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Cel pracy

Celem naukowym rozprawy doktorskiej bylo otrzymanie, modyfikacja powierzchni
1 zbadanie wlasciwosci  fizykochemicznych  wielofunkcyjnych  nanomaterialow
luminescencyjnych opartych o jony pierwiastkdw ziem rzadkich. Badania oparte byty
0 materialty zlozone z nieorganicznych, nanokrystalicznych fluorkow, fosforanow
i wanadandéw domieszkowanych jonami lantanowcow, Ln®**. Struktury tych zwiazkow
powinny charakteryzowac¢ si¢ wydajna wielokolorowg luminescencja, ktorej barwe mozna
modulowaé w zaleznos$ci od zastosowanych jonéw domieszki, parametrow syntezy 0raz
obrobki poreakcyjnej zsyntetyzowanych uktadow. Istotny wpltyw na morfologig, strukture,
charakter powierzchni oraz wlasciwosci spektroskopowe powstatych nanoluminoforow
moga mie¢ uzyte podczas reakcji zwigzki organiczne o charakterze anty-aglomerantow
i surfaktantow zmniejszajacych napiecie powierzchniowe uktadu. Przeprowadzona
funkcjonalizacja otrzymanych nanostruktur, powinna doprowadzi¢ do powstania
wielofunkcyjnych nanomateriatéw wykazujacych przestrajalng luminescencj¢, majacych
organicznie sfunkcjonalizowang reaktywng powierzchni¢, wykazujacych jednoczesnie
wlasciwosci magnetyczno-luminescencyjne oraz aktywnos¢ biologiczng. Wigkszos¢ takich
zaawansowanych, funkcjonalnych nanomateriatow zlozona jest z nanostruktur typu
rdzen/powtoka (core/shell). W pracy zostang przedstawione metody syntezy otrzymanych
nanomateriatbw oraz ich szczegbtowa charakterystyka fizykochemiczna. Ponadto,
przedstawione zostang wyniki badan nad wplywem otrzymanych nanomateriatéw na
wybrane linie komorkowe, co zwigzane jest z oceng ich cytotoksycznosci jako

potencjalnych nanomateriatow biokompatybilnych.



Streszczenie rozprawy doktorskiej

Nanomaterialy zlozone sa z bardzo matych czastek o wielkosci, z reguly
nieprzekraczajacej 100 nm. Takie nanoczastki czgsto wykazujg zmienione wilasciwosci
fizykochemiczne w poréwnaniu do ich makroskopowych odpowiednikoéw. Nanostruktury
charakteryzujg sie¢ duzg wartoscig stosunku liczby atoméw powierzchniowych
I przypowierzchniowych do tych znajdujacych si¢ wewnatrz danej czastki (duzy stosunek
powierzchni do objetosci). Efekt ten wyraza si¢ zmiang otoczenia koordynacyjnego
powierzchniowych atomoéw/jonéw w stosunku do tych znajdujacych si¢ wewnatrz
nanoczastki. Z powodu licznych defektéw punktowych (elektronowych i atomowych) oraz
powierzchniowych (np. dyslokacji) istnieje znaczna ilo§¢ niewysyconych miejsc
koordynacyjnych na powierzchni takich ukladow, co skutkuje zmiang wlasciwosci
spektroskopowych takiego nanomateriatu. Efekt ten wystgpuje na przyktad
W nanoczastkach nieorganicznych fluorkow domieszkowanych jonami lantanowcow.
Moze si¢ on tez ujawnia¢ W zmianie charakteru widma, tj. ksztaltu i intensywnoS$ci
niektorych pasm oraz w pojawieniu si¢ drugiej sktadowej emisyjnego czasu zycia podczas

analizy zaniku luminescencji.

Nanostruktury typu rdzen/powloka (core/shell) ztozone sg z co najmniej dwoch
réznych faz, mianowicie rdzenia otoczonego zewng¢trzng warstwg powloki. Struktury te
wykazuja jednoczesnie wlasciwosci rdzenia oraz powloki (lub powltok), co wptywa na ich
unikatowg wielofunkcyjno$¢. Dzigki temu mozna polaczy¢ na przyktad w jednym
materiale wlasciwosci magnetyczne rdzenia z luminescencyjnymi powloki, otrzymujac
dwufunkcyjny material luminescencyjno-magnetyczny. Ponadto, dzigki zastosowaniu
odpowiedniej powloki mozna zabezpieczy¢ rdzen przed niekorzystnym wplywem
otoczenia zewnetrznego oraz zmieni¢ wlasciwosci powierzchniowe rdzenia. Zmiana taka
moze korzystnie wptynaé na zwigkszong stabilno$¢ koloidow tworzonych przez dany
uktad, tadunek powierzchniowy, powinowactwo chemiczne, luminescencj¢ oraz

cytotoksycznos¢ nanomateriatow.

Dzigki unikatowym wlasciwosciom jonow lantanowcdw, nanomateriaty
zawierajace jony Ln®* moga wykazywaé intensywna, wielokolorowa luminescencje,

bedagca wynikiem przejs¢ 4f-4f elektronowych. Ich wlasciwosci luminescencyjne



charakteryzuja si¢ obecnoscig waskich pasm absorpcyjnych i emisyjnych, dlugimi (rzgdu
mikro- do milisekund) czasami zycia luminescencji, stabilno$cig $wiecenia, trwatoscia

termiczng i fotochemiczng oraz podatno$cig na przestrajanie barwy luminescenciji.

Celem naukowym rozprawy doktorskiej byto otrzymanie, modyfikacjg powierzchni
oraz zbadanie wiasciwosci fizykochemicznych wielofunkcyjnych nanomaterialow

luminescencyjnych opartych o jony pierwiastkow ziem rzadkich.

Pierwszym etapem badan byta synteza nanokrystalicznych fluorkow, fosforanow
i wanadanow pierwiastkow ziem rzadkich (RE), domieszkowanych odpowiednimi jonami
lantanowcow (Ln"), tj. REFs:Ln*"; GdVO,:Ln**; Sr,REF;, REFs:Ln*" (RE = La, Ce, Gd;
Ln = Sm, Eu, Th). Nanomaterialy otrzymane zostaly réznymi metodami tzw. ,,mokre;j
chemii” z wykorzystaniem strategii syntezy typu ,bottom-up”, tj. wspoistragcanie
(coprecipitation), metody micelarne, synteza w warunkach hydrotermalnych oraz
w mikroemulsji. Otrzymane produkty wykazywaly intensywng, wielokolorowa
luminescencje, zalezng od uzytego jonu aktywatora. Istotny wplyw na wiasciwosci
otrzymanych nanoluminoforow miato réwniez uzycie, podczas syntezy, organicznych
anty-aglomerantow 1 surfaktantow. Czg$¢ zsyntetyzowanych produktow poddawano po
syntezie obrobce hydrotermalnej lub organicznej modyfikacji powierzchni (nanomateriaty
hybrydowe). Dzigki temu, odpowiednio zmodyfikowane nanomateriaty wykazywaty efekt
przestrajalnej wielobarwnej luminescenciji, tj. CeFs:Gd>*, Sm**; LaPO,:Ln**/organic (Ln =
Eu, Th). Wiasciwosci fizykochemiczne otrzymanych luminoforow zostaty szczegdtowo
zbadane metodami proszkowej dyfrakcji rentgenowskiej (XRD), transmisyjnej mikroskopii

elektronowej (TEM), spektroskopii w podczerwieni (FT-IR) oraz spektrofluorymetrii.

W  kolejnym etapie wyselekcjonowano nanoczastki charakteryzujace sig
monodyspersyjnoscia, najbardziej intensywna luminescencjag w zakresie widzialnym oraz
najwigkszg stabilno$cig formowanych koloidow. Tak wybrane struktury poddano
modyfikacji powierzchni na drodze hydrolizy i ko-kondensacji odpowiednich pochodnych
silanowych (TEOS, APTES, EDATAS), wykorzystujac zmodyfikowang metode Stobera.
W  wyniku tego otrzymano nanostruktury typu rdzen/powtoka (core/shell),
sfunkcjonalizowane powierzchniowo grupami aminowymi lub karboksylowymi, tj.
LnF3/SiO./NH./organic, LaPO,:Th*/SiO/NH,, Fe304/SiO,/COOH.

Modyfikacja powierzchni wplyneta znaczaco na zmiang wiasciwosci

fizykochemicznych 1 biologicznych otrzymanych produktow, w poroéwnaniu do
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niepokrytych nanoczastek. Zmianie ulegly witasciwosci spektroskopowe, morfologiczne,
wielko$¢ powierzchni wiasciwej, fadunek powierzchniowy (zeta potencjal) oraz aktywnos¢

biologiczna (cytotoksyczno$¢) zsyntetyzowanych nanomaterialow.

Wybrane nanoluminofory oparte o domieszkowane fluorki lub wanadany
lantanowcoéw uzyto do dalszej syntezy ztozonych nanostruktur luminescencyjno-
magnetycznych typu core/shell, tj. Fe304/Si0,/COOH/GAVO4:Eu®*;
Fe304/Si0O2/NH,/PAA/CeFs: 10% Gd**, 10% Tb*; LaFs: 10% Ce**, 30% Gd**, 1% Eu®".
Otrzymane wielofunkcyjne nanomaterialy wykazywaty jednocze$nie intensywna zielong
lub czerwona luminescencje (charakterystyczna dla jonéw Tb** lub Eu®") pod wplywem

promieniowania UV oraz odpowiedz na przylozone pole magnetyczne.

Whasciwoscei otrzymywanych nanomateriatow zostaty zbadane przy uzyciu metod
spektrofluorymetrii, dyfraktometrii proszkowej (XRD), spektroskopii w podczerwieni (FT-
IR), mikroskopii elektronowej (TEM, HR-TEM, SEM, STEM), analizy sktadu
pierwiastkowego (EDX, ICP-OES, analiza elementarna), badan powierzchni wtasciwej,
analizy wielkoSci czastek i zeta potencjatu (DLS, ELS), testow umozliwiajacych oceng ich
cytotoksycznosci i innych technik badawczych.

Zsyntetyzowane nanomaterialy o wielofunkcjonalnych wlasciwosciach moga
zosta¢ potencjalnie zastosowane jako nowoczesne $rodki kontrastowe, nosniki lekow,
srodki daktyloskopijne, bio-sensory, znaczniki luminescencyjne czy nowe wydajne Zrodta

Swiatla.
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Abstract of doctoral dissertation

Nanomaterials are composed of very small particles, usually smaller than 100 nm. Such
nanoparticles often exhibit altered physicochemical properties in comparison with their
bulk analogues. Nanostructures have a high ratio of surface and near surface atoms/ions to
the ones situated inside of a given particle (large surface-to-volume ratio). This effect can
be manifested in the altered coordination environment of such surface and near surface
atoms/ions. Because of numerous structural defects, nanoparticles have significant number
of unsaturated coordination sites, situated on their surface, what causes changes of
spectroscopic properties of such nanomaterial. The mentioned effect can be observed, for
example, in the case of nanocrystalline, inorganic fluorides doped with lanthanide ions. It
can be manifested as altered shape and intensity of the bands in the emission spectrum and

as an occurrence of second lifetime component.

Core/shell type nanostructures are composed of at least two different phases,
namely of the core surrounded/coated by the external layer of the shell. Such structures
reveal simultaneously properties of the core and the shell (or shells), what is a reason of
their unique multifunctionality. Thanks to the mentioned features, the magnetic properties
of the core can be combined with luminescence properties of the shell, in a single
nanomaterial, resulting in a formation of bifunctional luminescent-magnetic nanomaterial.
Moreover, due to the use of appropriate shell, the core can be protected from damaging
impact of external environment, as well as to change surface characteristics of the core.
Such alternation can influence stability of the colloids formed, surface charge, chemical

affinity, luminescence and cytotoxicity of the modified nanomaterial.

Thanks to the unique properties of lanthanide ions, Ln**, the nanomaterials
containing such ions, can exhibit intense, multicolour luminescence, as a results of 4f-4f
electronic transitions. Their luminescence properties are featured with the presence of
narrow absorption and emission bands, long radiative lifetimes in the range of micro- to
milliseconds, stability of emission, thermal and photochemical stability, as well as their

ability to tune the colour of luminescence.
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The scientific aim of the doctoral dissertation was preparation, surface modification
and investigation of physicochemical properties of the multifunctional, luminescent

nanomaterials, based on the rare earth ions (RE).

The first part of the research was the synthesis of nanocrystalline rare earths
fluorides, phosphates and vanadates, doped with appropriate lanthanide ions, i.e.
REFs:Ln*"; GdVO,:Ln*"; Sr,REF;, REFs:Ln*" (RE = La, Ce, Gd; Ln = Sm, Eu, Th). The
nanomaterials were prepare by various “wet chemistry” methods, using the “bottom-up”
approach, i.e. coprecipitation, normal micelle method, synthesis under hydrothermal
conditions and synthesis in microemulsion system. The products obtained exhibited
intense, multicolour luminescence, dependent on the activator Ln** ion used. The use of
anti-agglomeration agents and surfactants during the synthesis process, significantly
influenced properties of the nanoluminophores obtained. After the synthesis, part of the
synthesized products was hydrothermally post-treated or organically surface modified
(hybrid nanomaterials). Due to these modifications, the nanomaterials exhibited tuneable
multicolour luminescence phenomenon, i.e. CeF3:Gd**, Sm®": LaPO,:Ln*"/organic (Ln =
Eu, Tb). The physicochemical properties of the nanoluminophores obtained were examined
by the means of powder X-ray diffraction (XRD), transmission electron microscopy

(TEM), infrared spectroscopy (FT-IR) and spectrofluorometry.

The next step of the studies was related to the selection of monodisperse
nanoparticles, exhibiting most intense luminescence in a visible range and good stability of
the colloids formed. The selected structures were surface modified by hydrolysis and co-
condensation of appropriate silane derivatives (TEOS, APTES, EDATAS), via a modified
Stober method. The performed modifications resulted in the formation of core/shell type
nanostructures, whose surface was functionalized with amino or carboxyl groups, i.e.
LnF3/SiO./NH./organic, LaPO,:Th**/SiO/NH,, Fe304/SiO,/COOH.

The performed surface modification influenced on physicochemical and biological
properties of the products obtained, in comparison with uncoated nanoparticles. Those
alternations concerned favourably spectroscopic properties, morphology, specific surface
area, surface charge (zeta-potential) and biological activity (cytotoxicity) of the

nanomaterials synthesized.

The selected nanoluminophores based on the doped lanthanide fluorides and

vanadates, were used further in the synthesis of complex, core/shell type luminescent-
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magnetic nanostructures, i.e. Fes04/Si0,/COOH/GAVO,:Eu®"; LaFs: 10% Ce**, 30% Gd*,
1% Eu®; Fes04/SiOo/NH./PAAICeFs: 10% Gd**, 10% Tb*. The as-prepared
multifunctional nanomaterials, simultaneously exhibited red or green luminescence
(characteristic for Eu®** or Tb®" ions, respectively) under UV light irradiation and a

response to the applied magnetic field.

The properties of the nanomaterials synthesized were investigated by the use of
following methods: spectrofluorometry, XRD, FT-IR spectroscopy, electron microscopy
(TEM, HR-TEM, SEM, STEM), elemental composition analyses (EDX, ICP-OES,
elemental analysis), surface area measurements, analysis of hydrodynamic size distribution
and zeta-potential of the particles (DLS, ELS), SRB tests for cytotoxicity evaluation and

other analytic techniques.

