A3) a[A] v (A3)
" 6 5.73(8) 188.92(2) 5.73(8) 188.94(8) 5.73(7) 188.86(1)
n

o | 0

,z‘-; - 12 5.73(7) 188.86(9) 5.73(7) 188.86(9) 5.73(8) 188.89(7)
& 12 5.73(2) 188.31(1) 5.73(3) 188.39(1) 5.73(4) 188.48(9)
N 6 5.73(4) 188.56(9) 5.73(6) 188.71(7) 5.73(7) 188.78(1)

& | 40

3 - 12 5.73(7) 188.82(4) 5.73(7) 188.85(7) 5.73(8) 188.90(6)

2
X 12 5.73(0) 188.09(4) 5.73(0) 188.10(5) 5.73(0) 188.16(5)

Reference pattern SrF, ICSD #40414, a = 5.794 A, V = 194.50(7) A3

Table S6. Hydrodynamic diameters of obtained NPs determined by DLS measurements.
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Hydrodynamic diameter (nm)
Reaction 34 34 3+ 3+ 34 3+
Co-reagent time (h) SrF2:20%Yb*,1 %Ho SrF2:20%Yb**,1%Er SrF2:20%Yb**,0.25%Tm
1.5x NHaF 3x NHasF 1.5x NHaF 3x NHaF 1.5x NHsF 3x NH4F
6 18.5+5.0 22.15+6.68 27.3£5.7
NaCit
12 29.3+5.7 108.4+ 36.7 21.5+6.3 95.9+31.4 31.2+10.1 112.5+ 37.0
6 28.2+5.9 41.7+ 8.6 33.6+11.7
NHaCit
12 46.6+ 19.7 246.1+82.9 40.0+ 15.9 177.5£75.0 43.8+ 16.6 166.9+ 87.6
5




Table S7. Summary of zeta potential measurements for obtained SrF,:Yb3,Ln3* particles for

physiological pH value.

= SrF2:20%Yb**,1%Ho* SrF2:20%Yb**,1%Er* SrF2:20%Yb**,0.25%Tm>*
- Q
gcan £ 1.5% NHqF 3x NH4F 1.5% NHqF 3x NH4F 1.5x NH4F 3x NH4F
w5
S
g 2 Zeta Zeta Zeta Zeta Zeta Zeta
o § pH |potential| pH |potential| pH |potentia| pH |potential| pH |potential| pH |potential
o (mv) (mV) 1 (mV) (mV) (mv) (mvV)
-22.7 -233 -20.1
o
-5' 4.3 +85 s +8.38 7:34 +3.7
]
2|~ -14.9 -33.3 -21.0 -19.5 -27.9 -29.8
Rl +54 7.40 +4.4 7.40 +4.2 s +8.1 L +5.8 e +4.2
-28.3 -24.7 -23.3
_5' © | 7.33 +4.2 7.41 +45 7.34 +4.9
x
Z |~ -27.8 -27.9 -20.1 -29.6 -27.7 -26.0
- | 7.32 +38 7.43 +49 7.45 +38 7.37 +38 7.44 +45 7.34 +34
100
> ! 2
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Fig. S3. Fourier transformed infrared spectroscopy (FT-IR) spectra of the obtained samples (left) and
normalized absorption of samples in the 1400-1800 cm™ range (right). Absorption of samples
obtained in the presence pf NH4Cit presented small shift to shorter wavenumber as the result of

higher amount of NH4" ions.
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Luminescence properties
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Fig. S4. Relationships between the integral emission intensity and NPs size of SrF:Yb3*,Ln3*.
Calculations based on the emission spectra, measured under Aex = 976 nm pulsed excitation source

(at 15 mJ-cm?).
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Fig. S5. Integrated luminescence intensities of SrF2:20%Yb3*,x%Ln3* samples: a) 20%Yb3*,1%Ho3*, b)
20%Yb3,1%Er?*, c) 20%Yb3*,0.25%Tm3*, calculated from the spectra measured under Aex =976 nm

pulsed excitation source (at 15 mJ-cm™).
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(a) STF,:20%Yb**,1%Ho**
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X
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Fig. S6. CIE chromaticity diagrams of SrF2:Yb3*,Ln3* NPs, taken from the emission spectra measured

under Aex = 976 nm pulsed excitation source (at 15 mJ-cm).

Because of the non-exponential character of luminescence decays, the following equation was

used for lifetimes calculation:

Jy eI (®dt
T=—%
fo 1(t)dt

where tis the decay time, and /(t) is the intensity at time t.*7
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SIF,:Yb%,Ho* SIF,:Yb* Er* SrF,: Yb™, Tm**
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© NaCit,6h,1.5 x NH,F B NaClt, 6 h,1.5 x NH,F © NaCt,6h,1.5 < NHF
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Fig. S7. Emission decays of SrF2:Yb3*,Ln3* NPs measured under Aex = 976 nm pulsed excitation source
(at 15 mJ-cm?).
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(Aex = 976 nm), for SrF,:Yb3*,Ln3* NPs.
Biological properties

Cytotoxicity assays

For the cytotoxicity test, 5-10% cells/well were seeded at 96-well plate and incubated for 24 h.
Afterwards, 50 pl of several different concentrations of the NPs diluted in PBS were added to 150 pl
of culture medium in the particular wells resulting in a final concentration of 100, 50, 25, 12.5 and
6.25 ug/mL, and the cells were further incubated for 48 h. Phosphate buffered saline (PBS, Sigma-
Aldrich) was used as a control.

The influence of the studied NPs on the cells was investigated by cell proliferation WST-1 assay
(Takarra) according to literature.'® This colorimetric assay is based on the cleavage of tetrazolium
salts by mitochondrial dehydrogenase in viable cells. After 48 h of incubation with the NPs, WST-1
Cell Proliferation Reagent was added (10 uL per each well) and the cells were incubated again for 4

h. Then, 100 pL of supernatant was transferred to fresh wells to avoid absorption of light by the NPs
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and absorbance at 450 nm was measured using multiwell plate reader (Zenyth, Biochrom). The
reference wavelength was 620 nm. The cell viability was expressed as the respiration activity
normalised to untreated cells.

The fluorescent Live/Dead cell viability assay allows distinction of live cells with intact plasma
membranes from dead cells with compromised membranes. In this test, the cells were seeded in
black polystyrene 96-wells flat bottom plate with the transparent bottom (Greiner Bio-One GmbH).
Following 48 h exposure to the NPs, the cells were incubated with 2 uM calcein AM, 2 uM ethidium
homodimer-1 and 8 uM Hoechst 33342 (ThermoFisher Scientific) containing DPBS (100 pL/well) for
30 minutes at 37 °C. Finally, the cells were analysed with the IN Cell Analyzer 2000 (GE Healthcare
Life Sciences). Viable cells were imaged using the FITC/FITC excitation/emission filters while for the
dead cells the TexasRed/TexasRed ex/em filter combination was applied. DAPI/DAPI was applied to
detect the Hoechst 33342 blue signal. A minimum of 20 fields was imaged per well with a 20x
magnification. Analysis of the collected images was performed with the IN Cell Developer Toolbox
software (GE Healthcare Life Sciences) using an in-house developed protocol. At first, the total cell
number was retrieved from the DAPI images by means of defining and counting the nuclei.
Subsequently, the number of viable cells from the FITC images and the number of dead cells from
the TexasRed images were determined.

Each experiment was repeated three times and all of the samples in one experiment were tested
in triplets. The results were analysed using the non-parametric Kruskal-Wallis test with the Statistica
13 software package. Differences were considered statistically significant at p < 0.05. The data are

shown as mean values with the standard deviation (means % SD).

Cellular uptake of nanoparticles

To image the cells treated with the NPs, 1.25-10* cells/well were seeded at Lab-Tek™ chamber
slides which consist of removable polystyrene media chambers attached to standard glass slides and
grown for 24 h at 37 °C in a humidified atmosphere supplemented with 5% CO,. Afterwards, 50 pl of
NPs (100 pg/mL in PBS) was added to the cells which were further incubated for 24 h. Next, the cells
were fixed with 4% formaldehyde solution (Sigma-Aldrich) and stained with concanavalin A (Alexa
Fluor 647 Conjugate, ThermoFisher Scientific) and Hoechst 33342. Afterwards, the samples were
imaged using confocal laser scanning microscopy (CLSM, Zeiss, LSM 780) equipped with a tuneable
infrared laser. The fluorescence emission was detected using two channels: the spectrum of

luminescence under infrared excitation (an up-conversion process made by NPs) and the spectrum
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of fluorescence under VIS and UV excitation (Hoechst 33342 and concanavalin A). The above
procedure was applied to make sure that the detection of some compounds inside the cells came

from the up-converting NPs.
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Fig. S9. Representative high-content images of MSU1.1 cells exposed to (a) SrF2:20%Yb3*,1%Ho3*, (b)
SrF2:20%Yb3*,1%Ho3*@PEG(COOH),, (c) SrF2:20%Yb3*,1%Ho3*@PAA NPs (6.25 — 100 ug/mL). The
images were obtained using different filters to detect the nuclei (DAPI), live cells (FITC), and dead

cells (TexasRed). The scale bars denote 100 pum.
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Fig. S10. Representative high-content images of MSU1.1 cells exposed to (a) SrF2:20%Yb3*,1%Er3*, (b)
SrF2:20%Yb3*, 1%Er3*@(COOH)2, (c) SrF2:20%Yb3*,1%Er3*@PAA NPs (6.25 — 100 pg/mL). The images
were obtained using different filters to detect the nuclei (DAPI), live cells (FITC), and dead cells

(TexasRed). The scale bars denote 100 pm.
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Concanavalin A

Hoechst 33342 Nanoparticles Merge

Fig. S12. Human fibroblasts after 24h incubation with (A) SrF2:20%Yb3*,1%Ho3*, (B)
SrF2:20%Yb3*,1%Ho3*@(COOH),, (C) SrF2:20%Yb3*,1%Ho**@PAA imaged using confocal laser
scanning microscopy equipped with a tuneable infrared laser. Red colour - cell membrane
(concanavalin 647, exc. 633 nm), blue colour — cell nuclei (DAPI, exc. 405 nm), green colour — NPs

(NPs’ luminescence, infrared excitation).
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Concanavalin A

Hoechst 33342 AF 647 Nanoparticles Merge

A.--
B..
C--

Fig. S13. Human fibroblasts after 24h incubation with (A) SrF2:20%Yb3*,1%Er3*, (B)

SrF2:20%Yb3*,1%Er3*@(COOH),, (C) SrF2:20%Yb3*, 1%Er3*@PAA, imaged using confocal laser scanning
microscopy equipped with a tuneable infrared laser. Red colour - cell membrane (concanavalin 647,
exc. 633 nm), blue colour — cell nuclei (DAPI, exc. 405 nm), green colour — NPs (NPs’ luminescence,

infrared excitation).
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Sensitization of nanoparticles (NPs) by appropriate lanthanide ions is crucial for the obtained spectro-
scopic properties. Nd>* ions can absorb light at around 808 nm, allowing for deep tissue imaging, Yb>*
ions can be effectively excited by 975 nm radiation which is utilized in many areas, e.g. in anti-counterfeit
applications, while Er** ions are capable of absorption around 1532 nm, which in turn, is important for
solar energy conversion. Here, we describe a method for Nd*>* and Er** ions isolation in NPs by the
synthesis of core/shell structures. As an alternative to the most commonly used core/shell thermal
decomposition synthesis procedures, our products were obtained in water by a hydrothermal method.
SrF,:Yb>* Er?*@SrF,:Yb3 " Nd*>* NPs with sizes between 30 and 60 nm showed intense green to
yellowish-red luminescence in the visible range, due to Er>*-doping. Yb>* played the role of bridging
ions, transferring energy absorbed by Nd>* ions between the shell and core phases, limiting, in the same
way, cross-relaxation between Nd*' sensitizer ions and Er’* luminescence centers. Structure,
morphology and spectroscopic properties were investigated, revealing interesting processes taking place
in the prepared NPs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Studies of the up-conversion phenomenon (UC), initiated by the
theoretical proposal of Bloembergen in 1951 [1] and proved
experimentally by Auzel in 1966 [2], have significantly influenced
materials science. Especially in nanotechnology, the UC has raised
the important property of nanoparticles (NPs) allowing their ap-
plications in nanomedicine for cancer treatment and diagnosis
[3—8]. The unique nature of UC has also been utilized in 3D dis-
plays, solar cells, lasers and fiber amplifiers, security markers,
forensic science and pressure or temperature sensors [9—15].

UC is characterized by the conversion of low energy photons,
from the near-infrared range, (NIR) to higher energy ones through
the multiphoton absorption process [16], while down-conversion
(DC) is the conversion of higher-energy photons to photons with
lower energy (also known as down-shifting) [17]. Excellent mate-
rials which exhibit UC, as well as DC, are host compounds doped
with lanthanide ions (Ln**). These ions, together with Sc>* and Y**

* Corresponding author.
E-mail address: tgrzyb@amu.edu.pl (T. Grzyb).

https://doi.org/10.1016/j.jallcom.2020.154797
0925-8388/© 2020 Elsevier B.V. All rights reserved.

form a group of rare earth ions (RE>**). Ln>* ions have unique
physicochemical and optical properties, due to their 4f electronic
configuration. The energy levels of Ln>* ions are well-defined, due
to the effective shielding of the 4f orbitals caused by the filled 5s
and 5p orbitals, and lie in the range of UV to NIR. Therefore, tran-
sitions within 4f subshell are relatively insensitive to the outer
environment. As a result, materials doped with Ln>* ions are effi-
cient luminophores and usually show sharp emission spectra, long
luminescence lifetimes, and large Stoke’s shifts [18—20].

The most popular dopants used for UC are Yb>*, Er**, Tm>*, and
Ho>* ions. To enhance luminescence, Yb** ions usually play the
role of sensitizers, due to their simple configuration of energy levels
and large absorption cross-section between 900 and 1000 nm [21].
Energy absorbed by Yb?* ions can be transferred to other Ln?* ions
resulting in their luminescence. This fact, and the existence of the
so-called “first optical transparency window” in the range of
700—1000 nm [22], has been utilized in nanomedicine for optical
imaging, drug delivery, and photothermal therapy [23]. However,
NIR radiation with a wavelength of 980 nm is absorbed by water,
which at higher power densities, may lead to the cell overheating
effect [24]. The solution for this problem is the addition of Nd>*
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ions to the structure of NPs, as sensitizers for NIR radiation at
808 nm [25]. The water absorption coefficient is much lower at
808 nm, which also improves tissue penetrability [26]. Further-
more, the absorption cross-section of Nd*>* around 800 nm is
significantly higher than Yb** around 980 nm.