The multifunctional nanomaterials obtained can be potentially applied as advanced
contrast agents, drug-carriers, fingerprint powders in dactyloscopy, bio-sensors,

luminescence tracers or novel and efficient light sources.
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funkcjonalnych nanomateriatbw o zlozonej, wiclowarstwowej strukturze; syntezy nowych
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Wstep teoretyczny

Nanomaterialy

Nanomateriat jest produktem ztozonym z matych czastek (nanoczastek), w ktorych
przynajmniej jeden wymiar jest mniejszy niz 100 nm. Dzieki matemu rozmiarowi,
nanoczastki moga tworzy¢ stabilne roztwory koloidalne, co jest szczegélnie wazne w
przypadku zastosowan medycznych takich jak obrazowanie luminescencyjne lub
magnetyczne, oraz metod znakowania w kryminalistyce, biodetekcji czy w inzynierii
materiatow  [1-5]. Wiele nanomateriatbw wykazuje zmienione wlasciwosci
fizykochemiczne w porownaniu do ich makroskopowych odpowiednikow [6-8]. Zmiany te
wynikaja z ograniczenia kwantowego elektronow w matych nanoczgstkach oraz czgsto ze
zwigkszonego stosunku atomow/jonéw powierzchniowych i przypowierzchniowych do
tych znajdujacych si¢ wewnatrz danej czastki (duzy stosunek powierzchni do objetosci).
Nastepstwem tego jest bardzo duza powierzchnia wiasciwa nanomaterialéw, co skutkuje
zwigkszeniem si¢ ilo$ci niewysyconych miejsc koordynacyjnych, defektow oraz naprezen
sieci krystalicznej. Dlatego tez atomy i jony powierzchniowe usytuowane sa w innym
otoczeniu koordynacyjnym, co implikuje zmiang wiasciwosci fizykochemicznych wielu
nanomateriatlow. Przyklady takich odmiennych wlasciwo$ci moga by¢ nastgpujace:
zmienione wilasciwosci spektroskopowe, temperatura topnienia, ggstos$¢, rozpuszczalnose,
wilasciwosci elektryczne 1 mechaniczne (sprgzystos¢, tarcie, ciagliwo$¢), zmienione
napigcie powierzchniowe, inna odpowiedZz na przylozone pole magnetyczne, zmiany
struktury, zwigkszona aktywno$¢ katalityczna oraz cytotoksycznos$¢ (zmiany wiasciwosci

biologicznych) [8-16].
Efekty w nanoskali

Do efektéw wystepujacych w nanomateriatach, zaleznych od rozmiaru czastek
mozna zaliczy¢: ograniczenie kwantowe w potprzewodnikowych kropkach kwantowych
(zmiana barwy emisji) [17], superparamagnetyzm w nanoczagstkach ferro- i
ferrimagnetycznych [18], dwuwyktadniczy zanik luminescencji [19], oraz efekty

plazmoniczne w nanoczgstkach metali (zmiana barwy materiatu) [20].
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Ograniczenie kwantowe

Efektem wystgpujacym w nanoskali  jest ograniczenie kwantowe elektronow
(quantum confinement) wyst¢pujace najczesciej w potprzewodnikach, z reguty wowczas,
gdy rozmiar czastek jest mniejszy od 10 nm, co zalezy od wielkos$ci promienia Bohra
ekscytonu w danym materiale [21,22]. Nanostruktury potprzewodnikowe, w ktérych
obserwuje si¢ to zjawisko, ograniczone w jednym wymiarze nazywane sa ,,Studniami
kwantowymi” (quantum wells) [23], ograniczone w dwoch wymiarach to . druty
kwantowe” (quantum wires) [24], natomiast ograniczone w trzech wymiarach to ,,kropki
kwantowe” (quantum dots) [25,26]. Przykladem wspomnianego zjawiska jest
wielokolorowa luminescencja  kropek kwantowych. W  wyniku naswietlenia
promieniowaniem UV o okreslonej dlugosci fali, nastgpuje emisja w zakresie widzialnym,
zaleznym od rozmiaru nanoczastek tworzacych dany produkt. Efekt ten jest zwigzany ze
zwigkszaniem si¢ przerwy wzbronionej w danym materiale, wraz ze zmniejszaniem si¢
rozmiaru tworzacych go czastek. W wyniku tego mniejsze nanoczastki potprzewodnikowe,
np. CdSe, CdS czy ZnO moga wykazywa¢ pod wplywem promieniowania UV
luminescencj¢ przesunigta w strong koloru niebieskiego, natomiast wicksze w strone

koloru czerwonego [17,27].
Plazmony powierzchniowe

Nastepnym przykladem zjawisk, ktére mogg by¢ obserwowane w nanomateriatach
jest zmiana barwy nanoczgstek metali szlachetnych np. zlota i srebra, ktore wraz ze
zmniejszaniem si¢ ich rozmiaru wykazuja odmienng barwe, poczynajac od niebieskiej
(wigksze czgstki) a na czerwonej konczgc (mniejsze czagstki). Zmiana koloru takich
metalicznych nanoczastek jest spowodowana rezonansowg absorpcja promieniowania
przez kolektywnie oscylujace powierzchniowe elektrony walencyjne, zwane plazmonami
powierzchniowymi (surface plasmons). Skutkuje to rdéznicowa absorpcja S$wiatta
widzialnego, zalezng od wielko$ci czastek. Efekt ten jest silnie zalezny od morfologii
czastek 1 pojawia si¢ z reguty gdy ich rozmiar jest mniejszy od 150 nm [20,28]. Jezeli
jednak nanoczastki bedg za male lub zbyt duze wowczas mogg wykazywac absorpcje
odpowiednio jedynie w ultrafioletowej lub podczerwonej czesci zakresu spektralnego, w

wyniku czego staja sie bezbarwne, a utworzony z nich koloid moze by¢ przezroczysty.
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Superparamagnetyzm

Superparamagnetyzm jest forma magnetyzmu wystepujaca W materiatach
ferromagnetycznych i ferrimagnetycznych, w przypadku, gdy rozmiar tworzacych je
czastek zostanie zmniejszony do nanoskali, z reguly do okoto kilkunastu lub
kilkudziesigciu ~ nanometrow.  Krytyczny  rozmiar  warunkujacy  pojawienie
superparamagnetyzmu zalezy od rodzaju materialu, a dokladnie od wartosci jego
anizotropii magnetycznej, ktéra z kolei zalezny od sktadu chemicznego, struktury
krystalicznej i morfologii produktu. Materiaty superparamagnetyczne nie wykazuja
zjawiska remanencji (pomagnetyzacji ktora pozostaje po odjeciu zewnetrznego pola
magnetycznego), a ich koercja jest zerowa, czyli warto$¢ pola magnetycznego potrzebna
do catkowitego zredukowania pozostaltej magnetyzacji. Skutkuje to powstaniem ,,granicy
superparamagnetycznej”. Po wylaczeniu pola magnetyczne dziatajacego na taki materiat,
tworzace go nanoczastki traca magnetyzacj¢ z powodu usrednienia si¢ ich momentow
magnetycznych (kazde ziarno sklada si¢ w takim przypadku tylko z jednej domeny
magnetycznej) spowodowanego energia cieplng [18,29]. Dobrym przyktadem moga by¢
nanoczgstki magnetytu - Fe3O4, ktore staja si¢ superparamagnetyczne po osiggnigciu
rozmiar0w mniejszych niz = 12 nm. Warto doda¢, Ze wspomniana ,granica
superparamagnetyczna” determinuje roéwniez maksymalng pojemno$¢ nos$nikow danych

opartych o pamigci magnetyczne.
Toksycznos¢ nanoczgstek

Obecnie kluczowym problemem jest kwestia toksycznos$ci nanoczastek. Ze
wzgledu na fakt, ze nanomaterialy charakteryzujg si¢ czesto odmiennymi wlasciwosciami
w poréwnaniu do ich makroskopowych odpowiednikow, wpltywa to réwniez na ich
wlasciwos$ci biologiczne. Niestety, zmiana wlasciwosci biologicznych nanomateriatéw jest
czesto niepozadana w przypadku zastosowan medycznych, z powodu czgstej wysokiej
cytotoksycznosci malych nanoczgstek. Materialy zazwyczaj obojetne dla organizmow
zywych, moga wykazywaé znaczny wzrost cytotoksycznosci, gdy zmniejszony zostanie
rozmiar tworzacych je czgstek do skali nanometrycznej [15,16]. Toksycznos¢ ta moze by¢
na przyklad spowodowana zwigkszonym uwalnianiem si¢ jonow metali cigzkich z
powierzchni nanoczgstek, co obserwuje sie W przypadku kropek kwantowych takich jak
CdSe, CdTe czy PbS [30,31]. Cytotoksyczno$¢ nanomaterialow moze by¢ rowniez

zwigzana z porowato$cig nanoczgstek, ich tendencjag do aglomeracji, zwigkszonym
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powinowactwem chemicznym do roznych struktur biologicznych oraz zwigkszong
reaktywno$cig chemiczng ich powierzchni [32,33]. Wazng role odgrywaja tez czynniki
fizyczne i mechaniczne, tj. rozmiar porownywalny lub mniejszy od struktur biologicznych.
Nanoczgstki mogg tworzy¢ stabilne zawiesiny w powietrzu, przez co tworzg si¢ szkodliwe
pyty, ktore inhalowane przez ludzi, moga powodowaé pylice oraz raka ptuc [34,35]. Ze
wzgledu na bardzo maty rozmiar, niektore nanoczastki moga zosta¢ wchtonigte na drodze
endocytozy przez komorki organizméw zywych oraz kumulowaé¢ sie¢ w  wyniku
przylaczania si¢ do biatek, bton komoérkowych i innych struktur biologicznych [33].
Procesy te moga powodowa¢ uszkodzenia komoérek i tkanek wskutek zwigkszonego
poziomu stresu oksydacyjnego, blokowania kanatéow jonowych lub mechanicznego
uszkodzenie btony komoérkowej i innych organelli [36,37]. Czynniki takie moga takze
zaburza¢ proliferacje komodrek, w wyniku czego nastepuje ich obumieranie lub

niekontrolowany wzrost, prowadzacy do powstawania zmian nowotworowych [38].
Nanomaterialy funkcjonalne

Nanomaterialy hybrydowe zlozone s3 z nanometrycznej czgsci nieorganicznej
potaczonej z odpowiednig fazg organiczng. Nanokompozyty sa to materiaty state
zawierajace dwie lub wigcej faz, w ktorych przynajmniej jedna faza ma wymiary
nanometryczne lub uporzadkowana w nanoskali struktur¢ (np. materialy nanoporowate).
Nanostruktury typu rdzen/powloka (ang. core/shell) ztozone sg z nanometrycznego
rdzenia pokrytego odpowiednig nanopowtoka (ochronng lub funkcjonalng), co czyni je
materiatami wielofunkcyjnymi, wykazujacymi jednoczesnie wiasciwosci
charakterystyczne dla rdzenia i powloki. Jednoczesna obecnos$¢ wielu pozadanych
wlasciwosci fizykochemicznych 1 biologicznych powoduje, Zze wymienione nanostruktury
stanowiag nowg klase materiatow wielofunkcjonalnych i1 biomateriatow, ktoére moga
znaczaco wplyna¢ na rozwoj inzynierii materiatow, nanomedycyny i nanotechnologii

[39][40][41].

Nanostruktury typu core/shell

Nanostruktury typu rdzen/powloka (core/shell) ztozone sg z co najmniej dwoch
réznych faz o odmiennym skfadzie chemicznym lub o innej strukturze krystaliczne;.

Dzigki ich specyficznej budowie materialy takie sg wielofunkcyjne, gdyz wykazuja
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jednoczesnie wlasciwosci rdzenia i powloki. Rys. 1 przedstawia schemat budowy

nanostruktur typu core/shell.

Rys. 1 Schemat budowy nanostruktur typu core/shell.

Srodek danej struktury stanowi zwykle nieorganiczny nanordzen pokryty jedng lub
wicloma powlokami o odmiennych wilasciwosciach chemicznych i/lub fizycznych.
W zaleznosci od pozadanego zastosowania finalnego produktu, rdzen taki moze by¢ oparty
0 nanoczastki magnetyczne, np. Fe305 (magnetyt), wykazywa¢ wlasciwosci
luminescencyjne, jak np. potprzewodnikowe kropki kwantowe typu ZnO, CdSe [42,43]
czy nanokrystaliczne luminofory domieszkowane jonami Ln**, np. CeFs:Ln®" LaFs:Ln**,
LaPO,:Ln**, GdVO,:Ln** (Ln = Sm, Eu, Tb, Yb, Er) [19,44-46], lub tez wykazywa¢ inne
pozadane wlasciwosci. Natomiast powloka, moze by¢: polimerem organicznym [47,48];
obojetnym chemicznie, amorficznym zwigzkiem nieorganicznym jak np. TiO, czy SiO,

[44,45,49]; lub tez sktada¢ si¢ z nanokrysztatow luminescencyjnych [50-52].

Wilasciwosci magnetyczne nanomateriatdbw z reguly bazuja na uzyciu
nanokrystalicznych ferromagnetykéw lub ferrimagnetykéw [53]. Nanostruktury typu
core/shell majgce rdzen magnetyczny jak np. Fe304/SiO, mogg zosta¢ wykorzystane jako
zwiazki oczyszczajace wode 1 inne media zawierajace jony metali cigzkich takich jak Cd*,
Hg** czy Pb®* [54]. Usuniecie ich jest mozliwe dzigki znacznemu powinowactwu
odpowiednio sfunkcjonalizowanej powloki do jondéw metali cigezkich. Poprzez
odpowiednie manipulowanie polem magnetycznym, nanoczastki o wiasciwie
zmodyfikowanej powierzchni mogg wigzaé si¢ do blony komorkowej bakterii i wirusow

lub przytacza¢ si¢ do wybranych komorek w organizmie, ktore zostaly chorobowo
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zmienione [55]. Nastepnie mozliwe jest usunigcie takich potaczen z danego organizmu lub
selektywne zniszczenie niepozadanych komorek (hipertermia). Mate
superparamagnetyczne nanoczastki magnetytu stosowane sg rowniez jako $rodki
kontrastowe w obrazowaniu rezonansu magnetycznego, MRI (Magnetic Resonance

Imaging) [56].

Wiasciwosci kontrastowe i stabilno$¢ nanostruktur typu rdzen/powloka moga
dodatkowo zosta¢ zwickszone, poprzez odpowiednia modyfikacj¢ powierzchni, tj.
pokrycie ich odpowiednig powloka ochronng i/lub funkcjonalng. Przy zastosowaniu
powloki luminescencyjnej, mozliwe jest uzyskanie wielofunkcyjnych nanomateriatow
luminescencyjno-magnetycznych. Materialy takie mozna potencjalnie zastosowaé w

multimodalnym obrazowaniu struktur biologicznych, tj. komoérek i tkanek.
Metody otrzymywania nanostruktur typu core/shell

Istnieje wiele metod otrzymywania nanostruktur typu core/shell. Najczgsciej stosowane
polegaja na wytracaniu pozadanego zwigzku o charakterze powtoki na powierzchni
rdzenia, pokryciu rdzenia czasteczkami modyfikatora organicznego w roztworze na drodze
oddziatywan elektrostatycznych lub kowalencyjnych, utlenianiu lub redukcji powierzchni,
etc. Czesto stosowane sg rowniez metody typu zol-zel, takie jak metoda Stobera [57].
Metoda ta polega na hydrolizie odpowiednich pochodnych silanowych, ktore sa
prekursorami powtoki 1 ich p6zniejszej kondensacji na powierzchni rdzenia, ktory zostal
uprzednio odpowiednio zdyspergowany w roztworze reakcyjnym, z reguly przy uzyciu

ultradzwigkow.
Wiasciwosci nanopowloki i modyfikacja powierzchni

Ze wzgledu na fakt, ze mate nanoczastki majg duzy stosunek powierzchni do objetosci, sa
zatem bardzo wrazliwe na dzialanie czynnikéw agresywnych, zmiang pH, procesy redox
oraz inny wplyw Srodowiska zewnetrznego. Stad tez, aby unikng¢ rozktadu danego
produktu lub utraty jego wlasciwosci fizykochemicznych, pokrywa si¢ go zewngtrzng
powloka ochronng, co powoduje utworzenie si¢ omawianych nanostruktur typu core/shell
[58,59]. Powloka ta moze by¢ obojetna lub aktywna w stosunku do okreslonych
ugrupowan chemicznych, jak rowniez moze zosta¢ zmodyfikowana w pozadany sposob,
ktory zalezy od poOzniejszych zastosowan. Czesto prowadzi si¢ modyfikacje powtok

poprzez sprzgganie ich z innymi biologicznie czynnymi molekulami organicznymi o
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charakterze linkeréw, antygendéw i innych struktur organicznych, dla zaawansowanych
aplikacji biologicznych [47,60]. Modyfikacja moze zachodzi¢ wskutek utworzenia si¢
trwalego wigzania kowalencyjnego, np. -Si-(CH2)3-NH, [44,61], oddziatywan
elektrostatycznych lub sit Van der Waalsa [62]. Tak sfunkcjonalizowane nanostruktury
typu core/shell moga wykazywa¢ selektywne powinowactwo do okreslonych ugrupowan
chemicznych i miejsc aktywnych w komorce, dzigki czemu mozliwe jest zastosowanie ich
w nowoczesnych terapiach celowanych, jako no$niki lekéw lub biomarkery [63].
Nastepstwem modyfikacji powierzchni moze by¢ roéwniez zmiana wlasciwosci

biologicznych danych nanoczastek, np. zmniejszenie si¢ ich cytotoksycznosci [44,64].

Znane s3 rdwniez nanostruktury typu yolk/shell, ktére sg podobne do struktur typu
core/shell. Takie struktury charakteryzujg si¢ tzw. ,,pustym rdzeniem”. Mozna je otrzymac
juz w czasie syntezy lub tez w wyniku odpowiedniej modyfikacji po syntezie. Takie
nanostruktury typu yolk/shell moga potencjalnie znalez¢ zastosowanie jako nowoczesne,
bardzo wydajne 1 selektywne nos$niki lekow w terapiach celowanych (lek jest zamkniety w

pustym rdzeniu i uwalniany selektywnie dopiero w pozadanym miejscu).

Reasumujac, zaawansowane nanostruktury typu rdzen/powtoka - core/shell sa nowg
klasag materiatow kompozytowych o unikatowych wiasciwosciach. Ich wielofunkcyjnos¢
wynika z polaczenia w jednym materiale wlasciwosci rdzenia i1 powtloki. Takie
wielofunkcyjne nanomaterialty moga na przykiad jednocze$nie wykazywac wielobarwng
1/lub przestrajalng luminescencj¢ oraz wlasciwosci magnetyczne (odpowiedZz na
przytozone zewngtrzne pole magnetyczne). Nanomateriaty typu core/shell, dzigki swej
wielofunkcyjnos$ci 1 biokompatybilnoS§ci moga zosta¢ potencjalnie wykorzystane do
obrazowania multimodalnego i detekcji rozmaitych struktur nieorganicznych i
organicznych oraz ich jednoczesnej separacji magnetycznej. Dzigki wspomnianym
wlasciwosciom, materiaty te maja liczne mozliwosci aplikacyjne 1 moga zostac
wykorzystane w wielu dziedzinach nauki i1 przemyshu, np. w medycynie, biologii,
inzynierii materiatow, nanobioinZynierii, kryminalistyce oraz w przemysle materiatow

funkcjonalnych 1 materiatow codziennego uzytku.
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Metody syntezy nanomateriatow

Istniejg dwie odmienne strategie otrzymywania nanomateriatdw, a mianowicie typu ,,top-
down” i ,bottom-up” [10,65]. Metody typu top-down polegaja na rozdrabnianiu
materialéw litych do nanoczastek (np. rozdrabnianie w mtynach kulowych i litografia). Sg
stosowane w przemys$le, jednak czesto dostarczajg produktow o zdefektowanych,
polidyspersyjnych czgstkach. Metody typu bottom-up polegaja na tworzeniu si¢ klasteroéw
z pojedynczych atoméw/jondéw i ich kontrolowanym wzro$cie do nanoczastek. Polegaja
one na otrzymywaniu nanomateriatdw na drodze syntezy chemicznej, jak rowniez dzigki
wykorzystaniu odpowiednich proceséw fizycznych. Do metod typu ,,bottom-up” mozna
zaliczy¢: wspotstracanie nanoczastek w roztworach, nanoszenie prekursoréw/produktow
warstwa po warstwie (technika Langmuira-Blodgetta), powierzchniowa wymiana redox,
napylanie w prozni, metody kondensacji w fazie ciektej lub gazowej, rozktad prekursorow
organicznych, synteza w warunkach hydrotermalnych, hydroliza reagentow i ich
pozniejsza kondensacja, itp. Metodami tymi mozna otrzyma¢ zaawansowane,
monodyspersyjne nanostruktury (np. typu rdzen/powtoka, nanokompozyty i materialty
hybrydowe), o duzym stopniu krystalicznosci 1 odpowiednio zmodyfikowanej
powierzchni. Ponizej przedstawiono schemat syntezy nanoczastek metodami ,,top-down” 1

,bottom-up” (Rys. 2).

top-down bottom-up
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Rys. 2 Schemat syntezy nanoczastek metodami typu ,,top-down” i ,,bottom-up”.
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Metody analizy wlasciwosci nanomateriatow
Wiasciwosci nanomateriatdw moga by¢ badane przy uzyciu nastepujacych metod:

- Dyfrakcja promieniowania rentgenowskiego (XRD) — identyfikacja struktury produktu,
wyznaczenie parametrOw komorki elementarnej, okreslenie stopnia krystaliczno$ci
produktu oraz oszacowanie wielkosci krystalitow na podstawie rownania Scherrer’a;

- Transmisyjna i skaningowa mikroskopia elektronowa (TEM i SEM) — obrazowanie

struktury, morfologii oraz rozmiaru czastek, wraz z okresleniem stopnia ich jednorodnosci,

agregacji i aglomeracji;

- Analiza rozpraszania promieniowania rentgenowskiego (EDX) oraz spektroskopia strat

energii elektronow (EELS) — analiza, mapowanie sktadu i rozmieszczenia pierwiastkow w

strukturze materiatu;

- Analiza elementarna — okreslenie sktadu pierwiastkowego probki;

- Spektrofluorometria — pomiary widm emisji/wzbudzenia, krzywych zaniku

luminescencji, obliczenie emisyjnych czasow zycia, wyznaczenie wydajnosci kwantowe;j

luminescencji;

- Spektroskopia w podczerwieni (FT-IR) — analiza struktury i sktadu produktow, detekcja

organicznych modyfikatoréw powierzchni nanoczastek;

- Spektroskopia UV-Vis — pomiar widm absorpcji koloidalnych nanoczastek;

- Dynamiczne i elektroforetyczne rozpraszanie $wiatta (DLS i ELS) — okreslenie rozktadu
wielkosci  czastek  koloidalnych na  podstawie  pomiarow ich  wielko$ci
hydrodynamicznych; pomiary usrednionego tadunku powierzchniowego czastek, tj. zeta-
potencjaty;

- Powierzchniowo wzmocniona Spektroskopia Ramana (SERS) - analiza struktury
wybranych zwigzkéw organicznych zaadsorbowanych na powierzchni nanomateriatow
luminescencyjno-plazmonicznych;

- Pomiary wlasciwosci powierzchniowych — analiza wielkosci powierzchni wlasciwe;j i

porowato$ci materialow.
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Luminescencja

Promieniowanie elektromagnetyczne moze oddzialywac z materig na wiele sposobow. Do
najbardziej znanych nalezy absorpcja i1 rozpraszanie $wiatla. Rozpraszanie $wiatla,
mozemy z kolei podzieli¢ na elastyczne, tzw. rozpraszanie Rayleigha oraz nieelastyczne,
tzw. rozpraszanie Ramana. Zjawiska absorpcji $wiatla oraz nastepujacej po nim relaksacji
promienistej, zostang szerzej omowione w tej pracy. Wedlug rozktadu Boltzmanna
wigkszo$¢ elektrondw w zwigzkach chemicznych znajduje si¢ w stanie podstawowym,
zatem proces absorpcji moze by¢ opisany jako wzbudzenie elektronu ze stanu
podstawowego (o mniejszej energii) do stanu wzbudzonego (o wigkszej energii). Elektron
moze powrdci¢ do swojego stanu podstawowego na drodze wielu réznych mechanizmow.
Relaksacja bezpromienista (wygaszanie fononowe elektronu, tj. na drodze drgan cieplnych
sieci krystalicznej) jest najbardziej powszechnym i jednoczes$nie niepozadanym procesem
wygaszania luminescencji. Innymi procesami bezpromienistymi s3  przejscie
mi¢dzysystemowe, ISC (Inter System Crossing), przeniesienie tadunku, CT (Charge
Transfer) oraz przeniesienie energii, ET (Energy Transfer). Relaksacja promienista, tj.
luminescencja zachodzi na drodze powrotu elektronu ze stanu wzbudzonego do jego stanu
podstawowego, czemu towarzyszy emisja fotonow (emisja $wiatta). Jesli wspomniany
proces zachodzi bez zmiany multipletowosci ukladu, to taki proces nazywamy
fluorescencjg. Natomiast, gdy nastgpuje zmiana multipletowos$ci, proces ten nazywamy
fosforescencja. Z punktu widzenia regut wyboru, fluorescencja jest procesem
dozwolonym, gdyz zachodzi bez zmiany spinowego momentu pedu elektronu. Natomiast
fosforescencja jest procesem wzbronionym, ktéremu towarzyszy zmiana spinowego
momentu pedu elektronu. Skutkiem tego, zwigzki wykazujace fluorescencje odznaczajg si¢
z reguly bardzo krotkimi czasami zycia stanéw wzbudzonych, rzedu nanosekund.
Natomiast, uktady wykazujace fosforescencje wykazuja z reguty dtugie czasy zycia stanéw
wzbudzonych, przewaznie w zakresie mikrosekund lub milisekund, a w przypadku

niektorych uktadéw sekund, minut a nawet godzin.
y y e . . . , 3+
Wiasciwosci luminescencyjne jonow Ln

W przypadku uktadow gdzie aktywatorem jest jon lantanowca, proces emisji
promienistej nazywamy ogolnie luminescencja, gdyz zwigzany jest z przejsciami elektronu

pomiedzy wyzszymi stanami wzbudzonymi, poziomami energetycznymi o roznej
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multipletowosci (termy elektronowe). W uktadach opartych o luminescencj¢ jonow
lantanowcdw, absorpcja jak i emisja promieniowania elektromagnetycznego zwigzana jest
glownie z przejSciami elektronowymi w obrebie wewnetrznej podpowtoki 4f. Przejscia
takie nazywane sg przejsciami typu 4f-4f. Elektrony znajdujgce si¢ na podpowtoce 4f sg
ekranowane (chronione) od zewngtrznego otoczenia przez elektrony podpowtok 5s 1 5p.
W wyniku wspomnianego ekranowania, pasma na widmach absorpcyjnych i emisyjnych
zwigzkow zawierajgcych jony lantanowcoéw (Ln3+) sg z regulty waskie i o dyskretnej
strukturze. Energia poziomow energetycznych 4f jest tylko w bardzo niewielkim stopniu
zalezna od otoczenia koordynacyjnego jonu Ln®*, tj. ligandéw, przeciwjondéw i innych
czasteczek obecnych w sferze koordynacyjnej. Ze wzgledu na obecno$¢ wielu elektronow
4f, struktura pozioméw energetycznych jondw Ln®** jest bardzo skomplikowana,
a podstawowe poziomy energetyczne sg rozszczepione, tworzac liczne nowe termy
elektronowe. Istniejg trzy glowne czynniki majace wplyw na rozszczepienie poziomoOw
energetycznych jonéw Ln®*, tj. odpychanie elektronowe > sprzezenie spinowo-orbitalne >
wplyw pola krystalicznego (uszeregowane zgodnie z malejagcym wplywem na poziomy
energetyczne jonow Ln*"). Jak wida¢ odpychanie elektronowe ma najwickszy wptyw na
omawiane rozszczepienie, natomiast wpltyw pola krystalicznego (ligandow) jest
minimalny, co zwigzane jest ze wspomnianym wczesniej ekranowaniem elektronow 4f.
Odwrotnie jest w przypadku pierwiastkow bloku d, gdzie na energi¢ poziomow
energetycznych elektronéw 3d, 4d 1 5d dominujacy wptyw ma zewngtrze pole krystaliczne,
otoczenie koordynacyjne (efekt ekranowania jest w ich przypadku minimalny).

Przejscia 4f-4f w jonach Ln** sa wzbronione przez reguty wyboru i charakteryzuja
si¢ matym molowy wspodlczynnikiem absorpcji, skutkuje to wigc niska wydajno$cia
generowanej w ten sposob luminescencji. Aby zwiekszy¢ efektywnos¢ luminescencji
uktadéw opartych o jony Ln*, stosuje si¢ w nich efekty umozliwiajace przeniesienie
energii i przeniesienie tadunku. Przeniesienie energii moze zachodzi¢ w zwigzkach
kompleksowych, ktorych ligandy charakteryzujg si¢ obecno$cig wzbudzonych stanow
trypletowych o wyzszej energii niz najnizej potozone stany wzbudzone
skompleksowanych jonow Ln*". Przeniesienie energii moze zachodzi rowniez pomiedzy
dwoma jonami Ln®*, np. w ukladzie Ce**—Tb**, gdzie jon Ce*" efektywnie absorbuje
energie wzbudzenia w zakresie UV (= 250 nm), ktéremu towarzyszy dozwolone przejscie
elektronowe typu f-d [66]. Nastepnie, energia jest przekazywana do jonu aktywatora
luminescencji, tj. jonu Tb** i emitowana w formie $wiatla zielonego [67]. Podobna

sytuacja ma miejsce w przypadku pary jonéw Gd**—Eu®*, gdzie energia przekazywana
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jest od jonu Gd** do jonu Eu** i emitowana w formie $wiatta czerwonego [67,68]. Nalezy
pamigtaé, iz aby opisywane zjawisko przeniesienia energii bylo efektywne i zachodzito
z duzg wydajnoscig, catki naktadania donora i akceptora musza si¢ wzajemnie pokrywac,
natomiast przerwa energetyczna pomiedzy stanami wzbudzonymi poszczegdlnych jonow
musi by¢ niewielka. Zjawisko przeniesienia tadunku mozna obserwowac na przyktad w
tlenkach 1 nieorganicznych solach kwasoéw tlenowych domieszkowanych jonami
lantanowcow, np. Y-03:Eu®*, LaPO4EU®* czy GdVO,:Eu** [41,51]. W tego typu ukladach
wystepuje mozliwos¢ przeniesienia fadunku (elektronu) od anionu tlenkowego do jonu
Eu*, skutkujace efektywna luminescencja takich uktadow [69].