Recently, UC of NPs under 808 nm has been intensively studied,
mainly in triple-doped systems with Nd>* ions used as sensitizers,
and Yb>" transferring absorbed energy to luminescence centers,
usually Ho**, Er**, Tm3*, or Tb®* ions [27—33]. Because of the
electronic structure of Nd>* and the above-mentioned luminescent
Ln>* ions, a cross-relaxation (CR) process may occur, effectively
quenching the luminescence of NPs. Hence, the concentration of
Nd>* is usually very low (below 2—3%) when all types of ions are in
the same phase, which, in turn, results in low absorption at 808 nm
[34—36]. To overcome this problem a few possibilities are available.
The most developed solution for avoiding the CR process is the
synthesis of core/shell or multi-shell NPs, combining NPs with
organic dyes and surface plasmon coupling [29,37,38]. The first
method, especially, is very promising. Shell layer not only increases
the distance between the sensitizing and luminescent ions, which
reduces the quenching process but also introduces isolation from
the surrounding environment. Synthesis of core/shell NPs allows
for the manipulation of the dopant’s composition which can be
used to obtain the desired emission and excitation properties.
There are numerous examples of the utilization of core/shell
structure of NPs: enhancement of UC quantum yield [39], tunable
emission color, dual-mode emission from NIR to UV—Vis or to NIR
with a longer wavelength than excitation light [40,41], multi-
functionality of NPs through the addition of Gd>* or Mn?* ions [42],
conjugation to biomolecules, drug delivery systems [43—46], and
many others.

The main synthesis method of the core/shell NPs is the thermal
decomposition, or precipitation, in high boiling-point solvents such
as octadecene, oleic acid, or oleylamine, which forces the synthesis
to be conducted at high temperature and under neutral gas pro-
tection [47]. The synthesis is complicated, has many steps, and the
obtained products are hydrophobic which require additional pro-
cedures to remove oleic acid and octadecene from the NPs surface
[27,34,48,49]. An alternative method which can be adopted for the
preparation of core/shell NPs is solvothermal synthesis. The overall
process is usually conducted in ethanol, oleic acid, ethylene glycol,
or water, under high pressure and temperature, in special types of
autoclaves [50—-52].

The most environmentally friendly is the solvothermal synthe-
sis with the use of water as a solvent: the hydrothermal method,
very common for obtaining simple UC fluorides [53—56].

In the case of core/shell hydrothermal synthesis, just a few reports
have been published (see Table S1 for more details). The first article,
by Zazoni et al. where SrF,:Yb>*@SrF,:Yb>* Tm>* UCNPs were ob-
tained, was published in 2016 [57]. Shortly after, Li et al. reported on
the hydrothermal synthesis of SrF,:Yb?* Tm>*@CaF,:Gd>* NPs with
magnetic properties [58]. In 2017 Alkahtani et al. presented a way of
preparing YVO4: Er>*; Yb3*@ YVO,4:Yb?* Nd>* NPs by precipitation in
hydrothermal conditions [24]. Doping NPs with Nd>* allowed authors
to study UC under 808 nm excitation. Another study was reported by
Cortelletti et al., in 2018 [59], where, during a fourth-step hydro-
thermal synthesis, SrF, NPs with a multi-shelled architecture were
obtained. This complicated structure was tested as an NIR-activated
nanothermometer.

Most papers referring to the hydrothermal synthesis of core/
shell are based on the SrF, compound. This matrix is thermally
stable also in high temperature and phase transition is not
observed, which is important for light source applications [60].
Furthermore, strontium fluoride has low phonon energy (similar to
NaYF4) and high thermal conductivity [61]. What is more, SrF;

doped with Yb** and Tm>* shows better emission than prepared in
the same way «-NaYF4 about a similar size, which is known as one
from the best UC materials [62]. Not without significance is the high
value of quantum yield for SrF,:Yb>* Er** (2.8%), important for
further applications [63]. In comparison to NaREFy (RE = rare earth
element) NPs, the most often studied as hosts for 808/980 nm
excited UC, SrF, NPs can be easily synthesized by the hydrothermal
method. Synthesis of NaREF4-type core/shell NPs was reported only
twice and they were obtained only by solvothermal method (see
Table S1) [64,65]. Usually, NaREF4 materials, prepared via hydro-
thermal method are comprised of microsized crystals rather than
nanocrystals [66—68].

Despite existing research on hydrothermal core/shell synthesis,
obtaining high-quality NPs during the process conducted in water
is still challenging. The possibilities of an optimized synthesis route,
as well as morphology and spectroscopic properties improvement,
have to be considered. Especially, the mechanism of UC in core/
shell systems excited by Nd>* ions should be carefully examined. In
this article, SrF2:Yb>* Er**@SrF,:Yb>* Nd>+ core/shell NPs were
prepared by a two-step hydrothermal synthesis in the presence of
sodium citrate. In the described approach, the core/shell structure
was proved spectroscopically by analysis of Nd** and Er®* in-
teractions. Furthermore, in our NPs, the chosen doping ions
allowed for the excitation by three laser wavelengths: 808, 975, and
1532 nm, as well as luminescence in the Vis or NIR range. The
obtained properties are promising for theranostics due to the
emission from, and within, biological windows, as well as for en-
ergy conversion purposes highly demanded in solar cell
development.

2. Methods
2.1. Materials

Lanthanide oxides: Er,03 and Yb;03, Nd;03, (99.99%, Stanford
Materials, United States) were dissolved separately in hydrochloric
acid, HCl (ultra-pure, Sigma-Aldrich, 37%, Poland), in order to
obtain the respective rare earth chloride solutions in a concentra-
tion of 1 or 0.25 M. Ammonium fluoride, NH4F (98+%, Sigma-
Aldrich, Poland), was used as the source of fluoride ions. Stron-
tium chloride hexahydrate SrCl,-6H,0 (Sigma-Aldrich, 99+%,
Poland), citric acid trisodium salt dihydrate, NaCit (Sigma-Aldrich,
97%, Poland) were used as received, without further purification.
Deionized water was used for the synthesis.

2.2. Synthesis of core SrF,:Yb>* ,Er** nanoparticles

To obtain 2 mmol of SrF, NPs, doped with 20% Yb>* and 1% Er**
ions, 1.58 mL of 1 M SrCl; solution and YbCl; mixed with ErCl3
(0.40 mL of 1 M YbCl3 and 0.08 mL of 0.25 M ErCls) were added to
20 mL of 1 M NaCit solution (anti-agglomeration and complexing
agent). Then, 5 mL of 2.40 M solution of NH4F (3 x excess in
comparison to the stoichiometric amount) was added to the solu-
tion containing SrCl, and LnCl3 salts. The pH of the final mixture
was equal to 7.5. The as-prepared transparent solution was trans-
ferred into a 100 mL Teflon-lined vessel and hydrothermally treated
for 24 h (200 °C, 15 bars and mixed), in an externally heated
autoclave (Berghof BR-100). When the reaction was completed, the
obtained white precipitate was purified by centrifugation and
rinsed several times with water and ethanol. For the synthesis of
core/shell structures, the wet product was re-dispersed in water
and 5 mL of the formed colloid was transferred to a clean Teflon-
lined vessel for the next step.

The presented description was the basic synthesis method. SrF,
NPs were also prepared via modification of the above-mentioned
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procedure, i.e. for a higher amount of product (5 mmol), shorter
time of reaction (12 h), or with smaller excess of NH4F reagent
(2 x ). The modifications are included in the names of the samples
used in this article, in brackets, and presented in Table 1.

2.3. Synthesis of core/shell SrF2:Yb>",Er**@SrFy:Yb* Nd>*
nanoparticles

SrF,:Yb>* Er**core NPs were coated by SrF,:Yb** Nd>* shell via
a second step in hydrothermal conditions. In a typical procedure, to
obtain 2 mmol of shell containing 20% Yb>* and 10% of Nd>* ions,
1.40 mL of 1 M SrCl; solution and YbCl3, mixed with NdCl3 (0.40 mL
of 1 M YbCl3 and 0.80 mL of 0.25 M NdCl3), were added to 20 mL of
1 M NaCit solution. Then, 5 mL of 2.4 M solution of NH4F (3 x excess
in comparison to the stoichiometric amount) was added to the
solution containing SrCl, and LnCl; salts. The pH of the final
mixture was equal to 7.5. The as-prepared transparent solution was
transferred into the 100 mL Teflon-lined vessel, where the earlier
core suspension was placed, and hydrothermally treated for 24 h
(200 °C, 15 bars with mixing). When the reaction was completed,
the obtained white precipitate was purified by centrifugation and
rinsed several times with water and ethanol. The final product was
dried under ambient conditions. A scheme of the synthesis pro-
cedure is presented in Fig. 1.

From the prepared samples, the two best emitting NPs were
chosen to present their properties (SrF»:20%Yb>",1%Er> @SrF,:20%
Yb>*10%Nd>*, 5 mmol/5 mmol of LnCls, 24 h/24 h; SrF,:20%
Yb3* 1%Er?*@SrF,:20%Yb>*,10%Nd>*, 2 mmol/2 mmol of LnCls,
24 h/12 h). Additionally, a core sample (SrF,:20%Yb>* 1%Er>*,10%
Nd3*, 2 mmol/2 mmol of LnCls, 24 h) was prepared as a reference
using the same composition of reactants and synthesis conditions
as in the base procedure. This core sample was used to compare the
morphology and spectroscopic properties of the triple-doped core
(Yb**, Er**, Nd**) and core/shell where Nd>* is separated from the
activator ions and placed in the shell. To simplified naming of
samples, all are presented in the above Table 1. Furthermore,
different synthesis conditions are included in brackets in the
sample name. The other core/shell samples, X-ray diffraction (XRD)
patterns, dynamic light scattering (DLS), and zeta potential mea-
surements, as well as spectroscopic properties, are attached in the
Supplementary Materials.

2.4. Characterization

Powder diffractograms (XRD) were recorded on a Bruker AXS D8
Advance diffractometer in the Bragg-Brentano geometry, with Cu
K radiation, A = 1.5406 A, in the 26 range from 10 to 60°. The
reference data was taken from the International Centre for

Table 1
List of samples described in this article.

Diffraction Data (ICDD). The composition of the prepared materials
was analyzed by Inductively Coupled Plasma Mass Spectrometer
(ICP-MS) NexION 300D, PerkinElmer. Transmission-electron-
microscopy (TEM) images were recorded on a Hitachi HT7700
with the voltage of 120 kV. Fourier transform infrared spectra (FT-
IR) were recorded using a JASCO 4200 FT-IR spectrophotometer.
DLS and zeta potential measurements were performed by using a
Malvern Zetasizer Nano ZS instrument.

The luminescence characteristics (excitation, emission spectra,
luminescence decay) of the prepared samples were measured on a
QuantaMaster™ 40 spectrophotometer equipped with an Opolette
355LD UVDM tunable laser, with a repetition rate of 20 Hz, and a
Hamamatsu R928 photomultiplier used as a detector for emission,
excitation spectra, and decay times measurements. A CNI multi-
wavelength 2W CW laser was used as the excitation source,
coupled to a 200 um optical fiber and collimator to determine de-
pendencies between the emission intensity and laser power. As a
detector, a Digital CCD Camera made by Princeton Instruments
PIXIS:256E, equipped with an SP-2156 Imaging Spectrograph, was
applied and corrected for the instrumental response.

3. Results and discussion
3.1. Structure and morphology

The prepared samples showed a single-phase structure with the
Fm3m space group, for both the core (Fig. S1) and core/shell (Fig. 2
and S2). Depending on the conditions of the sample’s preparation
(higher amount of product or reaction time), particles of different
sizes were obtained, as indicated by the widths of the XRD peaks.
Furthermore, the shift of diffraction peaks towards a higher angle,
in comparison to the reference pattern (ICDD, 01-086-2418, SrF;),
confirmed that Ln>* ion doping into the host structure decreased
the cell volume. This was caused by the smaller ionic radii of Yb>*,
Er**, and Nd**, compared to the Sr’* ions (rSr’* = 1.26 A,
rNd3* =1.1090 A, rEr** = 1.004 A, rYb>* = 0.985 A for coordination
number CN = 8) [69]. Replacement of Sr>* by Ln>" ions, made
structure of our products similar to Sro g4Lug16F2.16 reported in ICDD
reference No. 01-082-0640, where V = 186.27 A, whereas pure SrF,
have cell volume, V = 195.11 A3,

To determine the size of the obtained compounds, three tech-
niques were used: TEM, calculations via Scherrer’s equation from
XRD and DLS measurements (Table 2, S2 and Figs. 2 and 3, S1-S5).

Comparing the size of the core and core/shell NPs, calculated
from Scherer’s equation, the growth of particles is observed for
both samples. The smaller size of the core, as well as the core/shell,
had NPs synthesized in a shorter time and with a lower amount of
precursors. The increase in size is similar for both samples (10 nm).

Sample name Core 1st step Core/shell 2nd step
Amount of precursor  Excess of ~ Reaction time Other Amount of precursor  Excess of  Reaction time Other
(mmol) NH4F (h) (mmol) NH4F (h)
Base procedure: 20%Yb*",1%Er** @20% 2 3 24 2 3 24 -
Yb*,10%Nd>*
20%Yb>* 1%Er**@20%Yb**,10%Nd>* (5 mmol/ 5 3 24 = 5 3 24 =
5 mmol)
20%Yb** 1%Er " @20%Yb>*,10%Nd>" (24 h/ 2 3 24 - 2 3 12 -
12 h)
20%Yb>* 1%Er* @20%Yb>* 20%Nd>* 2 2 24 - 2 2 24 20%
(2 x NH4F/2 x NH4F) Nd3*
20%Yb** 1%Er*@20%Yb3,10%Nd>* (12 h/ 2 3 12 - 2 3 24 -
24 h)
20%Yb** 1%Er**,10%Nd>" 2 3 24 - - - - -

125



4 D. Przybylska, T. Grzyb / Journal of Alloys and Compounds 831 (2020) 154797

Step 1
SrCl, NH.F
NaCit
YbCl; %% e
: 24h/12h \
[ ] o
ErCl; ‘e 200°C
2% j5atm
water o=
hydrothermal

reaction

Step 2
NH4F
NaCit

24h/12h \

e 200°C
15 atm.
hydrothermal
reaction

Fig. 1. Schematic representation of the synthesis procedure of SrF,:Yb*" Er**@SrF,:Yb>*,Nd** core/shell NPs via a hydrothermal method.
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Fig. 2. XRD patterns of SrF, core/shell samples synthesized by hydrothermal method.

The DLS measurements confirmed the particle growth and revealed
an additional tendency of the agglomeration of NPs.