W przypadku lantanowcoéw, luminescencja zachodzi z reguty w ukladach
domieszkowanych tréjdodatnimi jonami Ln®", takimi jak Pre*, sm*, Eu®, Tb*, Dy3+,
Ho®* , Er* i Tm*. Jednak réwniez niektore jony dwudodatnie takie jak Sm** czy Eu?*

wykazuja po wzbudzeniu emisj¢ w zakresie widzialnym.
Charakter przejsé elektronowych w jonach Ln®*

Za luminescencj¢ jonow lantanowcoOw odpowiadajg gldwnie przejscia elektronowe typu
dipola magnetycznego oraz dipola elektrycznego. Przejscia dipola magnetycznego sa
nieczute na zmian¢ symetrii lokalnego otoczenia koordynacyjnego danego jonu.
Przykladem tego moze by¢ zielona luminescencja jonu Tb** zwiazana gtownie z
przejéciami °Ds—'F; (J = 6 — 3) [66]. Natomiast przejscia dipola elektrycznego sa
wrazliwe na zmiane¢ symetrii lokalnego otoczenia koordynacyjnego danego jonu. Dobrym
przyktadem wystepowania tego typu przejsé jest jon Eu®*, wykorzystywany jako sonda
strukturalna w r6znych uktadach, ze wzgledu na bardzo zblizong wielko$¢ jego promienia
jonowego oraz podobienstwo we wilasciwosciach chemicznych do jonow Ca?* i Mg®*, co
ma kluczowe znaczenia w wielu bioaplikacjach [70,71]. Czerwono-pomaranczowa
luminescencja jonu Eu®* zwigzana jest glownie z wystgpowaniem przejé¢ *Do—'Fo
(przejscie pseudo-kwadrupola elektrycznego); °Do—'F1, °Do—'Fs (przejécia dipola
magnetycznego); “Do—'F,, *Do—'F4 (przejécia dipola elektrycznego) [72]. W badaniach
zmian symetrii lokalnego otoczenia koordynacyjnego w uktadach zawierajacych jon Eu®',
poréwnuje si¢ stosunek zintegrowanej intensywnosci pasma zwigzanego z przejsciem
nadczutym *Dy—'F, (hypersensitive transition; przejicie bardzo czule na symetrie), do
intensywnos$ci pasma zwigzanego z przejsciem *Do—'Fy (przej$cie nieczule na symetri¢).
Warto$¢ ta zwana jest parametrem asymetrii. Uktady (kompleksy, niektore sole
nieorganiczne i organiczne) wykazujace duzg intensywnos¢ pasma zwigzanego z
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przejsciem “Do—'F, jonu Eu®*, odznaczaja si¢ niska symetria lokalnego otoczenia
koordynacyjnego. Warto nadmieni¢, iz w jonie Eu®* mozna obserwowaé przejscie 0-0,
czyli wspomniane przejscie “Do—'Fo [70]. Takiego przejcia nie obserwuje sic w
przypadku innych jonéw, gdyz jest ono wysoce wzbronione przez regulty wyboru. W jonie
Eu®* przejscie to staje sie czesciowo dozwolone w ukladach niecentrosymetrycznych, z
powodu silnego sprze¢zenia spinowo-orbitalnego. Dekonwolucja tego pasma pozwala na
okreslenie liczby réznych otoczen koordynacyjnych jonu Eu®* wystepujacych w danym
uktadzie. Mozliwe jest to dzigki temu, iz liczba pasm powstalych po dekonwolucji jest

zwiazana z iloscia form specjacyjnych jonu Eu®* [73].
Nanomaterialy luminescencyjne domieszkowane jonami lantanowcow ( Ln*)

Jak juz wcze$niej wspomniano, luminescencja jest emisja $wiatla powstala w wyniku
wzbudzenia elektrondw danego materiatu promieniowaniem o odpowiedniej dtugosci fali
(UV, Vis, IR) i ich podzniejsza relaksacjag promienista do stanow podstawowych.
Nanostruktury wykazujgce intensywng luminescencje sg szeroko badane ze wzgledu na ich
obiecujace mozliwos$ci zastosowan w wielu dziedzinach nauki i przemystu. W przesztosci
uzywano glownie luminoforow organicznych, ktore wykazuja duza warto$¢ molowego
wspolczynnika absorpcji. Jednakze, takie luminofory organiczne maja wiele wad, tj.
ulegaja fotodegradacji, wykazujac obnizenie intensywnosci luminescencji w czasie
$wiecenia, niewielkie przesunigcie Stokesa oraz bardzo krotkie radiacyjne czasy zycia.
Kroétkie czasy zycia luminescencji (rzgdu nanosekund) sg niepozadane w przypadku
zastosowania luminoforéw w technikach bioobrazowania, gdyz ich sygnal moze by¢ tatwo
zakltocony fluorescencja tla struktur biologicznych. Dlatego tez obserwuje si¢ ostatnio
zwigkszone zainteresowanie potprzewodnikowymi kropkami kwantowymi.
Nanostrukturalne kropki kwantowe sg odporne na fotodegradacj¢ i wysokie temperatury
oraz moga wykazywaé intensywng luminescencje¢ charakteryzujaca si¢ znacznymi
przesunigciami Stokesa 1 waskimi pasmami emisyjnymi. Niestety, okazato sig, ze takie
bardzo mate (z reguty < 10 nm) czastki oparte o jony metali cigzkich sg czesto toksyczne w

stosunku do organizmoéow zywych [30,31].

Optymalng grupg luminoforow wydajg si¢ by¢ nieorganiczne, trudno rozpuszczalne
sole pierwiastkow ziem rzadkich, takie jak: fluorki, tlenofluorki, fosforany, wanadany,
borany, etc. Pierwiastki ziem rzadkich moga wystgpowac zaré6wno jako jony matrycy i

domieszki w takich strukturach. Zwigzki te mogg by¢ wzglednie tatwo zsyntetyzowane w
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nanoskali i domieszkowane pozadanymi jonami Ln®*, zyskujac wowczas miano
nanoluminoforéw. Tego typu luminescencyjne nanomateriaty domieszkowane jonami Ln**
charakteryzuja sic wielobarwna emisja (zalezna od jonu aktywatora, np. Tb*" - zielony,
Eu®t - czerwony), dlugimi czasami $wiecenia (rzagdu milisekund), duzymi przesunigciami
Stokesa, waskimi pasmami emisyjnymi, duza odpornoscig fotochemiczng i termiczna,
wysoka stabilnoscig tworzonych koloidow wodnych oraz niska cytotoksycznosciag
[66,71,72,74,75], dzieki czemu moga by¢ potencjalnic zastosowane w rozmaitych
aplikacjach biologicznych. Luminofory oparte 0 jony pierwiastkow ziem rzadkich
wykorzystywane sg w wyswietlaczach plazmowych [76], systemach detekcyjnych [77],
optoelektronice [78], biomarkerach [79], technikach o$wietleniowych [76], znakowaniu
luminescencyjnym [80] oraz jako luminescencyjne rdzenie w nanostrukturach typu
rdzef/powtoka [19,44].

Nanoczastki oparte o jony Ln®" moga wykazywa¢ efekty nano-rozmiarowe, np.
dwuwyktadniczy zanik luminescencji, zmieniong intensywno$¢ emisji i wydajno$é
kwantowa, przestrajalny kolor emisji, etc. [81] Wiele nanomateriatdw domieszkowanych
jonami Ln** wykazuje skrocony czas zycia luminescencji zwiazany z jonami
powierzchniowymi (zwigkszone wygaszanie przez czasteczki wody i powierzchniowe
zwigzki organiczne), co moze powodowaé obserwowany, wspomniany uprzednio
dwuwyktadniczy zanik ich emisji. Efekty te mozna czgsto zaobserwowaé W
nanokrystalicznych fluorkach i fosforanach lantanowcéw. Zaletami obu tego rodzaju
struktur jest duza latwo$¢ otrzymania ich w formie bardzo malych sferycznych
nanoczastek (fluorki) i wydtuzonych nanodrutéw, nanopretow lub nanoigiet (fosforany).
Struktury te sg stabilne i odporne na dziatanie czynnikéw zewngtrznych, jak réwniez
wykazuja intensywna luminescencje po domieszkowaniu odpowiednim jonem Ln®". Cecha
charakterystyczng fluorkow lantanowcow jest niska energia fononow ich sieci
krystalicznej (= 350-400 cm™) [82], dzicki czemu drgania termiczne sieci krystalicznej
tylko w niewielkim stopniu wpltywaja na obniZzenie intensywnosci luminescencji, na
drodze wygaszania bezpromienistego. Fosforany natomiast mogg odznaczaé si¢ duzym
stosunkiem dlugosci do szerokosci (high aspect ratio), z powodu swojej podluznej
morfologii, co moze mie¢ wpltyw na ich wlasciwosci luminescencyjne, elektryczne,

magnetyczne oraz aktywnos$c¢ biologiczna.
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Metody syntezy nanomaterialow uzyte w pracy doktorskiej

- Wspélstracanie (coprecipitation) — polegajace na stopniowym mieszaniu (wkraplanie)
dwoch lub wiecej roztwordéw zawierajacych odpowiednie kationy (np. La®*, Gd**, Eu®") i

aniony (np. PO, F’), po czym nastepuje wytracenie produktu z roztworu.

- Metody micelarne - polegaja na wykorzystaniu w syntezie nanomateriatlow jonowych
albo niejonowych surfaktantow lub innych  zwigzkéw organicznych o budowie
amfifilowej, pozwalajacych na kontrolowany wzrost nanoczastek. Dodajac wybranych
surfaktantow do roztworu podczas syntezy, mozna wplywaé na strukture, morfologie i

stopien aglomeracji czastek.

- Metoda hydrotermalna — poddanie warunkom hydrotermalnym, tj. wysokiej
temperaturze  (150-300°C) i podwyzszonemu ciénieniu (10-100 bar) wcze$nie;
otrzymanego produktu lub krystalizacja in-situ nanokrysztatdéw. Metoda zapewnia wysoka

krystaliczno$¢ produktow, co skutkuje intensywna emisja powstatych nanoluminoforow.

- Synteza w mikroemulsji — jest metoda polegajaca na zmieszaniu, W odpowiednich
proporcjach molowych fazy organicznej, wodnej, surfaktantu i ko-surfaktantu, zapewnia to
odpowiednie wzajemne wymieszanie tych uktadow. W pordéwnaniu do zwyklej emulsji,
mikroemulsja jest termodynamicznie stabilna i pozwala na otrzymanie monodyspersyjnych
nanoczastek. Synteza nanoczastek odbywa si¢ tu w powstatych tzw. ,nanoreaktorach”
micelarnych, ktore przez ograniczony rozmiar zapobiegaja nadmiernemu wzrostowi

nanoczastek, zapewniajac jednoczes$nie ich monodyspersyjnos¢.

- Metoda Stobera — polega na hydrolizie i podzniejszej kondensacji pochodnych
silanowych w $§rodowisku wodno-etanolowym, co prowadzi do utworzenia si¢ czastek
krzemionki [57]. W reakcji tej tetraetoksysilan (TEOS) jest zrodtem krzemionki. Podczas,
gdy dodatki innych pochodnych silanowych takich jak 3-aminopropylotrietoksysilan
(APTES), N-(trimethoxysilylpropyl)ethylenediamine triacetic acid (EDATAS) lub na
przyktad 3-mercaptopropylotrimetoksysilan (MPTMS) skutkuja wprowadzeniem do
struktury krzemionki odpowiednio grup aminowych —NH,, karboksylowych -COOH lub
tiolowych —SH. Jesli w roztworze dodatkowo obecne s3 czastki stale (np. nanoczastki
lantanowcow), to mozliwe jest utworzenie na ich powierzchni nanopowtoki

krzemionkowej, co prowadzi do powstania nanostruktur typu core/shell.
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Najwazniejsze metody charakterystyki nanomaterialéw uzyte w

pracy doktorskiej

Dyfraktometria proszkowa - XRD (X-Ray Diffraction)

Metoda ta polega na dyfrakcji wigzki promieni rentgenowskich na plaszczyznach
sieciowych badanych substancji krystalicznych. W wyniku tego procesu uzyskujemy zbior
refleksow  (pikdw), przedstawiany w formie wykresu (dyfraktogramu) zaleznosci
intensywnosci od kata odbtysku 20. Dzigki temu mozliwe jest zidentyfikowanie struktury
otrzymanego zwigzku poprzez poréwnanie otrzymanego dyfraktogramu z odpowiednim
wzorcem z bazy danych. Intensywnos¢ poszczegélnych refleksow jest zwigzana ze
stopniem krystaliczno$ci produktu oraz, niekiedy, preferowanym Kkierunkiem wzrostu
krystalitow. W przypadku materiatow domieszkowanych jonami o promieniach
mniejszych lub wigkszych od promieni jondw matrycy, obserwuje si¢ przesunigcie
reflekséw w strone¢ wigkszych lub mniejszych wartosci kata 20. Zaleznos¢ ta umozliwia
obliczenie parametrow komorki elementarnej analizowanej struktury. W przypadku
substancji nanokrystalicznych, obserwuje si¢ rowniez znaczgce poszerzenie refleksow,
wynikajace z ograniczonej liczby ptaszczyzn sieciowych w krysztatach, na ktorych
odbywa si¢ dyfrakcja wigzki promieni rentgenowskich. Dzieki temu zjawisku, mozna
oszacowac $rednig wielko$¢ krystalitow tworzacych dany produkt, korzystajac z rownania
Scherrer’a [83]. Wiarygodne wartosci uzyskuje si¢ dla czgstek mniejszych niz 100 nm.

Rownanie to przyjmuje postac:

D — usredniony rozmiar krystalitoéw

K — wspotczynnik ksztattu (= 0.9 dla czastek sferycznych)
A — dtugos$¢ fali promieniowania

0 — kat odbtysku

B — szeroko$¢ refleksu w potowie jego wysokosci

B’ — efekt aparaturowy
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Transmisyjna mikroskopia elektronowa — TEM (Transmission Electron

microscopy)

Technika ta stuzy do obrazowani struktury i morfologii oraz wyznaczenia rozmiaru
czastek. Pozwala réwniez na okreSlenie stopnia jednorodnosci, agregacji i aglomeracji
czastek. Zasada dzialania tej techniki polega na wykorzystaniu dziata elektronowego
bedacego rurg prézniowa, gdzie na skutek podwyzszonej temperatury (termoemisja) lub
przytozonego wysokiego napigcia elektrycznego (emisja polowa) nastepuje emisja
wysokoenergetycznych elektronéw z katody. Elektrony stanowigce wigzke charakteryzuja
si¢ taka samg energia (zwykle rzedu 80-300 keV) oraz musza by¢ odpowiednio
kolimowane i ogniskowane w celu uzyskania obrazu dobrej jakosci i zaobserwowania
ultrastruktury badanego materialu. W celu zobrazowania danego nanomateriatu,
przygotowuje si¢ jego rozcienczony roztwdr koloidalny, zwykle przy uzyciu
ultradzwiekdéw, a nastgpnie nanosi na bardzo cienka siateczke miedziang, wzmocniong
folig formwarowa 1 napylong amorficznym weglem. Podczas pomiarow elektrony padajace
na probke ulegaja w wigkszos$ci rozproszeniu (ciemne punkty obrazu) natomiast czes¢ z
nich przechodzi przez probke i trafia do detektora (jasne obszary). Elektrony ulegajg
rozproszeniu na atomach badanego preparatu, tym silniej im wigksza jest liczba atomowa
danego pierwiastka. Stad tez, w przypadku obrazowania w jasnym polu, metale cigzkie sa
widoczne jako ciemne punkty/obszary i daja wigkszy kontrast w pordwnaniu do
pierwiastkbw o malej liczbie atomowej. Efekt ten jest szeroko wykorzystywany w
przypadku badania nanostruktur typu rdzen/powtoka (core/shell), ztozonych na przyktad z
magnetycznego lub luminescencyjnego rdzenia (o duzej liczbie atomowej) pokrytego
powloka krzemionkowa (o matlej liczbie atomowej). W takim przypadku rdzen jest
widoczny na obrazie mikroskopowym jako ciemny obszar otoczony duzo jasniejsza
powtoka. Wykorzystujac efekt dyfrakcji elektrondw na kolumnach atomow badanego
nanomaterialu, mozemy bezposrednio okresli¢ jego strukture i wyznaczy¢ parametry sieci
krystalicznej. Ponadto, przy wykorzystaniu odpowiedniego detektora, mozna uzyskac
widmo emisji promieniowania rentgenowskiego — EDX (energy dispersive X-ray analysis),
charakterystycznego dla pierwiastkOw tworzacych probke. Pozwala to na wykonanie

analizy jako$ciowej jak 1 przyblizonej analizy iloSciowej badanego nanomateriatu.
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Spektroskopia w podczerwieni — FT-IR (Fourier Transform Infrared

Spectroscopy)

Metoda ta pozwala na analiz¢ struktury substancji organicznych i nieorganicznych,
poprzez detekcje charakterystycznych grup funkcyjnych. Polega ona na absorpcji
promieniowania podczerwonego przez badane zwigzki chemiczne, co jest przedstawiane w
formie wykresu (widma IR) zaleznosci intensywnosci transmitancji/absorbancji analitu od
liczby falowej (odwrotno$é dtugosci fali), wyrazanej w cm™. Absorpcja promieniowania
zachodzi w zakresie czg¢stotliwosci charakterystycznym dla danego typu grup funkcyjnych
i dla okre$lonego zwiazku chemicznego, dzigki zjawisku oscylacji (drgan) roznych
czasteczek. Skutkiem tego na widmie IR mozemy obserwowac drgania oscylacyjne
(rozciagajace 1 zginajace) od ugrupowan chemicznych znajdujacych si¢ w badanej probcee.
Pomiary mozna prowadzi¢ w trybie transmisyjnym lub odbiciowym. Spektroskopia w
podczerwieni jest bardzo uzyteczna metoda badawcza w analizie nanomateriatéw,
pozwalajac w tatwy 1 szybki sposdb potwierdzi¢ obecnos$¢ pozadanych struktur/ugrupowan
chemicznych. Ponadto, w przypadku nanoczgstek modyfikowanych powierzchniowo,
metoda ta pozwala na wykrycie czasteczek zwigzkow organicznych zaadsorbowanych na
powierzchni takich nanoczastek. W przypadku materiatbw nanoporowatych mozna
réowniez potwierdzi¢ obecno$¢ substancji zaabsorbowanej w porach badanego

nanomateriahu.
Spektroskopia luminescencyjna

Metoda ta polega na badaniu emisji promieniowania elektromagnetycznego ($wiatla) przez
badane substancje. Emisja ta nastepuje na skutek wzbudzenia badanej substancji
promieniowaniem o Wwyzszej energii, mniejszej dlugosci fali niz promieniowanie
emitowane przez probke, jest to tzw. emisja stokesowska. W przypadku niektorych
uktadéw (gléwnie materiatéw domieszkowanych jonami lantanowcow, tj. Yb**/Er**, Ho*,
Tm3+) mozna obserwowac emisje antystokesowska, tzw. up-konwersje (konwersje energii
w gore), polegajaca na emisji fotonéw o wyzszej energii niz promieniowanie wzbudzajace.
W obu przypadkach emisja moze zachodzi¢ w zakresie ultrafioletowym (UV), widzialnym
(Vis) i podczerwonym (IR). W przypadku klasycznej luminescencji, do wzbudzania probki
uzywa si¢ przewaznie $wiatla UV, natomiast w przypadku up-konwersji §wiatta NIR
(bliska podczerwien; z reguty = 980 nm). Emisja promieniowania jest wynikiem

wzbudzenia elektronéw probki do stanéw wzbudzonych i ich pdzniejszej relaksacji
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promienistej do stanéw podstawowych. Swiatlo emitowane ma energi¢ réwng przerwie
energetycznej pomi¢dzy wzbudzonym poziomem emisyjnym a poziomem podstawowym.
Spektroskopia luminescencyjna moze stuzy¢ do detekcji w probce okreslonych grup
funkcyjnych, zwigzkéw kompleksowych i jonéw wykazujacych emisj¢ $wiatta w wyniku
wzbudzenia promieniowaniem o charakterystycznej dla danej substancji dtugosci fali. W
badaniach spektroskopowych wykonuje si¢ gtéwnie pomiary widm emisji i wzbudzenia
luminescencji zwigzane z zakresem spektralnym, w ktorym badana substancja absorbuje 1
emituje promieniowanie. Istotne informacje dotyczace kinetyki proceséw promienistych
zachodzacych w uktadzie, daja pomiary krzywych zaniku luminescencji, na podstawie
ktoérych mozliwe jest wyznaczenie emisyjnych czaséw zycia badanych substancji. Na
podstawie analizy stosunku fotonow emitowanych do zaabsorbowanych przez probke
mozna wyznaczy¢ wydajno$¢ kwantowa luminescencji, bedaca miarg iloSciowa
efektywnosci tego procesu. Wydajnos¢ kwantowa moze by¢ absolutna, okreslona poprzez
zliczenie liczby fotonéw zaabsorbowanych i wyemitowanych lub wzgledna, wyznaczona
na podstawie porownania z odpowiednim wzorcem. Istotng kwestig jest takze okreslenie
koordynatow chromatyczno$ci danego luminoforu na podstawie zarejestrowanych widm
emisji 1 naniesienie ich na odpowiedni diagram barw. W wyniku tego mozliwe jest
liczbowe poréwnanie kolorow emisji réznych probek, co jest szczeg6lnie istotne w
przypadku dyskutowania efektu przestrajalnej luminescencji, czyli zmiany jej koloru w

wyniku modyfikacji badanej probki lub zmiany parametrow pomiarowych.

W przypadku nanomateriatow, szczegolnie uzytecznymi parametrami spektroskopii
luminescencyjnej sa analiza krzywych zaniku luminescencji i wyznaczanie wartosci
emisyjnych czasoOw zycia. Pomiary takie moga dawac¢ informacj¢ na temat wptywu jondéw
powierzchniowych 1 przypowierzchniowych na wlasciwosci spektroskopowe luminoforow
oraz ich stosunku do jonéw znajdujacych si¢ wewnatrz danej struktury. Jony
powierzchniowe znajduja si¢ w innym otoczeniu koordynacyjnym niz jony wewnatrz
czastki, co moze skutkowac pojawieniem si¢ drugiej skladowej emisyjnego czasu zycia,
widocznej w profilu krzywej zaniku luminescencji. Efekt ten jest szczegdlnie intensywny
w przypadku matych (kilka-kilkanascie nm) nanoczastek, majacych duzy stosunek

powierzchni do objgtosci.
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Czes¢ eksperymentalna

Synteza nanoluminoforow opartych o jony

pierwiastkow ziem rzadkich

Luminofory oparte o jony Sm®" sa kilkadziesiat razy tafisze w produkcji od analogicznych
uktadow domieszkowanych np. jonami Eu®*, co znaczaco zwigksza ich potencjalne
mozliwosci aplikacyjne. Problemem badawczym, jaki podjatem w pracy pt. ,, Synthesis of
lanthanide doped CeF3:Gd>*, Sm** nanopatrticles, exhibiting altered luminescence after
hydrothermal post-treatment” bylo otrzymanie efektywnych i relatywnie tanich w
wytworzeniu nanoluminoforéw domieszkowanych jonami Sm**. W wyniku prowadzonych
badan zsyntetyzowano nanomateriaty oparte o fluorki domieszkowane jonami samaru (III),
tj. CeF3:Gd*, sm*". Zwiazki te otrzymano metoda wspolstragceniowg w obecnosci EDTA,
kwasu cytrynowego lub bez uzycia modyfikatoréw organicznych, co potwierdzono
metodami dyfraktometrii proszkowej (XRD), transmisyjnej mikroskopii elektronowej
(TEM) i spektroskopii w podczerwieni widma (FR-IR). Nastgpnie, wybrane uktady
wykazujace najintensywniejsza luminescencj¢ poddano warunkom hydrotermalnym co
spowodowato nieoczekiwang zmian¢ barwy luminescencji (przestrojenie koloru) z rézowej
na pomaranczowq. Dzigki zastosowaniu spektroskopii luminescencyjnej, zarejestrowano
widma wzbudzenia i emisji oraz krzywe zaniku luminescencji dla otrzymanych
produktéw, a nastgpnie wyznaczono dla nich czasy zycia i wydajnosci kwantowe
luminescencji. Na podstawie uzyskanych danych spektroskopowych i strukturalnych
ustalono, iz powodem zmiany koloru emisji byt wzrost stopnia krystalicznosci 1 rozmiaru
czastek poddanych warunkom hydrotermalnym (40 atm, 180°C). Dzigki temu znaczgco
zwickszyla si¢ wydajno$¢ przeniesienia energii z jonow Ce** poprzez Gd** do Sm**
(zmniejszyla sic niepozadana emisja Ce®* w zakresie ultrafioletu (UV) i barwy
niebieskiej). Dodatkowo nastapit znaczacy wzrost catkowitej intensywno$ci emisji w
zakresie widzialnym (pomarafnczowa luminescencja). Zaobserwowano takze istotny wptyw
uzytych surfaktantow na strukturg¢, morfologi¢ 1 stopien aglomeracji otrzymanych
nanostruktur. Aby potwierdzi¢ sktad pierwiastkowy otrzymanych nanoluminoforow
zastosowano metode dyspersji energii promieniowania rentgenowskiego (EDX). Natomiast
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w celu ustalenia stosunku fazy nieorganicznej do organicznej (czasteczki modyfikatorow
organicznych osadzone na powierzchni nanostruktur) w otrzymanych produktach,

wykonano analiz¢ termograwimetryczna.

Wkiad wiasny w powstanie pracy: koncepcja badan, wykonanie syntezy i zbadanie
wlasciwosci fizykochemicznych otrzymanych produktow. Analiza uzyskanych wynikow,

opracowanie danych i zredagowanie publikacji.
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The series of nanocrystalline ( = 5—10 nm), lanthanide doped fluorides — CeF3:Gd>*, Sm*>" were prepared
by a simple coprecipitation method. The as-prepared nanoparticles were hydrothermally treated, which
resulted in increased crystallinity and size of the nanocrystals formed ( =50—100 nm). The precipitated
products (before the hydrothermal treatment) exhibited pink luminescence. The hydrothermal post-
treatment of the colloidal nanomaterials caused alteration of their luminescence, namely the emission
was tuned from pink to orange. This was because of the increased energy transfer from Ce** and Gd**
ions to the Sm** ion (luminescence activator), in larger and better crystallized nanoparticles. The
products obtained in the presence of EDTA and citric acid revealed altered morphology, being more
homogeneous and monodisperse, as well. The structural and morphological properties of the nano-
materials synthesized were determined by powder X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM) and infrared spectroscopy (FT-IR). Elemental analysis, thermogravimetric—differential
thermal analysis (TG—DTA) and energy dispersive X-ray analysis (EDX) confirmed the nanomaterials
composition. The luminescence properties of the products were studied based on the recorded excita-
tion/emission spectra and emission—decay curves. Radiative lifetimes and luminescence quantum yields

were also determined.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the last few years much attention has been paid to the
investigation of luminescent inorganic nanomaterials [1—4]. Such
materials are usually composed of inorganic semiconductors (e.g.
CdSe, ZnO quantum dots) or lanthanide (Ln**) doped nanoparticles
|5—10]. In contrast to organic compounds, they are photostable and
resistant to oxidation and high temperatures. Due to their small
size and multicolour emission of such nanostructures, they can be
potentially used for bioapplications as biomarkers, contrast agents,
drug carriers, etc. However, Ln3* doped nanomaterials reveal
generally much longer luminescence lifetime (several milliseconds)
[11—14], and lower toxicity in comparison to the most of quantum
dots consisting of heavy metal ions [2,15—18]. Because of the above-
mentioned benefits, lanthanide based nanoparticles are very
desirable for various bioapplications [19,20].

Inorganic, crystalline compounds doped with appropriate Ln®*
ions can reveal luminescence in the ultraviolet (UV), visible or

* Corresponding author.
E-mail address: blis@amu.edu.pl (S. Lis).
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infrared (IR) ranges upon excitation with UV (energy down-
conversion) or IR (energy up-conversion) light [21-23]. In the
case of the UV excited systems, the most intense luminescences are
usually exhibited by Eu*" (red emission) and Tb®" ions (green
emission), because of their large band gaps between emitting and
ground levels [21]. Sm®>* and Dy** ions have smaller band gaps,
however they are large enough to achieve intense coloured lumi-
nescence after UV light irradiation [21]. Moreover, samarium
(metal or oxide) is much less expensive (about 50 times) than
europium or terbium, which is a crucial issue in industrial appli-
cations (e.g. new light sources, luminescent tracers).

Direct excitation of Ln®* activator ions e.g. Sm>*, Eu*t, Th*,
Er?* results in their inefficient luminescence because the internal
4f—4f transitions occurring in these ions, are forbidden by the se-
lection rules [24,25]. That is why, the energy transfer (ET) and/or
charge transfer (CT) phenomena are employed to enhance the
emission of the products by the use of indirect excitation
|23,26—28]. The energy donor — sensitizer (light harvesting spe-
cies) can be organic ligands in the case of organic complexes and
other Ln** ions (Ce’", Gd*', Yb*") in inorganic compounds
[23,27-29].
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Nanocrystalline, inorganic fluorides based on Ln>* ions have
been intensively investigated as promising luminescent materials
over the last few years [11,22,30-33], They can be easily obtained as
fine nanoparticles, doped with the desired activator ions. The
matrices based on LnF; or their complex analogues have very small
phonon energies of their crystal lattices, e.g. 350 cm ™! in the case of
the LaF; [34]. This internal feature is a trigger of low non-radiative
relaxation of the Ln®* excited states, which results in a relatively
high values of the luminescence quantum yield (QY) and intense
multicolour emission of such structures [35,3G]. Moreover, low-
cytotoxicity, photostability, long emission lifetimes and easily
modified surfaces of the Ln** doped fluorides, make them very
useful nanomaterials for various applications, such as luminescent
tracers, biomarkers, drug carriers, tuneable light sources or active
components of advanced hybrid nanomaterials [2,15,20,32,37-39].

Here we report, the synthetic procedure and photophysical
characterization of the luminescent, nanocrystalline fluorides,
based on a CeF; matrix doped with Gd** and Sm>* ions. The
nanoparticles were obtained via a coprecipitation method, and
subsequently subjected to a hydrothermal post-treatment, leading
to the luminescence tuning (pink — orange emission). The syn-
thesis of the products was performed in pure water and in the
presence of EDTA or citric acid acting as surfactants, which resulted
in a different morphology of the nanoparticles formed.

2. Experimental section
2.1. Materials

Gd;04, and Sm305 [Stanford Materials, 99.99%) were separately
dissolved in concentrated HNO3 (POCh S.A., ultra-pure) in order to
obtain Gd(NO3); and Sm(NOs3); aqueous solutions. CeClz-7H;0
(99.9%) was purchased from Sigma Aldrich. NHsF (ACS grade,
>=98%), ethylenediaminetetraacetic acid — EDTA (pure p.a., >98%)
and citric acid (hydrate, pure p.a., >99.5%) were purchased from
POCh S.A. Double distilled water was used for all experiments.