The size of the presented NPs was also confirmed by analysis of
TEM pictures for the core samples as well as for the core/shells
(Figs. 3 and S5). The structure obtained from synthesis for 5 mmol
of the product shows an irregular shape for both the core and core/
shells, with sizes of 47 and 61 nm respectively. A reduction of the
precursors’ concentration and time of the 2nd step resulted in NPs
with a more regular spherical shape and a lower size distribution
(27 and 45 nm for core and core/shell, respectively).

To examine the surface of the particles, FT-IR spectra and zeta
potentials were measured (for details see Fig. S6 and Table S3). The
presence of citrate groups on the NPs surface was detected from the
appearance of the signals assigned to the following types of vi-
brations: —OH stretching vibration (3457 cm™'), —CH asymmetric

Table 2

and symmetric stretching vibrations (2962 and 2840 cm ™), -C=0
stretching vibrations (1622 cm™ ') and —CH scissoring (1400 cm ~
1). Furthermore, there was no significant shift in signals between
the core and core/shell samples which indicates the lack of impact
of the second step of synthesis on the surface of the nanoparticles.
Moreover, samples exhibited a negative charge on the surface and
usually, the cores had a higher negative charge than the core/shells,
from —28.6 mV to —20.7 mV, and from —20.6 mV to —16.7 mV,
respectively. The small difference between the presented values
confirms similar stability in water of the prepared cores and core/
shells structures and their tendency to agglomerate due to a not
very high potential. Furthermore, an additional amount of Ln** ions
in the structure of NPs can reduce the negative charge of NPs. Also,
the growth of NPs can influence their charge, which may be
responsible for observed differences between core and core/shells
as electrostatic interaction between NPs decrease [71]. However,
for a few samples differences between zeta potentials for core and
core/shell are within the margin of measurement error.

It is very important to properly determine the elemental
composition of the obtained products and confirm the core/shell
structure. The existence of a core/shell structure can be assumed by
the observed increase in the size of NPs after 2nd step of the syn-
thesis, which is shown in Table 2 and S2. However, quantitative
elemental analysis of the core/shell structures is difficult [27]. In
this work, the ICP-MS technique was used for this purpose (see
Table S4 for details). This method confirmed the coexistence of
sr?t, Nd>*, Er**, Yb*, and F~ ions in all the core/shell samples with
only a slight difference between them.

3.2. Spectroscopic properties

To investigate the spectroscopic properties of the synthesized
NPs, their excitation and emission spectra, as well as chromaticity
diagrams, decay times and dependence of luminescence intensity
on laser power were measured. Analysis of UC and DC properties is
the most reliable method to confirm the successful doping with
Ln>* jons and the formation of the core/shell structure. In Fig. 4a
excitation spectra of two the best emitting samples are presented
together with the triple-doped core sample. In the spectra, several

Sizes of obtained NPs, calculated from the Scherrer's equation based on XRD analysis [70], hydrodynamic diameters determined by DLS measurements, and NPs diameters

taken from TEM images.

Sample Scherrer equation (nm) Hydrodynamic diameter (nm) TEM images (nm)

Core Core/shell Core Core/shell Core Core/shell
20%Yb>* 1%Er**@20%Yb>*,10%Nd>* (5 mmol/5 mmol) 49.2 + 0.6 593 + 0.9 769 + 273 2304 +93.0 471 +£9.8 60.5+12.3
20%Yb*+ 1%Er** @20%Yb**,10%Nd>* 309 + 09 419+ 04 68.6 +20.3 158.7 + 59.2 26.6 + 4.3 453 +85
(24 h/12 h)
20%Yb**, 1%Er**,10%Nd>"* 35.6 + 0.3 - 84.2 +295 - 34.7 + 84 -
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Fig. 3. TEM pictures and NPs size distributions of hydrothermally synthesized (a)
SrF2:20%Yb?* 1%Er>* @SrF,:20%Yb** 10%Nd*>* (5 mmol/5 mmol), (b) SrF,:20%Yb** 1%
Er’* @SrF,:20%Yb**,10%Nd>" (24 h/12 h), and (c) SrF,:20%Yb** 1%Er** 10%Nd>*.

excitation bands are visible as a result of the presence of Yb** and
Nd* ions. Four possible wavelengths can be used for the sample’s
excitation, i.e. 796, 802, and 866 nm, connected with Nd>* transi-
tions: 2Hojz — “laj2, *Fsj2 — “laj2 and *F3;2 — “lo2 respectively, or
976 nm as a result of *Fs; — *Fy, transition of Yb>* ions. The
sample  SrF:20%Yb>* 1%Er*t@SrF,:20%Yb>*,10%Nd>*  prepared
from 5 mmol of product, with 3 x excess of NH4F during 24 h
synthesis (1st and 2nd step), shows a higher emission and excita-
tion intensity than the others. What is more, the strongest excita-
tion band was registered for 4F5,2 — 4F7/2 transition of Yb** ions,
which is consistent with the highest emission intensity under

(a) core/shell
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Fig. 4. (a) Excitation spectra of prepared samples and (b) emission spectra under
different excitation wavelengths of SrF,:20%Yb>* 1%Er>*@SrF,:20%Yb>* 10%Nd>*,
(5 mmol/5 mmol) sample. Spectra were obtained under pulsed excitation source (at
25 m) cm™2).

976 nm excitation (Fig. 4b). However, the emission under 796 nm
excitation is also relatively intense. The difference between the
emission intensities through excitation by Yb>* ions and Nd3** can
be as a result of the quenching of Er** ions due to back energy
transfer (Nd>*— Yb** - Er>* —Nd>*) [72]. It is worth noting that
after the 2nd step of the synthesis, a significant enhancement of
luminescence was obtained (see Figs. S7 and S8) due to the pro-
tective shell covering, which is characteristic for core/shell
structures.

Emission spectra were also measured using a continuous laser
as an excitation source (808, 975, and 1532 nm wavelengths) which

127



6 D. Przybylska, T. Grzyb / Journal of Alloys and Compounds 831 (2020) 154797

are presented in Fig. 5 and S9. From all excitation wavelengths, the
highest UC emission was measured under 975 nm excitation.
Furthermore, from the core, as well as core/shell samples, the
sample prepared for 5 mmol of product in the 1st and 2nd step of
synthesis showed the brightest emission when 975 nm wavelength
was used, which results from the largest NPs and hence, a lower
surface-related quenching.

The most visible difference between the core and core/shell NPs
is shown in Fig. 5c where the separation of Nd** ions from the core
allowed for an almost 15 times higher emission intensity under
808 nm excitation than that for the bare analogs, in which all
dopant ions are in the same phase. The registered quenching effect
in the triple-doped NPs is very strong and can be as a result of the
high concentration of Nd>* ions. Hence, the shortened distance
between the sensitizer and luminescent ions leads to cross-
relaxation between lanthanide ions. The unfavorable effect of
triple-doping is visible in all the measured spectra presented in
Fig. 5a—c. These results confirmed the sense and advantages of the
synthesis of core/shell structures for applications in 808 nm
sensitized UC.

Based on the collected emission spectra, the better emission
properties under 975 nm excitation can be obtained during the
synthesis of 5 mmol of the reaction product, 3 x excess of NH4F, and
24 h of reaction for the core and core/shell NPs. However, under
808 nm excitation wavelength, the sample obtained from 2 mmol

(a) core, A, =975 nm

(b) core/shell, .= 975 nm

of product and 2 x excess of NH4F for the core and core/shell
synthesis, where the time of 1st step is 24 hand 2nd is 12 h, shows a
more effective emission in the visible region than the above-
mentioned sample.

The prepared samples also showed a DC phenomenon under
808 nm or 975 nm excitation wavelengths (Fig. 5d and e, S10). As a
result, the emission of Yb*>" and Er** in the NIR region (second,
1000—1400 nm, and third biological window, 1500—1700 nm)
[33,73] was detected. What is interesting, the strongest lumines-
cence of Er** ions under 975 nm excitation was observed for core
samples, (*li32 — “Iys2 transition). A lower luminescence of Er**
ions in the NIR range for core/shell NPs indicates two effects: a
more probable radiative relaxation of Er’* jons from higher energy
levels (*Hop, *Hu1j2, 32, “Fop2), and a lower concentration of Er**
ions in the volume of measured powdered sample as a result of the
addition of shell to core NPs. The emission of Yb>* ions under
975 nm excitation is very similar for both the core as well as the
core/shell sample. Excitation with 808 nm also resulted in the
emission of Er’* as an effect of the energy migration process.
Because Er** ions can also absorb light at 808 nm due to “I;5
2 — “lg» transition, core NPs, doped only with Yb** and Er®*,
showed weak emission under 808 nm laser radiation. However, the
presence of Nd>* ions in the shell significantly increased the
emission at around 1525 nm associated with Er>* ions (Fig. 5d).
When all of the Ln>* ions are in the same phase, a weak emission

(c) core/shell, A.,= 808 nm
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Fig. 5. (a—c) Up-conversion and (d,e) down-conversion emission of selected NPs (SrF:20%Yb> ", 1%Er** @SrF,:20%Yb>",10%Nd>*, (5 mmol/5 mmol) and SrF,:20%Yb** 1%Er’>",10%
Nd**) sample in the Vis and NIR range under excitation with 808 or 975 nm CW laser light; (f) up-conversion luminescence of selected samples under excitation with 1532 nm CW
laser light, normalized to 4Fg/2 - 4115/2 emission band of Er** ions. Laser powers: (a—c) 15 W cm 2 for 808 and 975 nm, (d, e) 22, 27, or 61 W cm ™2 for 808, 975, and 1532 nm

respectively.
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from Nd>* ions (4F3/2 — 4111/2) is also observed when 808 nm
excitation is applied (Fig. 5e). The reason for such a result is the
ineffective energy transfer to Er>* ions resulting in a higher number
of Nd*>* remaining in their excited state. The lack of energy
migration to Er’* ions through Yb>* ions caused the radiative
relaxation of Nd3>* ions with an associated luminescence (see
Fig. 5e). In the core/shell structures, the back-energy transfer to
Nd>* ions is ineffective due to the separation of Nd>* ions from Er>*
ions.

Up-conversion luminescence of prepared NPs was also observed
under 1532 nm excitation (Fig. 5f). However, we utilized this
excitation wavelength mainly to confirm the formation of core/
shell structures. The applied laser wavelength is absorbed only by
Er’* ions through the #ly5;, — “I1pp transition. Therefore, if cross-
relaxation between Er** and Nd>* occurs, emission from the
latter one is observed. This process involves excitation of Er** to at
least the 4]9/2 level (absorption of two 1532 nm photons) and the
energy transfer to 2H9/2 excited state of the Nd>* ions what is not
possible through Yb>* ions bridging the core and shell phases in
core/shell NPs. The emission from Nd>* ions around 1100 nm was
only detected when all three Ln>* dopants were present in a single
core NPs (20% Yb>*, 1% Er** and 10% Nd>*). In the core/shell
structures, the emission of Nd>* was not observed which confirms
the assumed structures.

The luminescence color of the prepared samples was dependent
upon the excitation laser type (for chromaticity diagrams see
Fig. S11 and ratios between luminescence bands in Fig. S12). Under
a continuous excitation source with 808 and 975 nm, all samples
exhibited a yellowish-orange emission with a small shift into the
red region after covering core NPs with a shell. The use of pulsed
laser as an excitation source resulted in green to orange emission of
samples, depending on the synthesis conditions and concentration
of dopant ions. Moreover, the use of 796 nm excitation light
resulted in a green emission, whereas at 975 nm, this was
yellowish-green as seen by the human eye. The result may indicate
a different mechanism of Er** ion’s excitation.

More information about the synthesized core/shell structures
can be established based on emission lifetimes, calculated from
decay time measurements (Fig. 6 and S13, Table 3, S4). It can be
clearly seen that after shell covering, the lifetimes are longer than
for the core particles. Extension of lifetimes is connected with the
surface protective effect, minimizing quenching and decreasing the
cross-relaxation processes between ions because of longer dis-
tances between them [49,74,75]. SrF2:20%Yb>* 1%Er** 10%Nd>*
NPs had a very short decay time which indicates, similar to the
luminescence measurements, the quenching effect of Nd* ions
due to the cross-relaxation process. Additionally, a higher concen-
tration of Nd>* in a shell (20%) quenches the luminescence in-
tensity as well as decreases the lifetimes (SrF2:20%Yb>* 1%
Er¥*@SrFy:20%Yb>T 20%Nd>*, 2 x NH4F/2 x NH4F, Fig. S13,
Table S4). Analogous lifetimes for prepared NPs were calculated for
808 nm excitation, confirming effective transfer between
Nd** - Yb** - Yb3** - Er’** ions.

Important information about UC mechanism under 808 nm and
975 nm excitation, and the difference between them for prepared
NPs, can be obtained from measurements of dependences of the
luminescence intensity on the laser power. The number of photons
can be estimated from the equation [76]:

Joc P (1)

where I'is the UC intensity, P the pumping excitation power density,
and n is the number of photons required to populate the excited
state. The results of the calculations are collected in Table 4 (addi-
tionally Table S5 and for measurement results see Fig. S14).

Measurements have been distinguished by core and core/shell
samples as well as the length of excitation wavelength (808 or
975 nm) and observed transitions. When we consider the two-
photon excitation process of Hyja, 4Ssj2, “Foj2, energy level, for
samples doped with Yb>* and Er**, the slope values are higher than
one, which agrees with theoretical assumptions. An increase of
slope value is especially observed for core/shell samples prepared
from 5 mmol of precursors, under 975 nm excitation, in comparison
to core ones. However, under 808 nm excitation, the slope co-
efficients have a lower value than under 975 nm excitation (from
0.81 to 1.89). The reason for this could be connected with energy
transfer through intermediate Yb>* ions, which has an influence on
increasing the possibility of cross-relaxation occurring between
ions, and the saturation effect, which is especially visible for the 4Fg/
2= 4115/2 transition. Furthermore, the triple-doped core sample has
a significantly lower slope value than the other two samples.
Additionally, for the sample prepared from 5 mmol of Ln>* pre-
cursor (1st and 2nd step), the slope coefficient was also calculated
for a three-photon process- “Hgjz — 4115/2 transition.