2.2, Synthesis

The syntheses were carried out to produce 0.75 g of the product.
A typical synthesis procedure was performed as follows. NH4F (50%
excess) was dissolved in 25 mL of water (solution A). An aqueous
solution B was prepared that contained Ln(NO3)3; and CeCl; which
were mixed at the desired molar ratio (0.01 Sm(NOQOs)s;, 0.15
Gd(NOs3)3 and 0.84 CeCls mol%), and diluted with water to make
100 mL. In the case of the products obtained in the presence of
EDTA and citric acid, 0.5 wt.% of the desired polycarboxylic acid was
additionally dissolved in solutions A and B. The pH of the systems
was adjusted to =7, hy the use of an aqueous NaOH solution. So-
lution B was added dropwise to solution A, resulting in the pre-
cipitation of the lanthanide doped fluorides (LnF3). The reaction
was performed at 343 K, with continuous stirring. The addition was
completed in 0.5 h. Afterward the as-prepared products were
divided into two parts. Half of the product was purified by centri-
fugation and washed several times with water. After this the
product was dried overnight in the oven (at 358 K). The rest of the
colloidal precipitate was transferred into a Teflon vessel and hy-
drothermally treated for 2 h, at 453 K/40 bar (microwave autoclave
— ERTEC, Magnum II, 600 W). When the reaction was finished, the
product obtained under hydrothermal conditions was purified by
centrifugation and dried in the oven, as well. Fig. 1 presents the
scheme of the coprecipitation process and subsequent hydrother-
mal treatment of the nanoparticles synthesized (recrystallization
and growth of the nanocrystals).
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2.3. Characterization

Powder XRD were collected using a Bruker AXS D8 Advance
diffractometer in the Bragg—Brentano geometry, employing Culax,
radiation (A = 1.5406 A) in the 6°—60° 20 range, at a resolution of
0.05°step. The average grains sizes were estimated based on the
experimental patterns and Scherrer's equation [40]:

ki

costh/ 5% — 2

Where D is the grain size, k is the shape factor, which is = 0.9 for
spherical objects, 4 is the radiation wavelength, # is the angle of
diffraction, § is the Full Width at Half Maximum (FWHM) and &' is
the apparatus effect. TEM images were measured with a Trans-
mission Electron Microscope JEM 1200 EXII, JEOL (80 kV). The
elemental analyses of the nanomaterials were performed with an
Elementar Analyser Vario EL I1l. The TG—DTA analyses were carried
out with Setaram Setsys 1200 device, with a heating rate of 5 °C/
min, in air. The EDX spectra were recorded using a Scanning Elec-
tron Microscope FEI Quanta 250 FEG, with EDAX detector. The
excitation/emission spectra and luminescence decay profiles were
recorded using a Hitachi F-7000 spectrofluorometer, at ambient
conditions. The spectra were measured at a resolution of 0.2 nm
and corrected for the instrument response. The absolute lumines-
cence quantum yields (QY) of the products synthesized were
determined based on the method described by Wrighton et al. [41]
and successfully applied by others [32,42]. The diffuse reflectance
of the sample relative to a nonabsorbing standard (La;03) was
measured, at the excitation and emission wavelengths of the
sample, under the same conditions. The luminescence QY obtained
is a ratio of the emitted photons to the difference in the diffuse
reflected photons by the measured sample and the non-absorbing
standard. The absolute luminescence QY (¢) of the nanomaterials
was calculated based on the equation:

D=

~E
*TR-B)

where E is the integrated luminescence intensity of the product, R is
the integrated diffuse reflectance intensity of the non-absorbing
standard and R’ is the integrated diffuse reflectance intensity of
the measured products. The data were recorded at excitation
wavelength = 254 nm. IR spectra were recorded with a FT-IR
spectrophotometer, JASCO 4200. The spectra were measured in
the transmission mode, at a resolution of 4 cm™'. Before the mea-
surements, the products were mixed with KBr, ground and pressed
into pellets.

3. Results and discussion

The aim of this work was to obtain new lanthanide based
nanomaterials, exhibiting intense luminescence in the visible
range. Samarium ions [Sm3+) were selected as luminescence acti-
vators, and Ce** and Gd>" ions were used as luminescence sensi-
tizers (light harvesting ions). We focused on the Sm>* ions mainly
because of their low price (low-cost phosphors), desired emission
range (pink—orange), intensive luminescence and the relatively
scarce literature data concerning Sm>* doped nanophosphors
[21,43]. It is worth noting, that Sm>* based compounds (salts, ox-
ides and other precursors) are much less expensive (by tens of
times) in comparison to the commonly used Eu®* and Tb** ions.

The series of CeF3 nanoparticles co-doped with Gd*>* and Sm>*
ions were synthesized via a co-precipitation method. On the basis
of a comparison of the integral emission intensity of the products
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Fig. 1. Synthesis scheme of CeF;:Gd**, Sm** nanoparticles.

synthesized, the optimal concentration of dopants was found to be
15% for Gd** and 1% for Sm>* ions (CeF3:Gd*>* 15%, Sm** 1%). This
concentration provided the most intensive luminescence of the
products (pink emission of the Sm>* ions). The XRD data, excita-
tion/emission spectra, luminescence decay curves and the com-
parisons of the total luminescence intensities of the variously
doped CeF3:Gd>* X% (X = 5-50%), Sm>* X% (X = 0.5-10%) products
are presented and discussed in Supporting Information
(Figs. S1-59).

3.1. Structure and morphology

The series of six compounds composed of CeFs:Gd®>" 15%, Sm3*
1% were synthesized as nanocrystalline white powders exhibiting
bright pink—orange luminescence. Three of them were obtained via
the co-precipitation method (one in pure water - surfactant-free
system, and two in the presence of surfactants, i.e. EDTA and cit-
ric acid). The other three materials were obtained by the hydro-
thermal treatment of the compounds previously synthesized by the
co-precipitation method.

All of the products fitted well the reference pattern of hexagonal
CeF5 (P3c1 space group, ref. 086—0967) from the ICDD (Inorganic
Crystal Diffraction Data) database, which confirms the successful
substitution of the Ce~ (host ions) by the Gd** and Sm>* (dopants
ions). The obtained experimental diffraction patterns (Fig. 2)
revealed significant broadening of reflexes caused by the small size
of the crystals forming the given product. This phenomenon is well-
known for the compounds composed of crystalline nanoparticles.
On the basis on the Scherrer equation, the average crystal sizes of
the obtained CeFs:Gd** 15%, Sm>* 1% nanomaterials were esti-
mated, and shown in Fig. 2. The particles of the hydrothermally
treated products (22—41 nm) were significantly larger in

frsiecio CeF,:Sm™ 1%, Gd™ 15%
size (nm)
citric acid - hydro
22337
B7+14 N aticacd

27136 AM_‘A\ A EDTA - hydro

7T68+£15 EDTA
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hexagonal P3ct  E2 - . g
CeF_ ICDD oBe-0se7 | | £ 8 2 §
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20 (deg)

Normalized intensity

114

|— 300
s

&
1

Fig. 2. XRD patterns of CeFy:Gd** 15%, Sm** 1% nanocrystals,
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comparison to the untreated products — the as-prepared from the
co-precipitation synthesis (7—11 nm). Moreover, the nanoparticles
synthesized in the presence of EDTA and citric acid were smaller
than the ones obtained in the surfactant-free systems, both in the
case of the as-prepared (20—-30% decrease) and hydrothermally
treated products (35—45% decrease). This fact confirmed the impact
of the organic compounds used on the structure and morphology of
the final nanomaterials.

TEM images of the synthesized CeFs:Gd>* 15%, Sm** 1% nano-
structures are presented in Fig. 3. The first image (a) depicts the
compound obtained in water, whereas the second one (b) shows
the same product but post-synthesis treated under hydrothermal
conditions. It is clearly seen that the first product consists of small
(8—13 nm), very agglomerated nanoparticles, whereas the hydro-
thermally treated one is composed of much larger (20—150 nm)
nanocrystallites with a broad size/shape distribution. The product
obtained in the presence of EDTA (c) is composed of much less
agglomerated, small (4—6 nm) nanoparticles forming individual
nanoclusters with a size in the range of 30—-60 nm. When this
product (prepared in the presence of EDTA) was subjected for post-
synthesis treatment under hydrothermal conditions, its particles
transformed into larger (20—50 nm), well-crystallized nanospheres
(d). A similar situation took place in the case of the product
precipitated in the presence of citric acid (e), composed of small
(7-12 nm) nanoparticles, which after hydrothermal treatment
recrystallized into larger (15—35 nm) ones (f). Summing up, the
hydrothermal treatment of the products resulted in a recrystalli-
zation of the precipitated nanoparticles into larger and better
crystallized ones, with a lower level of agglomeration, as well. The
syntheses performed in the presence of surfactants provided a
smaller size and higher monodispersity of the final nanoparticles.

In order to determine the amount of organic modifiers in the
nanomaterials synthesized, the elemental analysis of CeFa:Gd>"
15%, Sm** 1% (LnF3) obtained in pure water and in the presence of
citric acid or EDTA (via co-precipitation method) was performed.
For LnF;5 (water), the content of N, C, H was 0.080, 0.140 and 0.428
(wt. %), respectively. For LnFs (EDTA), the content of N, C, H was
1.022, 3.141 and 0.751 (wt. %), respectively, whereas for LnF; (citric
acid), the content of N, C, H was 0.255, 0.782 and 0.497 (wt. %),
respectively. On the basis of the data collected, the molar concen-
tration of the organic compounds bound to the nanoparticles sur-
face was determined as 0.2617 mmol (7.65 wt. %) and 0.1086 mmol
(2.09 wt, %) per one gram of LnF; obtained in the presence of EDTA
and citric acid, respectively. The excessive amount of hydrogen and
nitrogen in their structures was related to the adsorbed water
molecules and bound NH, /NO; species. The small amount of
carbon detected in the LnF; (water) product, was probably related
to the organic impurities and adsorbed CO, molecules.

TG-DTA analyses were performed to examine the stability of
the organic modifiers and composition of the products obtained.
The obtained data agree with the elemental analysis results, and
they are presented in supporting information (Fig. S11).

The EDX spectra of the nanomaterials obtained are presented in
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Fig. 3. TEM images of CeF3:Gd®* 15%, Sm®* 1% nanocrystals, synthesized in the surfactant-free system (a, b), in the presence of EDTA (c, d) and citric acid (e, f); coprecipitated (a, ¢,

e) and hydrothermally post-treated (b, d, f) products.

Fig. S12. The performed measurements confirm the desired
composition of the lanthanide fluoride nanoparticles, and reveal
the same ratio of metal ions in the products synthesized.

FT-IR spectra of the nanomaterials synthesized are shown in
Fig. 4. All of the spectra reveal the intense and broad band around
3450 cm ™!, related to the O—H stretching (v) vibrations and around
1640 cm™! related to the O—H deformation (a) vibrations of the
adsorbed H,0 molecules. The very intense bands centered at
390 cm ! corresponding to the Ln-F vibrations can be observed in
all spectra, as well [44—46]. In the case of the products synthesized
in the presence of EDTA and citric acid, two other bands corre-
sponding to the asymmetric (=1590 cm!) and symmetric
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(=1400 cm™!) v vibrations of -COO~ groups can also be observed.
The intensity of these bands decreased after hydrothermal treat-
ment of the products, probably because of the decomposition of
organic compounds followed by their removal from the surface.
Moreover, in the spectrum of the EDTA modified product subjected
to hydrothermal treatment (EDTA — hydro), a new band around
1500 cm~! appears. This band suggests a change in the coordina-
tion mode of the carboxylic group to the Ln>* ions, in the hydro-
thermally treated nanomaterial. The presence of the above-
mentioned bands (=1400—1590 c¢m !, vCOO") confirms the
deprotonated character of the carboxylic groups originating from
EDTA and citric acid, as well as their interaction with the surface of
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Fig. 4. FT-IR spectra of CeF3:Gd*" 15%, Sm*" 1% synthesized in the presence of EDTA
and citric acid.

the nanoparticles.

3.2. Luminescence properties

The products obtained exhibited intense bright emission due to
the efficient ET from Ce** (sensitizer) via Gd** (energy mediator) to
sm>" ions (luminescence activator). The Gd** ions acted as energy
mediators, which decrease the band gap between the lowest
excited states of Ce>* and Gd** ions (see ET scheme in Fig. 5),
making the ET and Sm>* emission more efficient. As mentioned
previously, CeF3:Gd>t 15%, Sm®>" 1% was selected as an optimal
product exhibiting the most intense emission. The higher concen-
tration of dopants resulted in lower emission intensity because of

o 4f'5d" energy transfer

354 )
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Energy (10°/cm™)
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104 8

[ 77— —

0- sz Bs 512

3
Ce" sm*

Fig. 5. Scheme of energy transfer within CeF5:Gd** 15%, Sm™ 1% system.
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the occurrence of luminescence concentration quenching (see
Fig. S9).

The luminescence properties of the CeF3:Gd** 15%, sm®** 1%
nanophosphors obtained in pure water and in the presence of
surfactants, before and after the hydrothermal treatment (HT) are
presented in Figs. 6—10. All of the spectra were recorded in ambient
conditions, at 293 K.

The excitation spectra of the products measured at
dem = 596 nm (centre of the most intense emission band origi-
nating from the “Gsj, — ®Hy/2 transition in Sm** ion), are presented
in Fig. 6. Almost all of the spectra in Fig. 6 were normalized to the
intensity of the most intense band, which was the 4f' — 4f5d' ET
transition of Ce**. The exception was the spectrum of the product
precipitated in the presence of EDTA. This spectrum was normal-
ized to the *Hspp — Gy z transition of Sm** (4f—4f transition). That
product exhibited the lowest total luminescence in the visible
range. However, after HT, the ET and luminescence intensity
became much greater. In the range of 300—450 nm the low in-
tensity and narrow bands corresponding to the forbidden 4f°—4f°
intrinsic transitions in the Sm>* ion can be observed in the pre-
sented spectra. All of the spectra reveal a very broad and intense
band ranging from 200 to 300 nm, corresponding to the allowed
4f — 5d electric dipole transition in cedt ion, related to ET to the
Gd** and Sm** ions. After HT these bands became narrower and
much more intense (in the normalized spectra of the HT products
the 4f—4f transitions of the Sm>* ion are hardly observed, because
of much higher intensity of the 4f — 5d transition). The reason for
this observation is probably related to the enhanced crystallinity of
the products, resulting in a better embedding of the dopants into
the crystal structure and a more uniform coordination environment
for the ions, At 310 nm the low intensity band corresponding to the
357[,12 — SPJ transition in the Gd*" ion (ET to Sm? ') was observed, as
well. It is worth noting that, the 57;2 — Glj transition in Gd** iol
which should be situated around 272 nm, was not observed in the
spectra, because it overlapped with the broad 4f — 5d transition of
the Ce** ion [21.32].