Based on the spectroscopic studies of synthesized NPs, the UC as
well DC mechanisms are proposed for core/shell NPs in Fig. 7 (see
Fig. S15 for a scheme of energy processes in core NPs). To observe
UC emission, three different excitation wavelengths may be used.
The first possibility of Er** ions excitation is the energy transfer
from Yb>* ions being excited by 975 nm laser radiation. This pro-
cess is known as energy transfer up-conversion (ETU). All of the
Yb3* jons incorporated into the core, as well as the shell, can
effectively absorb exciting radiation. When sensitizer ions are
placed in the core, after excitation of Yb>* jons to the 2F5/2 energy
level, energy is transferred directly to the 4111/2 excited state of Er> "
ions. Another possibility is the migration of energy between the
core and shell phases among Yb>* ions [77,78]. The second exci-
tation pathway is possibly due to doping with Nd>* ions which are
capable of absorption of the 808 nm excitation radiation. After
absorption of photons by Nd3* ions and their excitation to the 4F5/2
level, relaxation to 4F3/z occurs at the first step. Then, energy
transfer to Er>* ions is possible via Yb>* ions, i.e. Nd>*(shell)—
Yb3*(shell) - Yb3*(core)— Er**(core). This process is known as
energy migration up-conversion (EMU).

Another possibility is the direct excitation of Er** ions under
1532 nm laser light. As a result of photons absorption, excitation
from the “I;s, ground state of Er** ions to their *l;3) excited state
occurs (ground state absorption, GSA) and next, to higher excited
states, yielding Er>" in their 2Hn/2 excited state (excited state ab-
sorption, ESA). Furthermore, energy transfer from Er>* to Yb>* ions
is possible resulting in the emission at around 980 nm.

Moreover, under 975 nm and 808 nm excitations, DC in the NIR
region was registered for the core as well as for the core/shell
structures. Similar to the UC, energy transfer between Yb>* and
Er** ions was responsible for the emission of Er** at around
1525 nm. Additionally, a partial back energy transfer from Yb3* in
the core, to Yb>* in the shell, can be observed with the occurred
luminescence (Yb**:2Fs;; — 2F7j). A similar process, through
excitation under 808 nm by Nd>* ions with mediated energy
transfer (Nd** —Yb?>* —Yb3* - Er**), was also observed.

Additionally, for the prepared triple-doped core sample, (Nd>*,
Er’*, Yb>*) a mechanism for the energetic processes is proposed
(Fig. S15). Hence, UC emission of Er** can be obtained under
808 nm, 975 nm, and 1532 nm excitation wavelengths. However, in
this sample, a different mechanism of excitation via Nd>* ions can
occur. Energy can be directly transferred from Nd** to activator
ions (Nd3+:4F5/2~>Er3+:4ln/2) or by energy migration transfer
(Nd** —Yb3* —Er**). Also, under direct excitation of Er>* ions
(hex = 1532 nm), an additional emission from Nd3* ions can be
observed (Nd3+:4F3/2 — 4111/2) as the result of energy transfer from
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Fig. 6. Decay times of the two best emitting core/shell NPs, and the triple-doped sample for comparison, measured at 538 nm for the "S;,z - “115,2 transition of Er** ions, under
pulsed excitation source (at 25 m] cm~2).

Table 3

Emission lifetimes calculated from the measured luminescence decays of core and core/shell samples under 796 nm or 976 nm pulsed laser excitations (at 25 m] cm2) (for

decays see Fig. S13, err <1.1 ps).

Sample Lifetimes (us)
core core/shell
Aex = 975 nm ex = 975 nm hex = 796 nm
2H11/4 53 IF, i 2Hu/4 S5, i Fo) 2Hn/4 4Fqy
2= sz 2= s 22— hisp 2= s 2 Yhsp 2= %hse 2 Yhsp 2= Mhsp
20%Yb>*, 1%Er>* @20%Yb?*,10%Nd®" (5 mmol/ 53 48 256 o8 99 376 113 306
5 mmol)
20%Yb** 1%Er** @20%Yb>*,10%Nd>* 47 49 245 60 64 250 66 217
(24 h/12 h)
20%Yb>*, 1%Er>*,10%Nd>+ 9 9 52 - - - 9 56
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Table 4

The number of photons involved in the UC mechanism, determined from the dependences of luminescence intensity on laser power for core and core/shell NPs under 808 nm
and 975 nm continuous laser excitation wavelengths (for experimental results see Fig. S14, err <0.05).

Sample Number of photons
core core/shell
hex = 975 nm Rex = 975 nm Rex = 808 nm
2Hg, 2Hiyy 53 o, 2Hgy 2Hiyy 53 Fo, 2Hopp —  2Hup — “S3p—  “Fop —
- -4 -9 -4 -9 -4 -1 — s 4 b | b | 9
2 1502 2 1502 2 152 2 15/2 2 1502 2 1502 2 1502 2 152 his2 152 152 152
20%Yb** 1%Er** @20%Yb**,10%Nd>*  0.96 1.64 1.29 135 241 2.12 1.88 2.89 0.81 1.60 137 1.89
(5 mmol/5 mmol) )
20%Yb>* 1%Er* @20%Yb**, 10%Nd* " — 221 2.08 2.08 1.96 222 2.05 2.02 - 1.64 135 1.52
(24 h/12 h)
20%Yb** 1%Er**,10%Nd>* - 0.62 0.72 148 - - - - - 1.14 0.84 1.03
~ core
%
% 2 My L25
. N
S
3 T 20
T m
=
]
+ 155
=
Fo F10 <,
(=]
EA
l

' Nd3¢ . Yb3+ . Er3+

SrF,:Yb*, Er¥*  SrFp:Yb*, Nd**

Fig. 7. Scheme of energetic processes taking place in for SrFy: Yb**, Er**@SrFy:

Er’* to Nd>* ions, which is neglected in the core/shell structures.
However, due to the shortened distance between the sensitizer and
activator, significant emission quenching and a strong cross-
relaxation process were observed.

4. Conclusions

We have successfully synthesized SrF,:Yb> * Er** @SrF,: Yb>* Nd>*
core/shell NPs, by a two-step hydrothermal method. The synthesis
procedure was optimized considering the spectroscopic properties as
well as the morphology of NPs. The effects of different variables, such
as the amount of precursors or time of reaction, were investigated.
The developed procedure allowed for the synthesis of small, single-
phase NPs with sizes between 30 and 60 nm, depending on the
synthesis conditions. NPs formed stable water colloids with nega-
tively charged surfaces, and hydrodynamic diameters between 80
and 230 nm. Intense emission under 808, 975, and 1532 nm was
observed in the visible as well as NIR range (up- and down-
conversion). The processes taking place in the core/shell structures
were investigated by measuring excitation and emission spectra,
power dependences, and luminescence decays under continuous or
pulsed excitation sources. We have proved the existence of core/shell
structures by selectively exciting Er>* ions and the observation of
cross-relaxation effects with Nd*>* emissions as a result. The lack of
such process in the core/shell NPs, where Er>* and Nd>* were sepa-
rated in two phases, and, at the same time, detected emission of Nd>*
ions when Er**, Yb>* and Nd>* ions were in one phase, confirmed the
successful formation of core/shell NPs via the hydrothermal process.
The spectroscopic properties of the synthesized NPs are promising for

1

Yb**, Nd** core/shell systems, under NIR excitation (A = 808,

975, or 1532 nm).

biomedical applications for deep tissue imaging as the emission can
be obtained via excitation within biological windows (808 and
1532 nm), as well as for energy conversion in solar cells where all
three excitation wavelengths fall in the range not absorbed by Si-
based cells.
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Table S1 List of published articles regarding solvothermal synthesis of core/shell structures.

: : Synthesis i
Material Size y Solvents and additives Novelty Ref.
method
3nmC C -solvothermal 1** ethanol / oleic acid, NIR-to-NIR dual-modal luminescence based on colloid in non-polar solvent,
BaF2: Tm*,Yb*@Ln*:SrF2 7 :m cs S- thermal decomp. 2M oleic acid / octadecene, conversion to hydrophilic NPs due to modification with thioglycolic acid [1]
CS - thermal decomp. thioglycolic acid (TGA) (TGA).
‘ . Synthesis and characterization of sub-10 nm, UV emissive, Na-co-doped LaF;
Ba(Na)LaFs:Tm*,Yb*@Ba(Na)LaF3 1"9.6+2.3 nm — ethanol, oleic acid, ; G 5 i RSl ’ S
(Na)LaF3:Tm*,Yb*@(Na)LaF3 927+ 4.5 nm two-step solvothermal 1% and 27 200°C, 20 h :S;i/ o]?;l(l;ll:;l I:pl:)sr 0;::] their core/shell derivatives, generated via a one-pot 2]
23+5mmC, oleic acid, ethanol, Construction of polymer-based waveguide amplifiers using active-core—active-
KMnF3:Yb*,Er**@ KMnF3: Yb** 65+20nm CS two-step solvothermal 1:200°C 1 h, 2" 200°C 12 h shell NPs doped with polymers as gain media, obtaining a relative optical gain [3]
65 +20nm CS PMMA in the polymer waveguides pumped by a 976 nm laser diode.
water, . - X . _ - ;
SrF2:Yb*, Tm* @SrFa2: Yb*,Er3* 10-12 nm two-step hydrothermal 1% and 2™ 190°C, 3 h, 2.5% NH,F zrl:;/nes:]lﬁla;x)on of interactions between Ln-doped fluoride NPs and biomolecules [4]
sodium citrate, ubiquitin 4 )
water,
SrF2:Yb*, Tm* @ CaF2:Gd** 9.1 and 9.7 nm C 1 190°C, 6 h, . . . o
Can:Yb3:,Tm3+@Can:Gd3+ 12.9-17.1 nm CS two- step hydrothermal 2% 190°C, 6 h and then 200°C 6 h, Analysis of core/shell UC properties, magnetic characterization. [5]
sodium citrate
8 nm C fiee-sten st it ] Investigation of energy transfer mechanism of Yb**/Mn**/Er** tri-doped cubic
NaYFs@NaYF4:Er3/Yb*/Mn?**@NaYF4 11 nm CS ; it ! J NaYF,, designed a novel C/S/S nanostructure with Yb**/Mn*/Er** ions in the [6]
solvothermal 13- 3" 180°C for 0.5 h ; : ;
18 nm CS,S middle two-dimensional layer.
YVO4:Er*,Yb** Nd* 17 nm C toioiston hdiotheniay At sodium oleate, Water-based, biocompatible, high-efficiency UC fluorescent core/shell NPs, (7]
YVO4Er*,Yb*@YVO4: Yb* Nd* 20 nm CS Siep 2y, 1*and 2" 200°C, 6 h optical temperature sensing investigation with high thermal sensitivity.

VR34 T n3+ _ ethylene glycol, Design a monodisperse, water—dispersible and biocompatible UCNCs, with
I\:?GEEA'Y,I]? ’Iﬁn @NaGdFy ;‘g ::_E gS mzrzt:/lzv::l:sz‘igfgina] 1*and 2™ 240°C, 1 h at 800 W, greatly enhanced UCL in water in comparison with core NPs, contrast agent for [8]
(Ln = Er, Tm, Ho) EDTA-2Na MRI and CT imaging, cytotoxicity study.

23nm C
28 nm CS ethylene glycol, £ P g o % :
a-NaGdFs@pB-NaYF4:Yb* Er™ 33nm CS two-step solvothermal ~ 1*and 2™ 180°C, 0.5 h, Sﬁlnlllhesxs O}f (.I-NadeFéB-N;Z:*Yb e sl ptclen by piving (8 9]
38 nm CS PVP shell growth time from 2 to
115 % 125 nm CS
32 nm C water vethinol. cleicweid Synthesis new type of NPs with excitation (~808 nm) and emission (~668 nm),
KMnF3:Yb*,Er**,Nd**@KMnF3: Yb** ,Nd** 5 5 nm CS two-step solvothermal i 226°C Ih ’/ ond 220"C’ 12h based energy transfer between Mn** and Er', the active-core/active-shell [10]
’ ’ nanostructured design.
8.5mmC S " i e A 2
W3+ 34 3+ water, Optimization of thermal relative sensitivity by changing Er** content in 20—
SrFa:Yb™, T @SrFa: Y@ 0.1 6m.Co four-step hydrothermal ~ 1¥-4" 2.5x NH,F, 190°C, 3 h, 50°C temperature range, measured in water colloid, possibility of a multicolor [11]
@SrF2:Yb*,Er'* Nd** @SrF2:Nd* 171 imGas potassium citrate UC emission
26.6 nm CSSS 57 S
— Optimization of synthesis of DC and UC core/shell with good dispersibility in
SrF2:Yb* Er’*@SrFa: Yb* Nd* 27/47 nm C tosten hviiotlienmal 1% 206°C 12/24 h: 2 200°C. 12/24 h water, investigation of energy transfer between Nd**-Yb*-Er** ions, up- This
Ex2: % L2 ’ 40/61 nm CS DAY ’ 2 : 2 conversion from II to I optical transparency window, studies of Nd* to Er**  article

trisodium citrate

energy transfer for confirmation of the core/shell structure formation.

*C-core, CS- core/ shell, CSS- core/shell/shell, CSq4S- core/doped-shell/shell
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core/shell StF,:Yb*" Er**@SrF,:Yb** Nd**

20%Yb™ ,1%E 220%Yb™ ,10%Nd™ (12 h /24 h)

Normalized intensity

SrF, 01-086-2418, Fm3m
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20 (deg.)

Fig. S1. XRD patterns of additional SrF> core NPs synthesized by hydrothermal method doped

with Yb** and Er’* ions.
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Fig. S2. XRD patterns of additional SrF> core/shell NPs synthesized by hydrothermal method

doped with Yb** and Er** ions.
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(a) core (b) core/shell
20%Yb** 1%Er* & 20%Yb** 1%Er* @20%Yb**,10%Nd**
254 (5 mmol) (5 mmol / 5 mmol)
76.9+27.3nm 230.4 £ 93.0 nm
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5
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Fig. S3. Hydrodynamic diameters of the synthesized core and core/shell NPs obtained by DLS

measurements. The presented results concern samples discussed in the main article.
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(a) core

(b) core/shell
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Fig. S4. Hydrodynamic diameters of the synthesized core and core/shell NPs obtained by DLS

measurements. The presented results concern additional samples not discussed in the main article.
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)

47.1+9.8 nm

26‘76 +4.3nm

Fig. S5. TEM images and NPs sizes’ distribution of hydrothermally synthesized cores

a) StF2:20%Yb**,1%Er** (5 mmol), b) StF2:20% Yb**,1%Er** (24 h).
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Table S2 Average sizes of NPs, calculated from the Scherrer equation (based on XRD analysis)'?

and their hydrodynamic diameters determined by DLS measurements.

Scherrer’s equation (nm) Hydrodynamic diameter (nm)
Samples
Core Core/shell Core Core/shell
3+ I3+ 3- 3.
?2(]?]\}{]?4]:"}‘2%)?]:]{(4@}?2)0%‘{}) RN 214+£29nm 27.1£2.1 nin 66.8 £ 19.6 nm 110.5+39.1 nm
3+ 3+ 3+ 3+
(2102'7‘.’1‘;'; 4’;;/"'5’ @20%Yb™10%NA™ 594 0.4 nm 37.7+0.2 nm 729+21.0nm  94.5+30.5nm

100

80

60

h

-CH scissoring

X
' -OH stretching

40 -CO stretching
1= 200 Yb> 1%Er* (5 mmol) }(\
— 20%Yb* 1%Er** (2xNH,F) |
20 — 20%Yb* 1%ER*
1-20%Yb** 1%ER* (12 h)
— 20%Yb* 1%Er**,10%Nd>*
100 == —=

Transmittance (%)

80 1 -CH stretching
60+ \ -CH scissoring
-OH stretching -CO stretching
40
= 20%Yb** 1%Er*@20%Yb**,10%Nd** (5 mmol / 5 mmol)

20 - 20%Yb** 1%Er* @20%Yb**,20%Nd** (2xNH,F / 2xNH,F)
1-20%Yb** 1%Er*@20%Yb**,10%Nd** (24 h / 12 h)
—20%Yb* 1%Er*@20%Yb**,10%Nd* (12 h / 24 h)

g T " T b T ¥ T b T i T ' T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. S6. FT-IR spectra of obtained samples (*peaks connected with impurities).
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Table S3 Summary of zeta potential measurements for obtained NPs at physiological pH value.

Core Core/shell
Samples
pH Zeta potential (mV) pH Zeta potential (mV)
3 3 3
fg:’:zgl;’;ff“i;)@m%‘]b LY RINE 7.38 -234+39 7.37 -19.6+4.4
3+ 3 3+
?;)4%;]\;1)12,:.;%Er3+@20%Yb A 7.40 -20.7+6.9 7.38 -20.6+6.2
3+ 3 3
(2;)):%’;}?4]?’} ?XE;;;%Z)“%YI’ S RN 745 -28.6 £6.1 7:35 -16.7+3.5
3+ 3. 3+
?{’2‘7;’1‘;24’;;7"E'3+@20%Yb l0%Nd 7.40 -26.3+6.2 7.48 -174+40
20%Yb**,1% Er*,10 %Nd* 7.39 -22.6+3.7 - -

Table S4 Composition of the synthesized NPs obtained by ICP-MS analysis.

Molar percentage (%)

Sample
Sr*  Yb* Er* Nd*
SrF2:20%Yb**,1%Er**@SrF2:20Yb**,10%Nd* ( 5 mmol / 5 mmol) 79.01 17.74 053 272
SrF2:20%Yb**,1%Er** @SrF2:20%Yb**,10%Nd** (3x NH4F 24 h/ 3x NH4F 12 h) 70.66 2288 034 6.12
SrF2:20%Yb**,1%Er3* @ SrF2:20% Y b**,20%Nd** (2x NH4F 24 h / 2x NH4F 24 h) 6697 2634 131 537
SrF2:20%Yb**,1%Er**@SrF2:20%Yb**,10%Nd* (3x NH4F 12 h / 3x NH4F 24 h) 7396 2398 0.07 199
SrF2:20%Yb**,1%Er**,10%Nd** 64.74 2443 111 972
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(a) core (b) SrF,:20%Yb** 1%Er**,10%Nd*"
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Fig. S7. Emission and excitation spectra of core NPs (a) measured for all obtained samples and (b)
comparison of emission spectra received by excitation with 796, 802, 866, and 976 nm for triple-

doped core NPs. Spectra were obtained under pulsed excitation source (at 25 mJ-cm™).
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Fig. S8. Emission spectra of core/shell samples received under excitation with different

wavelengths. Spectra were obtained under pulsed excitation source (at 25 mJ-cm?).
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Figure S9. Up-conversion emission spectra of additional samples under excitation with 808 or 975

nm CW laser light. Laser powers 15 W-cm™ for 808 and 975 nm.
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Fig. S10. Downconversion emission spectra of (a, ¢) core, and (b, d) core/shell samples, obtained

under continuous excitation with different wavelengths. Laser powers: 22 or 27 W-cm™ for 808

and 975 nm respectively.
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Fig. S11. CIE chromaticity diagrams of synthesized NPs, calculated from the emission spectra
measured under 808 and 975 (CW) or 796 and 976 nm wavelengths (pulsed) where (a-c) were

measured under continuous excitation source (at 15 W-cm™) and (e-g) under pulsed excitation

source (at 25 mJ-cm™).
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Fig. S12. Integrated luminescence intensities of a, d) SrF> core samples and b-c, e-f) StF2@SrF>
core/shell samples, calculated from the spectra measured under Aex = 975/808 nm a-c) continuous
excitation source (at 15 W-cm?) and Aex = 976/796 nm d-e) pulsed excitation source (at
25 mlJ.em?), where (1) 20%Yb**,1%Er*@20%Yb>*,10%Nd** (5 mmol /5 mmol), (2)
20%Yb*,1%Er** @20%Yb*,10%Nd** (24 h / 12 h), (3) 20%Yb**,1%Er**@20% Yb**,20%Nd**
(2x NH4F / 2x NH4F), (4) 20%Yb* 1%Er*@20%Yb**,10%Nd* (12 h / 24 h), (5)

20%Yb*,1%Er**,10%Nd>*.
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Fig. S13. Emission decays measured for synthesized core and core/shell NPs under 796 and 976

nm wavelengths and pulsed excitation source (at 25 mJ-cm?).
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Table S4 Emission lifetimes calculated from the measured luminescence decays of core and

core/shell additional samples, under 796 nm or 976 nm pulsed laser excitation (at 25 mJ-cm™) (for

decays see Figure S14, err < 1.1 ps).

Lifetimes (ps)

core core/shell
Sample Aex= 976 nm hex= 976 nm dex= 796 nm
s & S| EF & §|EF 8§ 3
r 2 2|5 & &% & £
I O U T A I A
g ¢$ F | E ¢ g | F $ ¥
3+ 3+, 3+ 3+
e ey, PRAENET s s | 28 2 169 | 25 26 102
3+ 3+ 3+
NENPLLREC QAR BN o 55 g |6t w0 13 | 72 W 18

(12h/24h)

Table S5 Number of photons involved in the UC mechanism, determined from the dependences
of luminescence intensity on laser power for core and core/shell NPs prepared in different

synthesis conditions, under 808 nm and 975 nm continuous laser excitation wavelengths (for

experimental results see Figure S14, err < 0.05).

Number of photons

core core/shell
Aex= 975 nm Aex= 975 nm 2ex= 808 nm
Sample
. & 1 rtlL § % L& L 1 1%
0%Yb* 1 BEC@0%Yb™ 20%Nd" 50 13 85| - 115 165 215 099 094 137
(2x NH4F / 2x NH4F) : ' . : : g - : :
20%Yb*,1%Er**@20 % Yb**,10%Nd*

El ’ & - - 10

o as ot 191 171 2.02 209 206 2.14 103 042 161
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Fig. S14. Dependences of integral emission intensities on laser powers determined for prepared
core and core/shell NPs under 808 and 975 nm wavelengths and continuous excitation source

(at 25 mJ-cm?).
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Fig. S15. Scheme of up™ and down-conversion mechanisms for SrF:Yb** Er’* Nd** NPs under

different NIR excitation wavelengths.
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ABSTRACT: Ultrasmall (9—30 nm) Yb**/Er**-doped, upconverting alkaline
rare-earth fluorides that are promising for future applications were synthesized by
the microwave-assisted hydrothermal method. The formation mechanism was
proposed, indicating the influence of the stability of metal ions complexes with
ethylenediaminetetraacetic acid on the composition of the product and tendency
to form M,REF, (M,¢;REq;3F,33) cubic compounds in the M—RE—F systems.
Their physicochemical properties (structure, morphology, and spectroscopic
properties) are compared and discussed. The obtained nanoparticles exhibited
emission of light in the visible spectra under excitation by 976 nm laser radiation.
Excitation and emission spectra, luminescence decays, laser energy dependencies,
and upconversion quantum yields were measured to determine the spectroscopic
properties of prepared materials. The Yb*/Er** pair of ions used as dopants was
responsible for an intense yellowish-green emission. The upconversion quantum

yields determined for the first time for M,REF,-based materials were 0.0192 + 0.001% and 0.0176 + 0.001% for

Sr,LuF,:Yb** Er** and Ba,LuF,:Yb**,Er®* respectively, the two best emitting samples. These results indicated the prepared
materials are good and promising alternatives for the most studied NaYF,:Yb**,Er** nanoparticles.

H INTRODUCTION

In recent years, the properties of upconverting nanoparticles
(UCNPs) have been investigated very intensively because of
their potential applications. Particularly interesting are UCNPs
based on lanthanide ions (Ln%*).'”? Knowledge of the
mechanisms responsible for the efficient upconversion process
is increasing dynamically.*™® Furthermore, methods of nano-
particles (NPs) production are continuously developing as the
demand for smaller and more advanced NPs is growing.””*
Ln*" ions feature narrow-band absorption and emission that
are characteristic of these emitter ions, a large number of
excited states, long luminescence lifetimes, large Stokes shift
and upconversion (UC) phenomenon. The combination of
these properties allows use of the materials doped with Ln*"
ions in solar cells, lasers and fiber amplifiers, persistent
phosphors, and temperature/pressure sensors.” ¢ Inorganic
nanomaterials doped with Ln®* ions, excited under near-
infrared radiation (NIR), can be applied in bioimaging, cancer
treatment, or drug delivery."”*° The use of UCNPs for cell
imaging ensures low autofluorescence and reduction of light
scattering generated by tissue.”'~>* Moreover, UCNPs are
known to cause less photodamage to cells and usually have low
cytotoxicity. >
The morphology and composition of NPs are sometimes
critical and often determine their applications. In nano-
medicine, the important feature is the small average size of
NPs, usually below S0 nm. Small NPs are noninvasive to cells
and may be distributed in organism through blood vessels.”>*°
Another fundamental property of the described compounds is

v ACS Publications  © 2018 American Chemical Society
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high photochemical stability and resistance to photobleaching.
An additional advantage of inorganic NPs is also the fact that
their surface can be very easily modified, e.g., by using silica,
and further biologically functionalized.”***

The most popular and commonly used inorganic host
materials for UC are fluorides. They have low phonon energy,
which reduces the possibility of the occurrence of nonradiative
relaxation, and high chemical stability. Nanomaterials based on
fluorides are characterized by a relatively high quantum yield
(QY) of luminescence.”* Nanocrystalline fluorides can be
synthesized by several methods, of which the most common is
the decomposition of product precursors (e.g., metal
trifluoroacetates) in high-boiling solvents, such as oleic acid
and octadecene.”””** Other methods are based on the
precipitation reaction, also carried out under solvo- or
hydrothermal conditions.*~*'

Recently, the NaYF, matrix has been used most frequently in
research concerning UC systems."”*’ UCNPs based on this
compound are small, with high emission quantum yields (see
Table $2).*7* However, growing interest in the application of
nanomaterials has created a need for new compounds with
bright emissions and effective methods for their synthesis.
Other fluorides, such as M,RE,F, systems (where M = Ca, Sr,
Ba, and RE =Y, La, Gd, Lu) are relatively less studied. Only a
few reports about Ca[REF. and Sr,REF, UCNPs are
available.” ™ Similar compounds, like BaYF; or BaGdFs;,
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have more often been the subject of studies revealing promising
upconversion properties.””" The current state of knowledge
about M,REF;-type compounds indicates that several of the
UC materials presented in this article, such as Ca,YF,,
Ca,GdF; and Ba,LuF;, have not been as yet subjects of
literature reports. Other ones, such as Sr,LuF,, Ba,YF,, and
Ba,GdF;, have been more studied, but the upconversion
quantum yields (UCQY) in these systems have not been
reported to date.”* >

Synthesis of nanocrystalline M,RE,F, fluorides is usually not
an easy process because of the diversity of their stoichiometry
and crystal structures.”’ ™" Very often, the resulting products
have more than one crystal phase. Fedorov et al. analyzed
BaF,—YF; systems proving a nonequilibrium character of these
phases.”” Therefore, there is not possible to obtain barium—
yttrium fluorides with a specific composition, e.g, BaYF;.
Instead, these systems should be considered as Ba,_ RE.F,,.
solid solutions.”’ Despite this, there are some articles using the
BaYF; formula.’"*'~® Although some of the mixed M>* and
RE** fluorides have been investigated in recent years, their UC
properties have not been compared. What is more, there is a
high degree of uncertainty regarding the product composition
in published articles. Therefore, it is important to carefully
examine the properties of obtained M,REF,.,; compounds and
determine their real stoichiometry. Our studies show that M—
RE—F systems are complex and require deep investigation.
Synthesis of NPs based on the compounds mentioned above
and analysis of their properties can expand knowledge of these
and similar systems, and also enlarge the base of inorganic
nanomaterials for UC applications.

Bl EXPERIMENTAL SECTION

Materials. Rare earth oxides: Y,0;, La,0; Gd,03, Er,03, Yb,0;,
and Lu,0; (99.99%, Stanford Materials, United States) were used as
the source of RE** (and Ln*') ions. To obtain rare earth chloride
solutions at a concentration of 1 or 0.5 M, the oxides were dissolved
separately in hydrochloric acid (ultrapure, Sigma-Aldrich, 37%,
Poland). Ammonium fluoride (98+9%, Sigma-Aldrich, Poland) was
used as the source of fluoride ions. Barium chloride dehydrate (Sigma-
Aldrich, 99+%, Poland), calcium chloride dihydrate (Sigma-Aldrich,
99+9%, Poland), strontium chloride hexahydrate (Sigma-Aldrich, 99+9%,
Poland), and ethylenediaminetetraacetic acid (EDTA) diammonium
salt hydrate (Sigma-Aldrich, 97%, Poland) were used as received
without further purification.