The emission spectra of the nanomaterials obtained are shown
in Fig. 7. All of the spectra were recorded at Aex = 254 nm (centre of
the broad band in the excitation spectra, corresponding to the Ce*"
4f — 5d transition). In order to compare the shape of the different
nanophosphors spectra, they were normalized to the intensity of
the EPJ — 357;2 transition in the Gd** ion (for the 270—450 nm
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Fig. 7. Emission spectra of CeF5:Gd** 15%, Sm** 1% (hex = 254).

spectral region) and to the 405,2 - 6H7/2 transition in the Sm>* jon
(in the 500—750 nm spectral region). The intensity ratio of the
bands corresponding to the transitions in the Sm>* ion (4(35
2 — HJ) in a visible part of the spectra is generally the same in the
presented series of the products. This is because the compounds
synthesized are composed of the same hexagonal fluoride with a
fixed elemental composition. The most significant differences in
the shape of the spectra can be observed in their UV-blue region.
The nanoparticles coprecipitated in pure water and in the presence
of surfactants exhibit very intense UV-blue luminescence, in
contrast to the HT ones. It is related to the emission of Ce>* (broad
band = 330—340 nm) and Gd>* (narrow band = 310 nm) ions. The
broad, allowed band of Ce®** almost disappeared after HT. This
phenomenon can be explained as much more efficient ET from the
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Fig. 9. Comparison of total luminescence intensity and quantum yield of the copre-
cipitated and HT CeF3:Gd>* 15%, Sm?* 1% products (hex = 254).

Ce* ion to the Gd** and Sm>* ions in the larger nanoparticles
having a higher level of crystallinity and well-defined crystal
structure. The observed sharp/narrow emission band of the Gd>*
ion in case of the HT samples became less intense in comparison to
the precipitated ones (non-HT). The nanomaterials synthesized in
the presence of EDTA exhibited much weaker emission in the
visible range (500—750 nm) in comparison to UV-blue emission.
This is better shown in Fig. S10, which presents the emission
spectra normalized only to the intensity of the PJ — S7/2 transi-
tion in the Gd>* ion (the most intense band).

Fig. 8 presents a chromaticity diagram (CIE 1964 10 deg
observer) and photographs of the nanophosphors obtained, taken
in a daylight (a, b) and under UV light irradiation (c—h). It is clearly
seen that if the coprecipitated products were subjected for the
hydrothermal post-treatment, their emission was shifted from the
blue—pink region to the orange region. Such luminescence tuning/
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Fig. 8. Chromaticity diagram and photographs taken in a day light (a, b) and under UV light (c—h; hex = 254 nm) of CeF3:Gd>* 15%, Sm** 1%, coprecipitated (a, c, e, g) and HT (b, d, f,

h), obtained in pure water (a—d), in the presence of citric acid (e, f) and EDTA (g, h).
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alteration of the nanomaterials synthesized is related mainly to the
crystallinity level of the products, their morphology and grain size.

Fig. 9 shows comparisons of the total luminescence intensities
and absolute quantum yields of luminescence of the nano-
phosphors synthesized, measured for the visible range (Sm**
emission), at Aex = 254 nm. It is clearly seen that the HT products
exhibit several times higher intensity and QY of luminescence (up
to = 20%), than the precipitated ones (non-HT). This is because of
their better crystallinity and bigger size of the nanoparticles, which
results in improved ET and decreased amount of crystal defects
(diminished quenching of the luminescence). The nanoparticles
obtained in the presence of citric acid and EDTA revealed lower
intensity and QY of luminescence in comparison to the products
synthesized without surfactants. This phenomenon is probably
related to the luminescence quenching by the surface organic
molecules, and to some extent to the smaller average size of the
nanoparticles.

In Fig. 10 the luminescence decay curves of the nanophosphors
obtained, recorded at hex = 254 nm and Ay = 596 nm are pre-
sented. The luminescence lifetimes were calculated on the basis of
the measured decay profiles. The decay curves of the HT samples
were fitted to the y = A%exp(—x/t) + y0 mathematic function of the
monoexponential decay, whereas the decay profiles of the precip-
itated (non-HT) samples were fitted well to the y = Aj*exp(—x/
1) + Az"exp(—x/t2) + yO mathematic function of the biexponential
decay, both with R > 0.999. The calculated values of the averaged
emission lifetimes were in the range of 4—12 ms, which reflects the
significant differences between the samples (size, crystallinity and
surface properties). The long luminescence lifetimes are charac-
teristic of well crystallized lanthanide fluorides, whose activator
ion (e.g. Sm**, Eu*") is situated in a highly symmetrical coordina-
tion environment [12,21,32 47]. In the bulk hexagonal CeFs, all of
the Ln** ions (host and dopant ions) should occupy only one type of
the site having C; symmetry [48] and should reveal mono-
exponential luminescence decay. As we mentioned above, the HT
nanocrystals exhibit monoexponentional decay, namely their life-
time values are 9.81 m (water), 8.70 ms (citric acid) and 11.91 ms
(EDTA). This confirms that the emitting sm’* jons occupy one type
of site in the nanocrystals synthesized. However, the precipitated
(non-HT) products exhibited biexponential decay, namely their
lifetime values are 7.63 (t¢) and 3.21 (t3) ms (water), 6.58 (1) and
2.39 (1) ms (citric acid) and 5.61 (t¢) and 1.77 (t2) ms (EDTA). Such
behaviour suggests that the sm>* ions occupy two types of sites in
those nanocrystals. This is because of the small size of the non-HT
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nanoparticles, resulting in a large surface-to-volume ratio, leading
to an increased amount of surface and near surface ions. These
surface ions are placed in a different coordination environment
(surrounded by waterforganic molecules, crystal defects, etc.) than
the ions situated inside the nanocrystals (surrounded by other
ions). That is why the values of 7, associated with the inner ions are
much longer in comparison to the 1 values corresponding to the
surface ions, which are effectively quenched by the external envi-
ronment. Obviously the surface effects occur in both series of
products, but they are not manifested enough to be detected in the
bigger HT nanoparticles.

4. Conclusions

A series of brightly luminescent nanomaterials composed of
lanthanide fluorides (CeF3:Gd>*, Sm?*) were successfully synthe-
sized via a coprecipitation method and subsequent hydrothermal
treatment. The nanoparticles formed exhibited pink—orange
emission originating from the Sm** ions. The products obtained
were composed of small nanocrystals (=5-10 nm), which grew
after hydrothermal treatment into larger ones ( =50—100 nm). Due
to the enhanced energy transfer (from Ce** and Gd** to Sm>* ions)
in the larger particles with improved crystallinity, the nano-
materials synthesized exhibited tuneable luminescence phenom-
enon. Their emission was altered from pink (smaller, coprecipitated
particles) to orange (larger, hydrothermally treated ones). The use
of organic modifiers (EDTA and citric acid) influenced the
morphology and enhanced the homogeneity/monodispersity of the
nanoparticles. The products obtained were analysed by powder
XRD, TEM, EDX, spectrofluorometry, FI-IR spectroscopy, TG-DTA
and elemental analysis. The prepared nanomaterials, revealing
tuneable luminescence, can be employed as new light sources,
luminescence tracers, biomarkers, multifunctional contrast agents
as well as in multimodal imaging and forensics.
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Synthesis of lanthanide doped CeF;:Gd’*, Sm’* nanoparticles, exhibiting
altered luminescence after hydrothermal post-treatment
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The products synthesized, namely CeFs:Gd®>" X%, Sm*" 1% (X = 0-50%) and CeF5:Gd*" 15%,
Sm>* X% (X = 0.5-10%) fitted well the reference pattern of the hexagonal CeF3 (P3¢l space
group, ref. 086-0967) from the ICDD database, which confirms the successful substitution of
Ce’ by Gd*" and Sm®" (Figs. S1, S2). The experimental diffraction patterns obtained revealed
significant broadening of reflexes caused by a small size of the crystals forming a given

product.

CeF,:Sm™ 1%, Gd™* X%

IV | S
/\ /\ [ A 20%
AVA X\ ALA 15%
/\ J \ / ™\ N~ 10%
_J\/k SN A~ 5%
HnUA / M\ o\ 0%

hexagonal P3c1
CeF, 1CDD 086-0967 | | I I |
4 1 "
1 I I I I I

T
15 20 25 30 35 40 45 50 55 60

20 (deg)

Normalized intensity

Fig. S1 XRD patterns of the CeF3:Gd>" X%, Sm®" 1% nanocrystals.
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Fig. S2 XRD patterns of the CeF3:Gd** 15%, Sm®" X% nanocrystals.

The excitation spectra of the products, namely CeF3:Gd™™ X%, Sm®" 1% (X = 0-50%)
and CeF3:Gd™™ 15%, Sm™ X% (X = 0.5-10%) were measured at A, = 596 nm (Figs. S3, S4).
All of the spectra were normalized to the intensity of the most intense band. In the range of
300-450 nm the low intense and narrow bands corresponding to the forbidden 4£°-4f° intrinsic
transitions of the Sm®" ion can be observed in the presented spectra. All of the spectra reveal a
very broad and intensive band ranging from 200-300 nm, corresponding to the allowed
4f—5d electric dipole transition of the Ce’” ion. At 310 nm the low intensity band
corresponding to the ¥S,,—°P; transition of the Gd*" ion (energy transfer (ET) to Sm3+) was
observed, except of the sample which did not contain Gd* ions (CeF 3:Gd* 0%, Sm** 1%).
The mentioned sample exhibited also the least intense ET transition of ce*”’ (250-300 nm).
This fact confirms the crucial role of the Gd** ions as mediators of energy (ET from Ce’” via
Gd*" to Sm*" 1ions), providing the intensive luminescence of Sm®" ion. In both series of the

spectra (Fig. S3 and S4) the products with optimal concentrations of dopant ions (Gd”** 15%,
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Sm*" 1%) revealed the highest intensity ratio of ET band (200-300 nm) to 4f-4f bands within

the Sm®" ion (300-450 nm).
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Fig. S3 Excitation spectra of the CeF3:Gd®" X%, Sm®" 1% nanophosphors.

CeF :Gd™ 15%, Sm™ X%

Aem =59 nm [ s

5%

A 2%

Normalized intensity

1%

8 6 3+
5m—> P, Gd™ ET

af'>af’sd' ce™ ET 0.5%
R | :
—
200 225 250 275 300 325 350 375 400 425 450

A (nm)

Fig. S4 Excitation spectra of the CeFs3:Gd™ 15%, Sm™ X% nanophosphors.
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The emission spectra of the products, namely CeF3:Gd™" X%, Sm*" 1% (X = 0-50%)
and CeF3:Gd™ 15%, Sm®" X% (X = 0.5-10%) are presented in Figs. S5 and S6. All of the
spectra were recorded at A.x = 254. The spectra were normalized to the intensity of the most
intense band. The intensity ratio of the bands corresponding to the transitions of the Sm*" ion
(‘Gsp—"Hy) is generally the same in the presented series of the products. This is because the

compounds synthesized are composed of the same hexagonal fluorides.
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Fig. S5 Emission spectra of the CeF3:Gd® 15%, Sm*" X% nanophosphors.

64



CeF :Gd™ X%, Sm™ 1%

‘6, +°H Aex=254nm

A~ ‘G“—>8H“n 50%

T . 20%

15%

10%

Normalized emission intensity
1
1
|
|

5%

0%

-7t - r - r - r -1+~ 1T 1 1 17
500 525 550 575 600 625 650 675 700 725 750
X (nm)

Fig. S6 Emission spectra of the CeFs:Gd®” X%, Sm®" 1% nanophosphors.

Figs. S7 and S8 present the luminescence decay profiles of CeFs:Gd*" X%, Sm®* 1%
and CeF;:Gd3+ 15%, Sm>" X%, recorded at hey = 254 nm and Aoy = 596 nm. The decay curves
of the samples fitted well the y=A *exp(-x/1|)+As*exp(-x/1,)+y0 mathematic function (R >
0.999). The biexponential decay of the precipitated nanoparticles confirms that the Sm®" ions
occupy two types of sites in the structure, which is commonly found in small nanoparticles,
having large surface-to-volume ratio. The longer lifetime component (t;) is related to the
inner ions (inside the crystals), whereas the shorter one (1) corresponds to the surface Sm®"
ions. In Fig. S7 the longest lifetime (t; = 7.63 ms; 1 = 3.21 ms) exhibits the CeF;:Gd> 15%,
Sm*" 1% sample, containing an optimal amount of the Gd*" ions. The products having less or
more the Gd*” ions in their structure revealed shorter emission lifetimes. In Fig. S8 the
products exhibited lifetime shortening together with the increasing concentration of the Sm**
ions. This is because of the concentration quenching phenomenon, resulting in a shorter
radiative lifetime of the products containing higher amount of emitting ions (luminescence

activators). However, the CeF3:Gd*" 15%, Sm*>" 1% product, having an optimal amount of the
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Sm®" ions, revealed the highest contribution of the first lifetime component (50.7% of 1, and

49.3% of 12) in comparison to the rest samples in the series.
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Fig. S7 Luminescence decay curves of the CeF3:Gd3 " X%, Sm** 1% nanophosphors.
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Fig. S8 Luminescence decay curves of the CeF3:Gd®" 15%, Sm®” X% nanophosphors.
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Fig. S9 Comparison of total luminescence intensity of the CeFs:Gd®™ X%, Sm*" 1% and

CeF3:Gd*" 15%, Sm®* X% nanophos

phors.

CeF :Gd™ 15%, Sm™ 1%

A ex = 254 nm

2> I citric acid - hydro
‘@
c
5| |
£ (/ JL\\g citric acid
= = — e o
i,
7 ‘
ot EDTA - hydro
E
(3]
B
N EDTA
©
E
2 water - hydro

I

| apeeSSaa water s S -
—rT-r—--T—--—-1T"T—T]T "] T T T
300 350 400 450 500 550 600 650 700 750
2 (nm)

Fig. S10 Emission spectra of the CeF5:Gd>" 15%, Sm’" 1% nanomaterials, obtained by a
coprecipitation method and by a hydrothermal post-treatment (hydro). The spectra were

normalized to the most intense band.
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In order to investigate the stability of the organic surface layer and confirm the
composition of the nanomaterials synthesized (via co-precipitation method),
thermogravimetry—differential thermal analysis (TG-DTA) measurements were performed.
Below 100°C the first weight loss assigned to the moisture (absorbed water molecules)
evaporation was observed. In the case of the product obtained in the presence of EDTA (left),
two intense exothermic peaks around 206 and 312°C were observed. The first peak was
probably related with structural changes/decarboxylation of EDTA molecules (partial weight
loss), whereas the second peak was related to the total decomposition and detachment of the
organic compound (from the nanoparticles surface). The product synthesized in the presence
of citric acid (centre), revealed also two less intense exothermic peaks around 284 and 328°C.
At higher temperature (>350°C) the lanthanide fluoride nanoparticles oxidize forming

lanthanide oxyfluorides, and finally lanthanide oxides (=800-1000°C).
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Fig. S11 TG-DTA curves of CeF;:Gd3+ 15%, Sm*" 1% obtained in pure water and in the

presence of citric acid or EDTA.
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Fig. S12 EDX spectra of CeF3:Gd>™ 15%, Sm’" 1% nanophosphors, coprecipitated in pure

water and in the presence of citric acid or EDTA.
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Problemem badawczym, jaki podjatem w pracy pt. ,,Preparation and photophysical
properties of luminescent nanoparticles based on lanthanide doped fluorides (LaFs:Ce®",
Gd**, Eu®"), obtained in the presence of different surfactants” byto otrzymanie wydajnych
nanoluminoforéw wykazujacych czerwong luminescencj¢ pod wptywem promieniowania
UV oraz zbadanie wplywu modyfikatoréw organicznych na strukturg, morfologi¢ i
wlasciwosci spektroskopowe powstatych produktow. W tym celu wybrano fluorek lantanu
jako wydajna matryce, ktora domieszkowano jonami Ce**, Gd**, Eu**. Role emitera
(aktywatora luminescencji) pelnit w tym ukladzie jon Eu®*, natomiast jon Gd** petnit role
mediatora, posredniczac (zmniejszajac przerwe energetyczna pomi¢dzy najnizszymi
stanami wzbudzonymi Ce®" i Eu**) w przeniesieniu energii z jonu Ce** do jonu Eu**. W
trakcie badan zmieniano kolejno stgzenia wszystkich jonéw w celu znalezienia
optymalnego uktadu, wykazujacego najbardziej intensywng luminescencje. Po ustaleniu
optymalnych  stezen domieszek wykonano syntez¢ szeregu nanomateriatlow
luminescencyjnych o tym samym skladzie fazy krystalicznej, ale przy uzyciu réznych
surfaktantow/anty-aglomerantow (metody micelarne). Czynnikami tymi byly rdzne
zwigzki organiczne oddzialywujace na powierzchni¢ nanokrysztatlow 1 mogace
potencjalnie wplywa¢ na wiasciwosci fizykochemiczne nanoczastek. Okazalo sig, iz
niektore zwigzki (w szczegolnosci kwas poliakrylowy — PAA), powodowaty znaczace
zmniejszenie si¢ rozmiaru nanoczastek i jednoczesny spadek intensywnosci ich emis;ji.
Ponadto obserwowano wzrost objetosci komorki elementarnej, wraz z zmniejszeniem si¢
rozmiaru ziaren produktow. Wyznaczone wartosci absolutnych i wzglednych wydajnosci
kwantowych byly zgodne z obserwowana zmiang intensywno$ci luminescencji
otrzymanych materiatdéw. Wlasciwosci fizykochemiczne otrzymanych produktéw zostaty
zbadane przy uzyciu metod takich jak: XRD, TEM, FT-IR i spektrofluorymetria. W
zalezno$ci od uzytych organicznych modyfikatorow powierzchni, czgs¢ otrzymanych
nanoczastek tworzyta stabilne koloidy wodne. Przyczynito si¢ to do zastosowania takich
zwigzkow organicznych w dalszych syntezach bardziej ztozonych nanostruktur typu

rdzen/powtoka (core/shell).