Synthesis. Nanoparticles showing UC based on M,REF; matrices
(where M = Ca, Sr, Ba, and RE =Y, La, Gd, Lu) doped with Yb** and
Er’* ions were synthesized using the microwave-assisted hydrothermal
method (Magnum II, Ertec). To obtain M,REF,:Yb** ,Er** (theoretical
concentrations were set to 18% and 2% mol), 6 mmol of EDTA
diammonium salt hydrate was dissolved in 20 mL of water, in a beaker
which was placed on a magnetic stirrer. This substance was used to
prevent precipitation of the product before applying the hydrothermal
conditions. Then, an aqueous solution of MCl, (containing 3 mmol of
reactant) mixed earlier in a beaker with RECly and LnCl; (Ln = Yb, Er;
total amount 3 mmol) with a specified concentration and
stoichiometric ratio (1:1 metal ions) was added to dissolved EDTA.
NHj(,q) (30%) was added dropwise upon vigorous stirring to obtain a
transparent solution until pH = 6 was reached. NH,F was used in the
synthesis as a source of fluoride ions: metal and fluoride ions were
mixed in a 1:5 ratio. During preparation of the solution, the pH was
monitored and maintained at 6 using NHj(,). The transparent
solution with total volume of 70 mL was transferred into a Teflon-
lined autoclave (100 mL) and treated under hydrothermal conditions
for 4 h at 180 °C and 40 bar, with microwave heating. Afterward, the
obtained white precipitate was purified by centrifugation with water

6411

156

and ethanol several times. The final product was dried at 80 °C for 80
h.

Characterization. X-ray diffractograms (XRD) were recorded on a
Bruker AXS D8 Advance diffractometer in the Bragg—Brentano
geometry, with Cu K, radiation, in the 26 range from 6 to 60°. The
reference data were taken from The International Centre for
Diffraction Data (ICDD) database. Crystal cell volumes were
calculated using the Maud 2.33 software.®* The composition of the
prepared materials was analyzed by inductively coupled plasma-optical
emission spectrometer (Varian ICP-OES VISTA-MPX). Trans-
mission-electron-microscopy (TEM) images were recorded on an
FEI Tecnai G2 20 X-TWIN transmission electron microscope using an
accelerating voltage of 200 kV.

The luminescence characteristics (excitation, emission spectra,
luminescence decays, and power dependencies) of the prepared
samples were measured on a Photon Technology International
QuantaMaster 40 spectrofluorometer equipped with an Opotek Inc.
Opolette 355LD UVDM tunable laser, with a repetition rate of 20 Hz
and pulse length of 7 ns; a Hamamatsu R928 photomultiplier was used
as a detector and a Thorlabs FEL900 optical filter was used.

The absolute upconversion quantum yield (UCQY) measurements
usually involve the use of integrating sphere.”>**~" In our studies a
barium sulfate-coated integrating sphere (80 mm diameter) from
Photon Technology International was employed. The integrating
sphere was mounted in a QuantaMaster 40 spectrofluorometer with
the entry and output ports located at 90° to each other. A continuous
Dragon Lasers DPSS 980 nm laser was used as the excitation source,
coupled to a 200 um optical fiber and collimator. A S305C Compact
Thermal Power Sensor from Thorlabs was used to measure the power
of the laser beam. As a detector, a Princeton Instruments PIXIS:256E
Digital CCD Camera, equipped with an SP-2156 Imaging Spectro-
graph was applied, corrected for the instrumental response. All of the
powder samples were held in a white Teflon cuvette with a quartz
window, located in the center of the integrating sphere. Two filters,
Thorlabs NENIR30B and NENIR40B, were used in order to measure
the spectrum in the range covering the emission and excitation
wavelengths (500—1050 nm) and to avoid saturation of the CCD
camera. Measured spectra were corrected for the filters before the final
calculations. For more details see Supporting Information.

Pictures of the samples were taken using a Canon EOS 550D
camera under excitation by Opolette 35SLD UVDM (~10 mJ-cm™2)
or a Dragon Lasers DPSS 980 nm laser (~20 W-cm™) and with
Thorlabs FEL900 and FGS900-A optical filters (exposure time 2.5's, f/
4, 1SO-1600).

B RESULTS AND DISCUSSION

Structure and Morphology. The M,RE F, fluorides are
known to crystallize as cubic, orthorhombic, hexagonal, or
monodlinic structures depending on the composition.” %7
The synthesized compounds crystallized as disordered, fluorite-
type, nonstoichiometric structures with a M ¢REg33F, 33
composition per unit cell and Fm3m cubic space group.”””"
According to Sorokin et al,, these type of compounds crystallize
as solid solutions which remain metastable at low temper-
ature.”" The article uses the M,REF, formula containing the
integer number of ions. Upon annealing, the fluorite structure
may order with formation of tetragonal M,REF, phase.”' The
diffraction peaks of tetragonal phase are similar to those of the
pure cubic structure, Fm3m; however, according to literature,
the compounds obtained by solid-state reaction may show very
weak additional superstructure reflections.”” Also splitting of
the main Feaks of the fluorite-type lattice phase should be
observed.”" These minor peaks as well as splitting of XRD
peaks were not observed in the materials prepared, which
confirms the cubic structure. However, there are some articles
incorrectly reporting M,REF,-type compounds as tetragonal

DOI: 10.1021/acs.inorgchem.8b00484
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with similar XRD patterns to those presented in this
article 5535673

The crystal phases of all samples have been identified, and
the results are presented in Figure 1. The diffraction peaks are

1 S NS m— YR
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Figure 1. XRD patterns of the samples synthesized by hydrothermal
method and the reference from the ICSD database (No. 190727).

broad, which indicates the small size of the nanocrystals (Table
1). The obtained patterns were compared to the standard data
for cubic SrggsPry3,F, 3, (ICSD No. 190727). The comparison
confirmed the single-phase structure of all the compounds.
Depending on the ions forming the material, crystal cell volume
(Table 1) changed in comparison to that for the reference

compound, which resulted in a shift of the XRD peaks. Hence,
when the host compound consists of Ba>* (r = 1.35 A), the
calculated crystal cell volumes are the largest, and the shifts of
the XRD peaks with respect those in the reference pattern are
the highest. Analogously, the materials including Ca®* ions with
the ionic radius smaller than that of the M** metal ions used (r
= 1.00 A) had the smallest cell volumes from all products
obtained. In addition, differences between ionic radii of RE**
ions caused similar changes, although to a smaller degree as the
differences were also lower: Y** (r = 0.9 A), La** (r = 1.03 A),
Gd* (r = 0.94 A), and Lu** (r = 0.86) (ionic radius for the
coordination number, CN = 6). The size of nanocrystals,
calculated from the Scherrer equation, was independent of the
crystal cell volume.

ICP-OES analysis was performed to confirm the obtained
stoichiometry, and the results are presented in Table 1. Figure 1
presents the XRD patterns of the obtained compounds along
with sample labels according to their elemental composition.
On the basis of the elemental analysis, three different types of
structures were obtained: MREF (SrLaFs), M,REF, (Ca,YF,,
Sr,YF,, Ba,YF,, Ba,LaF,, Ca,GdF,, Sr,GdF,, Ba,GdF-, Sr,LuF-,
Ba,LuF;, and M,_REF,,, for a structure containing Ca®* and
Lu’* ions with a very low content of lanthanide ions.

The complexity of the M—RE—F systems results from the
high capacity of the CaF, fluorite-type structure for ion
exchange. The M?* ions can be easily replaced by RE** ions,
which additionally are similar in ionic radius to those they
replace. The charge imbalance created after replacement can be
compensated by highly mobile F~ ions. Hence, from the ideal
fluorite-type CaF, structure, other structures can be delivered,
such as tetragonal-type distortion.”* However, in nanocrystal-
line materials in which a high proportion of ions are localized

Table 1. Results of ICP-OES Analysis, the Stoichiometric Ratio between Alkaline Metal (Ca, Sr, Ba) and Rare Earth Ions,
Crystal Cell Volumes, and Nanocrystal Sizes Calculated Using the Scherrer Equation

metal ion concentration (% mol)
M2+ RE3+ Mz+ RE3+ Yb3+ Er3+ MZ+:RE3+ ratio
Ca?* 70.0 300 2:0.9
74.2 24.6 1.0 02 2:0.7
Sr** D il 66.6 334 2:1.0
64.1 336 2.0 0.3 2:1.1
Ba®* 66.4 336 2:1.0
69.3 289 1.6 0.3 2:09
Caz+
St 526 474 2:18
La** 553 442 0.4 0.1 2:1.6
Ba?* 67.1 329 2:1.0
63.3 362 0.4 0.1 2:1.2
Ca®* 67.0 330 2:1.0
73.3 25.6 1.0 02 2:0.7
S+ Gd* 71.7 283 2:0.8
60.4 37.1 22 0.3 2:13
Ba** 74.0 26.0 2:0.7
72.6 25.1 2.1 0.3 2:0.8
Ca?* 89.6 104 2:02
86.4 9.6 3.5 0.5 2:03
St Lu® 723 277 2:0.8
67.8 25.1 62 1.0 2:1.0
Ba** 664 336 2:1.0
66.1 25.1 7.7 11 2:1.0

ICSD No. 190727

sample name

crystal cell volume (A%)

nanocrystal size (nm)

Ca,YF, 170.38 164 + 1.6
Ca,YF;:3.9%Yb*",0.6%Er** 169.47 137 + 1.6
St,YF, 187.40 16.1 + 0.6
St,YF,:5.6%Yb*",0.9%Er** 186.65 163 + 0.8
Ba,YF, 210.78 197 + 1.7
Ba,YF:5.1%Yb*,0.9%Er** 211.15 19.7 + 1.8
SrLaFg 20235 132+ 12
SrLaF:0.8%Yb**,0.2%Er** 200.40 10.7 + 1.0
Ba,LaF, 221.78 94 + 0.6
Ba,LaF,:1.1%Yb*,0.2%Er** 22321 103 + 0.9
Ca,GdF, 172.87 20.8 + 4.4
Ca,GdF,:3.7%Yb>*,0.7%Er** 171.90 15.5 + 1.1
Sr,GdF, 189.90 20.8 + 6.0
Sr,GdF;:5.5%Yb*",0.9%Er** 190.90 18.0 + 2.9
Ba,GdF, 213.72 147 + 1.7
Ba,GdF;:7.5%Yb*,1.1%Er** 214.77 154 + 19
CaggLug,F, 164.57 200 +22
CagoLug,Fy:3.5%Yb*",0.5%Er** 164.96 14.6 + 1.7
St,LuF, 185.78 129 + 1.6
Sr,LuF,:19.3%Yb*,3.0%Er** 184.17 205 + 1.9
Ba,LuF, 210.16 106 + 2.6
Ba,LuF:22.8%Yb**,3.1%Er** 208.77 9.8 + 26
Sro,6sPro3:Fa 3, 196.53

6412 DOI: 10.1021/acs.inorgchem.8b00484
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with similar XRD patterns to those presented in this
article, 52535673

The crystal phases of all samples have been identified, and
the results are presented in Figure 1. The diffraction peaks are
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Figure 1. XRD patterns of the samples synthesized by hydrothermal
method and the reference from the ICSD database (No. 190727).

broad, which indicates the small size of the nanocrystals (Table
1). The obtained patterns were compared to the standard data
for cubic SrygsPro3,F, 3, (ICSD No. 190727). The comparison
confirmed the single-phase structure of all the compounds.
Depending on the ions forming the material, crystal cell volume
(Table 1) changed in comparison to that for the reference

compound, which resulted in a shift of the XRD peaks. Hence,
when the host compound consists of Ba>* (r = 1.35 A), the
calculated crystal cell volumes are the largest, and the shifts of
the XRD peaks with respect those in the reference pattern are
the highest. Analogously, the materials including Ca®* ions with
the ionic radius smaller than that of the M** metal ions used (r
= 1.00 A) had the smallest cell volumes from all products
obtained. In addition, differences between ionic radii of RE**
ions caused similar changes, although to a smaller degree as the
differences were also lower: Y>* (r = 0.9 A), La** (r = 1.03 A),
Gd* (r = 0.94 A), and Lu** (r = 0.86) (ionic radius for the
coordination number, CN = 6). The size of nanocrystals,
calculated from the Scherrer equation, was independent of the
crystal cell volume.

ICP-OES analysis was performed to confirm the obtained
stoichiometry, and the results are presented in Table 1. Figure 1
presents the XRD patterns of the obtained compounds along
with sample labels according to their elemental composition.
On the basis of the elemental analysis, three different types of
structures were obtained: MREF; (SrLaF;), M,REF, (Ca,YF,,
Sr,YF,, Ba,YF,, Ba,LaF,, Ca,GdF,, Sr,GdF-, Ba,GdF,, Sr,LuF,,
Ba,LuF,, and M,_,RE,F,,, for a structure containing Ca** and
Lu’* ions with a very low content of lanthanide ions.

The complexity of the M—RE—F systems results from the
high capacity of the CaF, fluorite-type structure for ion
exchange. The M?* ions can be easily replaced by RE*" ions,
which additionally are similar in ionic radius to those they
replace. The charge imbalance created after replacement can be
compensated by highly mobile F~ ions. Hence, from the ideal
fluorite-type CaF, structure, other structures can be delivered,
such as tetragonal-type distortion.”* However, in nanocrystal-
line materials in which a high proportion of ions are localized

Table 1. Results of ICP-OES Analysis, the Stoichiometric Ratio between Alkaline Metal (Ca, Sr, Ba) and Rare Earth Ions,
Crystal Cell Volumes, and Nanocrystal Sizes Calculated Using the Scherrer Equation

metal ion concentration (% mol)
M2+ RE3+ M2+ RE3+ Yb3+ E[‘% M2+:RE3+ ratio
Ca* 70.0 30.0 2:09
742 24.6 1.0 0.2 2:0.7
Sr*t b 66.6 334 2:1.0
64.1 336 2.0 0.3 2:1.1
Ba®* 66.4 33.6 2:1.0
69.3 289 1.6 0.3 2:0.9
Caz»,
Sr** 52.6 474 2:1.8
La* 553 442 0.4 0.1 2:1.6
Ba®* 67.1 329 2:1.0
63.3 362 0.4 0.1 2:12
Ca 67.0 33.0 2:1.0
73.3 25.6 1.0 02 2:0.7
Sr** Gd* 7.7 283 2:0.8
60.4 37.1 22 0.3 2:13
Ba* 74.0 26.0 2:0.7
72.6 25.1 2% 0.3 2:0.8
Ca?* 89.6 104 2:02
86.4 9.6 3.5 0.5 2:0.3
N Lu** 72.3 277 2:0.8
67.8 25.1 62 1.0 2:1.0
Ba** 66.4 336 2:1.0
66.1 25.1 77 11 2:1.0

ICSD No. 190727

sample name crystal cell volume (A®)  nanocrystal size (nm)

Ca,YF, 170.38 164 + 1.6
Ca,YF;:3.9%Yb**,0.6%Er** 169.47 13.7 + 1.6
St,YE, 187.40 16.1 + 0.6
St,YF,:5.6%Yb*",0.9%Er** 186.65 16.3 + 0.8
Ba,YF, 210.78 19.7 + 1.7
Ba,YF;:5.1%Yb*,0.9%Er* 211.15 19.7 + 1.8
SrLaF; 20235 132+ 12
SrLaF3:0.8%Yb**,0.2%Er** 200.40 10.7 + 1.0
Ba,LaF, 221.78 94 + 0.6
Ba,LaF,:1.1%Yb*",0.2%Er** 22321 103 + 09
Ca,GdF, 172.87 20.8 + 44
Ca,GdF,:3.7%Yb*",0.7%Er** 171.90 15.5 + 1.1
Sr,GdF, 189.90 20.8 + 6.0
Sr,GdF,:5.5%Yb**,0.9%Er** 190.90 18.0 + 2.9
Ba,GdF, 213.72 147 + 1.7
Ba,GdF;:7.5%Yb*", 1.1%Er** 214.77 154 + 19
Cap,Luy, F, 164.57 200 £22
CagoLug,F,:3.5%Yb* 0.5%Er* 164.96 14.6 + 1.7
Sr,LuF; 185.78 129 + 1.6
Sr,LuF;:19.3%Yb**,3.0%Er** 184.17 205 + 1.9
Ba,LuF, 210.16 10.6 + 2.6
Ba,LuF,:22.8%Yb**,3.1%Er** 208.77 9.8 £26
SrosPro3Fa 3 196.53
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on the surface (~20% in nanocrystals with size around 8 nm),”
where the crystal structure is highly distorted and XRD peaks
are wide, the boundary between cubic and tetragonal structure
may be not clear.

The results of ICP-OES analysis typically indicated different
composition of products and lower dopant concentrations than
expected from stoichiometric calculations. Most of the products
were obtained with M** to RE** molar ratios of around 2:1,
despite the fact that MCl, and RECI; chlorides were added to
the solution at the 1:1 molar ratio. Also the ratios of RE* ions
forming host (Y**, La*, Gd*, or Lu®*") to those used as
dopants (Yb** and Er’*) was not as expected from the
concentrations of the reagents. The data presented in Table 1
show that the highest percentage amount of Yb** and Er** ions
was found in the Ba,LuF,-based sample (22.8% and 3.04%,
respectively). The lowest efficiency of doping was observed for
SrLaF,:Yb* Er** sample in which the dopant concentrations
were 0.8% of Yb** and 0.2% of Er’* ions.

As the reaction conditions and reagent compositions were
the same for each synthesis, the final product stoichiometry and
composition were determined by other factors. The differences
in ionic radii between metal ions,’® solubilities of metal
fluorides,””””® and, the most important factor, stability of the
complexes with EDTA are known to influence the properties of
the materials obtained (see Table S1 in Supporting Information
for appropriate data).”” The proposed product formation
mechanism is presented in Figure 2. Alkaline metals, M, form

Step 1
Formation of metals compleres

Step 3

Partial dissociation of RE™ complex

¥ complex

[M-EDTA]™ NHF M + EDTA* M* +RE* + EDTA"
M 180"C * 180"C M
[RE-EDTA]" 40 bar [RE-EDTA]" “0bar [RE-EDTA]"
> 180°C
[ pHxE *e0, 40 bar
MCl; + RECl3 ¥
¥
Step 5 Step 4
(NH.);H;EDTA oot ormaton st nd ot
< Concentration in the reaction mediam |
ot s = ® o oemie

Stabiiity of complexes with EDTA

>

Figure 2. Proposition of mechanism of nanocrystal growth in
hydrothermal conditions.

complexes with EDTA that are less stable than the complexes
of RE® ions. An equilibrium between [M-EDTA]*, [RE-
EDTA]*, M*, RE¥, and EDTA* individuals is established
after mixing all of the reagents. The RE* ions are in larger
fraction complexed in [RE-EDTA]* than M** in [M-EDTA]*;
therefore, the ratio between these ions is higher than expected.
Additionally, after the reaction starts, [M-EDTA]*" complexes
first dissociate (Step 2 in the mechanism) as they are less stable
and as the result of EDTA decomposition.so Afterward, [RE-
EDTA]" begins to dissociate, which explains why the
concentration of RE*" ions in the prepared materials is much
lower than expected from the amounts of reagent salts added.
After these two stages, the equilibrium between M?*, RE*, and
their complexes is established, and precipitation of the products
begins (Step 4). The final step is nucleation followed by growth
of nanoparticles (Step S). This simplified mechanism is the
only proposition not verified experimentally.

The proposed mechanism explains why most of the
synthesized materials contained lower concentrations of Yb**
and Er** dopants than expected (20% of Yb** and 2% of Er**
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ions) and why the fraction of precipitated Er** ions is always
larger than that of Yb*" ions (Table 1). The dopant ions
precipitate, the last one during the reaction, first Er** and next
Yb** ions, except for syntheses of NPs containing Lu** ions.
This also explains the difference between Sr,LuF;- or Ba,LuF,-
based materials and the rest of products.

In the group of synthesized materials, three exceptions were
observed: in Ca®*- and La*-containing mixtures, the product
was not formed in the applied conditions; Sr** and La** ions
precipitated as a SrLaFg compound; Ca®* and Lu* formed a
CaggLluy F, compound. The explanation of these results is
unclear. It is worth noting that the difference between the ionic
radii of Ca** and La® is the smallest of the all used metal ions
as well as the difference in stability constant of EDTA
complexes. In addition, the differences in the size of M*" and
RE®* ions in the remaining two cases are one of the smallest.
This may be associated with the tendency to form the structure
closest to cubic CaF,.

In our opinion, the information mentioned above is critical in
designing the properties of fluoride nanocrystals and planning
their syntheses. A similar mechanism can be extended to
systems containing other chelating agents, such as citric acid or
polyethylene glycol.

Morphology of the products was determined by analyzing
XRD patterns and TEM images. The characteristics of the XRD
patterns indicate the nanocrystallinity of the products. Average
nanocrystal sizes, calculated using the Scherrer equation,®' vary
in the range 9—21 nm and are displayed in Table 1. The TEM
images together with size distribution histograms are presented
in Figure 3. They show a very similar, quasi-spherical shape of
the nanocrystals as well as their tendency to agglomerate.
However, some single nanocrystals can still be observed,
proving that they are not strongly connected. The
Ba,LaF,:Yb* Er’* sample (Figure 3f) presented the smallest
average particle size, estimated at approximately 9 nm, but the
nanocrystal sizes of the other products were also small. The
sample was composed of Ba,LaF, nanocrystals making small
clusters of several nanocrystals. Such behavior was not observed
in other materials. The determined nanocrystal dimensions are
comparable with those calculated from the Scherrer equation
except for Ba,YF,:Yb*" Er**. All nanocrystals exhibited a high
degree of crystallinity.

Spectroscopic Properties. Upconversion properties were
studied under excitation by a pulsed laser (4, = 976 nm).
Emission and excitation spectra are presented in Figure 4.
Luminescence decays were also recorded for each transition
band as well as the dependencies of the emission intensity on
laser energy were obtained. The calculated emission lifetimes
and the number of photons involved in the upconversion
process are presented in Table 2. Experimental data
(luminescence decays and dependencies of emission intensities
on laser energy) are presented in the Supporting Information
(Figures S3 and S4).

Figure 4 shows that the spectra of all samples show similar
emission and excitation peaks with quite different intensities.
The highest emission intensities were recorded for
St,LuF,:Yb** Er’* and Ba,LuF,:Yb* Er** samples. Also the
emission intensity of Ba,GdF,:Yb*"Er** was relatively high.
The other materials showed low emission or their emission was
even almost quenched, like, e.g., for Ca,YF,:Yb* Er®".

The excitation spectra observed in Figure 4 show a narrow
band with the maximum at 976 nm, characteristic of the *F,/,
— 2Fy), transition of Yb®* ions. These ions participate in the
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Figure 3. TEM images and nanocrystal size distributions of
hydrothermally synthesized samples: (a) Ca,GdF,:Yb*"Er*, (b)
CagsLug Fy:Yb™ Er®, (c) St,GdF,:Yb™Er*, (d) SrLuF,:Yb™, Er*,
(e) Ba,YF,:Yb*" Er*, (f) Ba,LaF,:Yb*', Er**.
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Figure 4. Upconversion luminescence (solid line) and excitation
spectra of synthesized materials under pulsed excitation source (at 15
mJ-cm ™).
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energy transfer process (as sensitizers) to Er** ions, which
results in photon upconversion.

The intensity of UC is connected with the concentration of
Yb* ions. The samples in which the Yb*" ion concentration is
high also show intense emission, which may be expected as
Yb** ions absorb exciting radiation. Analysis of the sample
composition is crucial for the appropriate interpretation of
spectroscopic results. The presented results indicate that
preparation of a series of samples, keeping the same conditions
in the synthesis, does not necessarily lead to the desired
composition of each product.

In the emission spectra, the *S;,, = *I;5, transition (with a
maximum at 536 nm) was observed as the most intense for all
samples. Therefore, the color of the samples luminescence was
green. The ratio between the intensities of transitions for the
obtained nanopowders was very similar (see Figure S2). Four
characteristic transitions of Er** ions: *Hy), — *I5/, (~406
nm), 2Hn/z = 4115/2 (~520 nm), 4Ss/z 2 4115/2 (~540 nm),
and *F,, = *I;5/, (~650 nm) were recorded only for some of
the materials obtained: Sr,LuF,:Yb**Er®*, Ba,LuF,:Yb*"Er*,
Ba,GdF,:Yb3*,Er3*, Cag,Luy,F,:Yb3*,Er®*, and
Ca,GdF,:Yb* Er**, which is related to the tendency of the
*H,, — *Ij5/, level to be quenched by a cross-relaxation
process, or a noneffective, multiphonon de-excitation process.**

The upconversion quantum yields determined for the best
emitting samples are presented in Figure S. The calculated
values were the highest for Sr,LuF,:Yb**Er®* and
Ba,LuF,:Yb*" Er** the two best emitting samples (see also
Table S2 and Figure 4). In these samples a saturation effect was
observed, visible as a plateau-like region at higher power
densities. The observed saturation may be explained by
excitation trapping into intermediate state involved in UC
mechanism. For Er** it is long-lived (bottleneck) I/, excited
state being unavailable for further excitation transfer at higher
power densities.'”**

UCQYs are rarely published owing to the difficulties in their
determination.*******3~%% The obtained values are usually low,
in comparison to those for downshifting phosphors. The
highest published values do not exceed several percent, and
they were determined only for the core/shell samples, prepared
by the thermal decomposition method.****?* UCQY for a
sample prepared by the hydrothermal method had been
reported previously only once by Balabhadra et al.®°

The most often studied NaYF,:Yb**,Er’* nanoparticles,
which showed one of the brightest emissions, revealed
UCQY from 0.0022% to 0.32% under 980 nm laser irradiation,
depending on the concentration of dopant ions, synthesis
procedure, and particle size.*>***>*”?° Comparison of UCQYs
determined for samples doped with Yb** and Er** presented in
Supporting Information (Table S2) shows that Sr,LuF, and
Ba,LuF,-based samples are capable of efficient emission, in
some cases with higher quantum yield than for the most
studied and best known NaYF,Yb*'Er** nanoparticles. It
should be emphasized that the materials prepared by us were
obtained by the hydrothermal method based on water solution,
in contrast to most of the other reports. UCQY values
measured in nonwater solutions are usually higher.*® Also
reported power densities, used for UCQYs measurements, were
usually higher than applied in this article.

Because of the nonlinear nature of UC, the QYs of this
process are strongly dependent on the excitation den-
sity.'>°*%?! Burthermore, properties such as laser beam
shape can also influence UCQYs.* Therefore, UC properties
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Table 2. Emission Lifetimes Calculated on the Basis of Luminescence Decays and the Number of Photons Determined from

a

Dependencies of Luminescence Intensity on Laser Ener;

emission lifetimes (us)

number of photons

sample name

Ca,YF;:3.9%Yb**,0.6%Er** 7.5 84
Sr,YF:5.6%Yb*,0.9%Er** 20.1 203
Ba,YF;:5.1%Yb*,0.9%Er** 744 734 107.7
SrLaF;:0.8%Yb**,0.2%Er** 224 355
Ba,LaF,:1.1%Yb*,0.2%Er** 27.7 28.8
Ca,GdF,:3.7%Yb>*,0.7%Er*" 142.7 285.5 2715
S1r,GdF;:5.5%Yb*",0.9%Er** 18.1 19.9
Ba,GdF;:7.5%Yb*",1.1%Er** 80.1 104.1 108.9
Caol_zLuO_,Fzz?,.S%Yb’*,O.S% 204 28.3 272
s
Sr,LuF,:19.3%Yb**,3.0%Er** 65.6 103.2 106.9
Ba,LuF,:22.8%Yb*",3.1%Er** 63.5 91.1 932

“Experimental data in Supporting Information, Figures S3 and $4.
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Figure 5. Upconversion
emitting samples.

quantum yields calculated for the best

are sensitive to instrumentation, which makes it difficult to
compare properties of the same materials in different setups.”’

The determined UCQYs were lower than for the best-known
emitters. However, the emissions QY of Sr,LuF,:Yb*",Er** and
Ba,Lu,:Yb**,Er** NPs are still at a satisfactory level, comparable
with some of the reports for NaREF,-type materials. This
makes the obtained materials look promising for upconversion
applications. Moreover, the M,REF;-type materials seem to be
excellent candidates for synthesis by the thermal decomposition
method.

The small difference in UCQY values between the two the
best emitting materials results from different nanocrystals size,
which are smaller in Ba,Lu,:Yb’*,Er** (see Table 1). The
relatively low QY values of the remaining M**-RE** systems
resulted from the low dopant concentrations. Also the synthesis
method used, which requires the presence of water, may be
responsible for low UCQY as the —OH oscillators quench the
higher excited states of Ln** ions.”> Other factors affecting
UCQY are nonradiative processes between Ln** dopants, such
as cross-relaxation and down-shifting emission of Yb** and Er**
ions (above 1000 nm).”” The dependence of QYs on the type
of host used was similar as that presented in Figure 4.

The upconversion properties of the prepared materials were
highly dependent on the excitation source, as shown in Figure
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6. The pulsed excitation results mostly in a two-photon process
(Table 2 and Figure S4), populating green- and red-emitting

976 nm, 15 mJ-cm™

Continuous laser , A, = 980 nm, 105 W-cm™

Figure 6. Upconversion luminescence images under NIR excitation
(pulsed and continuous lasers).

Er’" energy levels similarly, whereas continuous laser excitation
may lead to a saturation effect, which was most noticeable for
the green emission band at higher power densities.*’

Luminescence decays measured for the obtained samples
were used for calculation of luminescence lifetimes and are
collected in Table 2 (for emission decays see Figure S3). From
among all obtained matrices doped with Yb**/Er** ions, the
longest emission was found for Ca,GdF, (between 142.7 and
5212 us, depending on the transition band). Long lifetimes
were also calculated for Ba,YF, (74.4—336.7 us) and Ba,GdF,-
based materials (80.1—334.0 us). The shortest (7.5—10.9 us)
emission was recorded for Ca,YF,:Yb*"Er*, which may be
connected to the very low content of dopant ions in this matrix.
It is worth mentioning that for samples Sr,LuF,:Yb**Er** and
Ba,LuF,:Yb* ,Er’*, which exhibited the strongest emission of
light from all samples, the lifetimes were relatively short
(SrLuF,:Yb* Er’* 7 = 22525 us, Ba,LuF,: Yb*'Er** 7 =
20241 ps for the *Fy;, — *Ij5/, transition). The observed
spectroscopic properties lead us to assume that the differences
between samples are not only a result of their composition but
also other factors. The EDTA adsorbed during the synthesis as
well as the inhomogeneous distribution of dopant ions may also
influence the upconversion process and luminescence decays.”
This effect is especially visible in host materials in which
alkaline M?** ions are replaced by rare earth ions, RE*,
requiring different charge compensation.

For all samples, the longest decay times were measured for
the *Fy/, — *I;5/, transition. It may be caused by the necessity
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of the cross-relaxation process preceding the feeding of the
*Fy), excited state or even a different excitation mechanism.’
According to Xiang et al,”** if the decay time of the transition
*Fy/, = *L5,, is almost twice as long (or even more) than the
%S5/, = “I;5), transition, the excitation to the *F,/, level may
occur from the *I,3, excited state, which is directly populated
by energy transfer from Yb*" ions: *Iy/, (Er**) + “Fg), (Yb*)
to *Fy), (Er*) + F,), (Yb*). The long rise time for samples
that exhibited good emission (Yb**- and Er**-doped: Ca,GdF,,
CayyLuy,F,, Sr,GdF,, Sr,LuF,;, Ba,YF,; Ba,GdF, Ba,LuF,
hosts) can also be explained by this mechanism. If the
excitation pathway occurs by multiphonon relaxation from
*H,,/, to *Fy),, emission lifetime related to *Fy,, — *I;5),
transition should be similar to *S;,, — *I;5/,, which is true only
for Ca,YF, sample.

Dependencies of the luminescence intensity on the laser
energy were also measured to better understand the mechanism
of the UC process. They are presented in Supporting
Information, Figure S4. At low power densities, the number
of photons involved in the upconversion phenomena is equal to
the slope coefficient in linear regressions obtained from
excitation power dependencies. The determined numbers of
photons involved in the upconversion mechanism are collected
in Table 2.

The numbers of photons determined from the experimental
data suggest that at least three photons are required to excite
Er** ions to the 2H,), level, and two photons to achieve *Hj; ,,
%S5, and *Fy), excited states. The schematic energy diagram
presented in Figure 7 describes the proposed energy transfer
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Figure 7. Schematic energy levels diagram for Yb** and Er** ion-doped
samples.

processes occurring in the obtained materials. The “H,/, —
*I;5/, transition was recorded only for four obtained samples,
but, unfortunately, the determined slope values were much
lower than the theoretical ones. It is caused by nonradiative
deactivation processes, such as cross-relaxation between Er**
ions, and the saturation effect,”*™"* which appear at high laser
energies. For Ba,GdF;, Ba,YF,, and Ca,GdF,-based materials,
the calculated slope values are close to two for the *H,;,, —
Mis/2 *S3/2 = *15/5 and *Fy), — *1;5), transitions (preceded by
two-photon excitation).”' Interestingly, for the
Ba,YF,:Yb* Er** sample, the *S/, excited state can also be
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achieved by three-photon absorption followed by relaxation
from higher excited states.

On the basis of the obtained values of the slopes, which are
greater than 1, it can be concluded that for the other matrices a
two-photon process also occurred to excite Er’* ions into their
H,,/5, *S3/» and *Fy), levels. For the SrLaFg sample, only two
transitions were measured: “H,;,, — “I;5, and 453/2 = g
for which the slope values were 1.22 and 0.75. This confirmed
the occurrence of highly quenching processes in this sample
and explained the very low emission.

Figure 7 shows the UC mechanism occurring in the obtained
alkaline rare-earth fluoride matrices doped with Yb** and Er**
ions. In these materials, the Yb*" ions acted as sensitizers
because of their simple energy level structure and high
absorption coefficient in the NIR region. In turn, Er** ions
acted as energy acceptors and luminescence activators. Yb**
ions can be excited by radiation with a wavelength of around
976 nm, which provides a transition from the “F,, ground state
to the °F;), excitation state, having similar energy to the *I;; ),
excited state of Er*" ions.*® Therefore, energy can be relatively
easily transferred to the neighboring Er** ions, raising them to
the *I,;,, excited state level or, owing to the relaxation
processes, to the *I);/, excited state. Depending on the energy
of Er** ions, two or three photons are required to observe green
emission from the *H,,,, and *S;/, levels. Er’* ions, in their
*I,1/, excited state, can absorb the second photon from Yb**
ions, which promotes them to the ?H,,, excited state.
Furthermore, neighboring Er’* ions may act as sensitizers,
transferring their energy to the Er’* emitter.”” From the *H,, ),
excited state, green emission may occur, or relaxation to the
%S5/, excited state and finally green emission (*S;, — *I;5),
transition).

Excitation into the *F,, level of Er** ions may be realized in
several different ways. The first possible pathway is a simple
absorption of two photons as a result of energy transfer from
Yb** ions, forming Er’** ions in their *H,, ,, excited state. Then,
relaxation to the *Fy, state takes place followed by red
emission. However, at this point it needs to mentioned that the
proposed pathway is not always realized. Other mechanisms
may also be proposed to explain the origin of the red emission,
including cross-relaxation between Er’* ions, which depends on
the Er** concentration. Another possible pathway requires
absorption of a photon from an excited Yb** ion to the I},
level of the Er** ion, then relaxation to the *I,;/, state, from
which the second absorbed photon results in the Er** ion in its
%Fy, excited state. Then the emission of red light can be
observed.

Another explanation of the origin of the red emission and, in
general, the UC mechanism at low Er’* concentrations has
been given by Berry et al.® In the proposed mechanism, they
proved that red (*Fy;, — *I,5,) UC is preceded by a three-
photon excitation process to “G/’K states through the green
emitting *S,/, and ?H;, states. Multiphonon relaxation from
the Er’* higher-excited states may lead to the blue-emitting
state, “Hy/,, or by back energy transfer to Yb* ions to red
emitting *Fy),.° The long rise and decay time of the *F,/, —
)5/, transition are explained by the fact that the *S;, and
’H,,/, states are the initial states for the energy transfer from
Yb** ions, leading to excitation of the Er’* ions to their *G/?K
states.’

The *Hy/, — *I;5, transition must be preceded by three-
photon absorption. The third photon may be absorbed by Er**
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ions in their *F,/, excited state achieved by two pathways
mentioned above. However, absorption from the *H,, , excited
state is also possible, as mentioned above. Both possible
mechanisms lead to the emission of blue light.

Bl CONCLUSIONS

Alkaline, M**, and rare earth, RE*, fluorides as well as their
Yb**/Er**-doped counterparts were synthesized by the hydro-
thermal method. Three different M>* ions, Ca**, Sr** and Ba**,
and four RE* ions, Y**, La*, Gd**, and Lu® were used in order
to obtain upconverting materials. The synthesized compounds
crystallized with M, ¢RE,33F, 33 composition in a cubic crystal
cell. The mechanism of material formation was studied,
indicating the influence of the stability of the metal ion
EDTA complexes on the final product composition. The
tendency to getting lower than expected concentrations of RE**
metal ions forming complexes with EDTA of high stability was
observed. Comparison of the XRD patterns to the references
confirmed the formation of nanocrystals of cubic structure.
Nanocrystal sizes determined from XRD patterns were in the
range of 10—21 nm. Similar results were obtained by analyzing
TEM images, which revealed sizes in the range of 9—37 nm.

All of the Yb**- and Er**-doped materials exhibited UC
phenomenon. The most intense emission under 976 nm
excitation was observed for Sr,LuF,:Yb3* Er3*,
Ba,LuF,:Yb** Er**, and Ba,GdF.:Yb*" Er’* samples. Lumines-
cence lifetimes were in the range of 7.5—521 us, depending on
the sample, and indicating the complexity of the obtained
systems and energy processes occurred. Energy transfer
between Yb** and Er** ions was also analyzed by measuring
the dependence of the integral luminescence intensity on the
excitation laser energy. Analysis of experimental data revealed
the occurrence of the two- and three-photon processes,
preceding the observed upconversion luminescence. In
addition, the presence of quenching phenomena was noticed.

The UCQY measured for the two the best emitting samples
St,LuF,:Yb* Er**, Ba,LuF,:Yb** Er** (0.0192 + 0.001% and
0.0176 + 0.001% respectively) prove good properties of used
fluoride compounds as hosts for upconverting Yb** and Er**
ions. The obtained values were similar to those reported for
NaYF, and NaGdF,, known as the best hosts for UC
applications.*****7?>1% Thijs result proves the effectiveness
of the hydrothermal method which is also easier and more
ecofriendly than the thermal decomposition method, as the
synthesis conditions do not require inert atmosphere or a
vacuum as well as organic solvents. The hydrothermal method
may be considered as a good alternative and complementary
method for the synthesis of UCNPs.

This study has also shown the importance of such factors as
the stability of the precursors in the hydrothermal conditions
and the difference between the ionic radii of metal ions forming
the host compound, on the spectroscopic properties of the final
product. In addition, the necessity of composition determi-
nation by a highly accurate technique (ICP-OES) was
emphasized. From the series of studied materials, the most
promising for further research and applications are
Sr,LuF,:Yb*" Er** and Ba,LuF,:Yb**Er**. They can be
obtained in hydrothermal conditions as nanomaterials with
minimal risk of lower than expected concentrations of Yb** and
Er’* dopant ions.
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Table S1. Solubility of metal ions fluorides and stability constants of M”" and RE* complexes with EDTA.

ioii lonic Solubility of EDTA complex stability
radius (A) fluoride (pK;,) constant (logK,)
ca” 1.00 10.7 10.70
st 1.18 8.4 8.63
Ba”* 1.35 6.7 7.78
v 0.90 20.1 18.09
La? 1.03 15.3 15.50
Gd** 0.94 17.2 17.37
e’ 0.89 14.7 18.85
Yb** 0.87 15.3 19.51
Lu* 0.86 13.5 19.83
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Table S2. Upconversion quantum yields of non-core/shell nanoparticles with similar size to the described in the article

products, under excitation with a laser at around 980 nm. (* OA = oleic acid, OD = octadecene, OM = oleylamine).

Average Power
Material particle size ~ Sample form density ucay (%) Synthesis method Ref.
(nm) (W-cm™)
SroLUF,:19%Yb*,3%Er*  20.5£1.9 — 5 0.0192 £ 0.001 hydrothermal method in .
Ba,LuF;:23%Yb*" 3%Er"" 9.842.6 0.0176 + 0.001 water at 180 °C
dispersion in thermal decomposition in
~ +
NaYF,:20%Yb™,2% Er** S0 hexane 130 0:1:£0.05 0A/OD at 310 °C i
dispersion in thermal decomposition in
S +
8730 hexane 150 0:005:20.005 OM at 300 °C
y 3+ 3+ " - thermal decomposition in 2
NaYF;:20%Yb™,2% Er 68+16 powder 150 2 OA/OD at 290 °C
X 34 3+ dispersion in @ thermal decomposition in 3
NaYF;:20%Yb™ ,2%Er 5.4 hesan 1000 0.0022 +0.0001 OA/OD at 310°C
) 34 3+ - dispersion in " thermal decomposition in 4
NaGdF,;:18%Yb™",2%Er 5 cyclohexane 100 0.016+ 0.08 OAJOD at 270 °C
= . 3+ 3+ 3 dispersion in thermal decomposition in 5
LiLuF,: 20%Yb™, 1%Er 28 eytlohexang 127 0.11 OAJOD at 320 °C
. 3+ 3+ - dispersion in thermal decomposition in 6
NaYF,:20%Yb™,2%Er 17.5 cyclohexane 63 0.045 OA/OD at 315 °C
dlsp;;frn in 0.26 X g
+ 4 thermal decomposition in 7
NaGdF,:18%Yb*", 2%Er’ ~23 5
¢ dispersion in OA/OD at 290 °C
0.048
chloroform
SF,:20%Yb 2%Er™ ~40 powder 388 00057700002  "vdrothermal methodin §
water at 190 C
dispersion in
water (citrate ~0:1 i i .
i 3+ 3+ stabilized) thermal decomposition in 9
NaYF,;:20%Yb™,2%Er 22.7+0.7 100 OA/OD at 320 °C
dispersion in
~0.25
cyclohexane
dispersion in
0.098 ition i
s 3+ 3+ ” toluene thermal decomposition in 10
NaYF,;:17%Yb™ ,3%Er 25 20 OAJOD at 300 °C
Powder 0.32
S2
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Upconversion quantum yields

The upconversion quantum yields were calculated using the following equation:**™3

_ number of photons emitted B insie
-R

(1)

" number of photons absorbed "R

reference sample

where ¢ is the quantum yield, Esampre is the area under the corrected emission curve of the
sample, and Rreference aNd Rsample are the corrected areas under the diffuse reflectance curves
of the non-absorbing standard and samples, respectively, at the excitation wavelength. As
the white standard we used spectrally pure Y,03 powder (from Alfa Aesar, 99.99%). This
compound of spectral purity shows no absorption in the visible or NIR range and cannot be

excited by used 980 nm laser light.**

Collimator Optical fiber

Filter

O

™ Integrating sphere

Figure S1. Schematic representation of system setup used to measure upconversion quantum yields.
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Luminescence properties
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Figure S2. Integral emission intensities of the red (4F9/2—>4I15/2) and the green (2H11,2,453,2—>4I15/2) bands, and the

ratio between them calculated for the obtained samples.

Luminescence decays

Since the luminescence kinetics in measured emission decays was non-exponential,

effective lifetimes were used for calculations by applying the equation below:

L’” (t)dt
jﬂ" I(t)dt

Ty =

where 7.5 is the effective decay time and /() is the intensity at time t."®
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Normalized intensity

Time [us]

Figure S3. Upconversion luminescence decays measured for the synthesised materials (Aex = 976 nm).
Upconversion luminescence dependencies on laser energy

The relation between the UC intensity / and the pumping excitation power density,
Pexc is given by the following equation:*®

[oc P" (3)

exc

where the exponent n represents the number of photons involved in the UC process. %
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