Wktad wlasny w powstanie pracy: koncepcja badan, wykonanie syntezy i zbadanie
wlasciwosci fizykochemicznych otrzymanych produktéw. Analiza uzyskanych wynikow,

opracowanie danych i zredagowanie publikacji.

70



Journal of Alloys and Compounds 597 (2014) 63-71

o . . . ot
Contents lists available at ScienceDirect )
ATTovS
AND COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

Preparation and photophysical properties of luminescent nanoparticles
based on lanthanide doped fluorides (LaF5:Ce3*, Gd**, Eu®*), obtained
in the presence of different surfactants

@ CrossMark

Marcin Runowski, Stefan Lis
Adam Mickiewicz University, Faculty of Chemistry, Department of Rare Earths, Grunwaldzka 6, 60-780 Poznan, Poland
ARTICLE

INFO ABSTRACT

Article history:

Received 12 December 2013

Received in revised form 28 January 2014
Accepted 28 January 2014

Available online 5 February 2014

A series of nanomaterials composed of LaFs:Ce* 10%, Gd** 30%, Eu®* 1% was synthesized via a facile co-
precipitation approach. The reaction between appropriate lanthanide (Ln**) and fluoride ions resulted in
the formation of crystalline, Ln** doped fluorides and was performed in the presence of a series of organic
modifiers, acting as surfactants and anti-agglomeration agents. Modifiers such as polyacrylic acid (PAA),
ethylenediaminetetraacetic acid (EDTA), citric acid and oleylamine most significantly influenced the mor-
phology and spectroscopic properties of the products. The product obtained in the presence of PAA was
composed of the smallest nanoparticles (ca. 5-6 nm), with narrow size/shape distribution. All fluorides
synthesized exhibited intensive, bright red luminescence under UV irradiation (/. = 250 nm), because
of the presence of Eu®" ions in their structure. The efficient intensity of luminescence was a result of indi-
rect excitation, via energy transfer (ET) phenomena occurring in the system (Ce*” — Gd*" — Eu®*). The
structure and morphology of the obtained nanomaterials were established by powder X-ray Diffraction
(XRD) and Transmission Electron Microscopy (TEM) measurements. Optical properties of the obtained
compounds were studied and discussed on the basis of excitation emission spectra and luminescence
decay curves. On the basis of the performed measurements, luminescence quantum yield (absolute
and relative) and radiative lifetimes were calculated and analyzed. FT-IR spectroscopy was applied to
examine the presence of molecules of the organic modifiers on the nanoparticles surface.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Luminescent materials have been extensively studied over the
last two decades by many scientists and engineers [1-6]. Recently,
much attention has been paid towards luminescent nanomaterials,
namely the materials composed of small, luminescent nanoparti-
cles. There are many classes of such compounds, i.e. luminescent
organic compounds, semiconductive quantum dots (g-dots), inor-
ganic materials based on lanthanide (Ln) doped compounds [7-
11]. Each class of these compounds has their own benefits and
drawbacks. Luminescent materials based on organic structures
can exhibit strong and efficient emission, thanks to high quantum
yield (QY) and molar absorption coefficient. However, they are of-
ten thermally and photochemically unstable, exhibiting variable
luminescence in time, due to photobleaching effect after light irra-
diation. Luminescent q-dots are much more stable, they exhibit

# Corresponding author. Tel.: +48 61 8291345,
E-mail address: blis@amu.edu.pl (S. Lis).

http://dx.doi.org/10.1016/j.jallcom.2014.01.209
0925-8388/© 2014 Elsevier B.V. All rights reserved.
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bright multicolor luminescence, and they can be easily obtained
as nanosized particles. On the other hand, some of them are
cytotoxic like the commonly studied ones based on cadmium,
selenium and tellurium elements [12]. Inorganic materials doped
with Ln®" ions can exhibit multicolor luminescence under UV
(down-conversion) or NIR (up-conversion) excitation, depending
on the selected dopant ions (e.g. Th®* - green, Eu®* - red, Tm** -
blue) [13-16]. They can be also obtained as nanosized, crystalline
materials. The color of their emission depends on the dopant ions
used in a given system, the molar ratio of the ions used and crystal
structure of the host material [17-19]. The mechanism responsible
for their luminescence properties involves forbidden 4f-4f transi-
tions within the 4f-electron shell of the Ln** ion. Because of the for-
bidden character of such transitions, their relative intensity is
rather weak. In order to increase the luminescence intensity of
the Ln®* ions, the allowed energy transfer (ET) or charge transfer
(CT) transitions are frequently used [20-22]. These phenomena oc-
cur for instance in Tb** doped CeF; nanoparticles, in which after UV
excitation, the energy transfer from Ce®* to Tb*' ions occurs,
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showing effective green emission of the Tb** ion being an activator
[23]. Other advantages of Ln** doped nanomaterials are their high
thermal stability, photostability, large Stokes shift and long radia-
tive lifetime (in the range of ms) [7,24-27].

The luminescent materials/nanomaterials based on Ln*" doped
inorganic structures are usually composed of crystalline doped
phosphates - LnPO4 28], oxides - Ln,03 [29], oxyfluorides — LnOF
[30], borates — LnBO5 [31], vanadates LnVOs [32], fluorides LnFs
[33] and their more complex analogues like LnyOyF; [34] or NaLnF,
[35]. All these structures have already been successfully synthe-
sized as nanomaterials exhibiting different particle sizes, struc-
tures, morphology and spectroscopic properties.

Lanthanide doped fluorides (LnFs) have been intensively
studied as promising luminescent materials over the last decade
[36-38]. LnFy are featured with low phonon energy of the crystal
lattice (e.g. LaF; =~ 350 cm '), resulting in a relatively high QY of
luminescence and diminished nonradiative relaxation of their ex-
cited states [39-41]. Their other benefits are multicolor lumines-
cence [17], long radiative lifetimes (several ms) [23], invariable
luminescence in time [26], low cytotoxicity [42], well defined crys-
tal structures [43] and possibilities of easy surface modifications.
Additionally, LnF3 can be very easily synthesized in the form of ul-
tra-small nanoparticles, usually close to spherical in shape, which
allows the formation of stable colloids. Such nanomaterials based
on LnF; can be used in a variety of applications, e.g. novel light
sources in optoelectronics [44], plasma display panels (PDP) [45],
luminescent tracers in forensic [46], bio-imaging/labeling [47] as
well as sophisticated core/shell type nanomaterials [42].

Here we report an easy coprecipitation synthesis of a series of
nanocrystalline fluorides, based on LaF; codoped with Ce®", Gd**
and Eu®* ions. The nanophosphors obtained exhibited bright red
luminescence due to the ET phenomena from Ce®* to Gd** ions
and then to the activator ion, i.e. Eu*". The products were synthe-
sized in the presence of various organic compounds acting as
anti-agglomeration/crystallization directing agents.

2, Experimental
2.1. Materials

The appropriate amounts of Eu,03, Gd;04, and La,04 oxides (Stanford Materials,
99.99%) were separately dissolved in a concentrated, nitric acid, HNO; (POCh S.A.,
ultra-pure) in order to obtain Eu(NOsjs, GA(NO3); and La(NOs); aqueous solutions
of a known molar concentration, respectively. CeCl;-7H,0 (99.9%), polyacrylic acid
(PAA - average M., ~ 1800), adypic acid ( =99.5%, HPLC}, polyvinylpyrrolidone (PVP
- pure p.a.), polyvinyl alcohol (PVA - pure p.a.) and oleylamine (70%, pure) were
purchased from Sigma Aldrich. Ammonium fluoride, NH,F (ACS grade, 98+%), citric
acid (>99.5%, pure p.a., hydrate), ethylenediaminetetraacetic acid (EDTA - >98%,
pure p.a.}, Triton X-100, ethylene glycol (pure p.a.) and glycerine (pure p.a.) were
purchased from POCh 5.A. Polyethylene glycol 6000 (PEG - 98%, pure), cetyltrimeth-
ylammonium bromide (CTAB - 98%, pure) were purchased from Alfa Aesar. Distilled
water was used in all experiments.

2.2, Synthesis

All syntheses were performed to get 0.5 g of the product. The typical synthesis
of a given nanophosphor was as follows: NH4F (50% stoichiometric excess) was dis-
solved in 25 mL of water/ethanol 50/50 solvent system. The second selution was
prepared by mixing Ln{NO4}; and CeCly aqueous solutions at an appropriate molar
ratio (0.1 CeCls, 0.3 Gd{NO3)3, 0.01 Eu(NO3)3 and 0.59 La(NO3); mol%). The obtained
aqueous solution was filled with water up to 50 mL and mixed with 50 mL of eth-
anol. 1 wt.% of a chosen organic modifier was dissolved in both solutions. The as-
prepared solutions were transferred onto a hot plate magnetic stirrer and heated
to 333 K upon vigorous stirring. The pH of all as-prepared solutions during the syn-
theses was adjusted to be pH = 5. The heated solution containing lanthanide ions
was transferred into the addition funnel, and slowly dropped to the centinuously
heated and stirred solution containing F~ ions. The addition was completed in
30 min. Subsequently, the white precipitates formed were collected and washed
several times with ethanol and water, in order to purify the compound synthesized.
The final products were dried in an oven at 85 °C for 24 h. The scheme of synthesis
in Fig. 1 illustrates a formation of LaF;:Ce®*, Gd**, Eu®" nanoparticles, in the pres-
ence of surfactantsforganic modifiers.
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Fig. 1. Synthesis scheme of LaF;:Ce**, Gd*", Eu** nanoparticles.

2.3. Characterization

Powder X-ray diffractograms were recorded using a Bruker AXS D8 Advance dif-
fractometer, using Cu Ko radiation (/= 1.5406 A) in the 24 ranges from 6° to 60°
(resolution 0.05°/step). On the basis of the recorded diffractograms, the average
grains sizes were estimated using Scherrer's equation [48]:

p- K

cos i \! B - pt
where D is grain size, k is a shape factor (0.9 for spherical particles), / is the wave-
length of radiation, # is an angle of diffraction, §# is a Full Width at Half Maximum
(FWHM) and /¥ stands for an instrumental effect. Transmission electron microscopy
measurements were performed using a Transmission Electron Microscope [EM 1200
EXII, JEOL, operating at accelerating voltage 80 kV. FT-IR spectra were measured
using an FT-IR spectrophotometer, JASCO 4200. The spectra were recorded in trans-
mission mode at resolution of 4 cm ™. Before each measurement, the samples were
mixed with KBr, ground and pressed into disks. The excitation, emission spectra and
luminescence decay curves were measured using a Hitachi F-7000 spectrofluorom-
eter at 293 K. The excitation and emission spectra were recorded at resolution of
0.2 nm and appropriately corrected for the apparatus response. The luminescence
QY of the obtained nanophosphors were determined by two different methods
(absolute and relative) and compared. The first method was described by Wrighton
et al. [49] and successfully used by others [23,50]. In order to measure the absolute
QY of luminescence via this method, the diffuse reflectance of the sample relative to
a nonabsorbing standard (e.g. KBr, Mg0, Laz04) must be measured at the excitation
and emission wavelengths of the sample under the same conditions. The obtained
QY of luminescence is the ratio of photons emitted to the difference of diffuse re-
flected photons by the measured sample and the nonabsorbing standard. As a non-
absorbing standard we chose Lay04. The absolute QY of luminescence (¢) of the
products was calculated from the following equation:

()

where E is an integral emission intensity of the sample, R is an integral diffuse reflec-
tance intensity of the nonabsorbing standard and R’ is an integral diffuse reflectance
intensity of the measured sample. All data were recorded at the same excitation
wavelength {249 nm). The second method applied for determination of the lumines-
cence QY of nanophosphors synthesized was a relative one. This method is based on
Judd-Ofelt (J-0) theory, and allows the determination of QY, as well as ]-O intensity
parameters (see Sl). This approach was used first by Kodaira et al. [51] and further
successfully applied by others [43,52]. The method uses averaged lifetimes of
luminescence (t = [[it)zdt/ [I{T)df) and intensity ratio of the radiative transitions
in the emitting Ln®" ion (in our case "Dy — 7F, transitions of the Eu®" ion) for QY
determination.

3. Results and discussion
3.1. Selection of the dopant concentrations
A series of nanocrystalline lanthanide fluorides (LaF5:Ce**, Gd**,

Eu®*) was synthesized via an easy and low-cost coprecipitation
method, in the presence of commonly used anti-agglomeration
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agents/surface modifiers. The organic stabilizers used were the fol-
lowing: PAA, citric acid, adipic acid, EDTA, CTAB, Triton X-100, PEG,
PVP, PVA, oleylamine, ethylene glycol and glycerine. They were
used to investigate their influence on morphological, structural
and spectroscopic properties of the nanophosphors synthesized.
The goal of this work was to synthesize efficient and inexpensive
nanophosphors, featured with small size and narrow size/shape
distribution. Eu** ion was selected as an efficient luminescence
activator, resulting in intensive red emission of the nanomaterials
obtained. Our intention was to limit the total amount of expensive
Ln** ions in the obtained nanophosphors (Eu* and Gd*"), as well as
Ce®* jons, which can be relatively easily oxidized at elevated tem-
perature and after high-energy light irradiation [53-55]. Altering
single Ln’* ion concentration in the crystal structure, with the
amount of the remaining ions fixed, we were able to determine
the optimal dopant concentrations/ratios, resulting in the most
effective luminescence of the system. The structure and morphol-
ogy of the synthesized LaF5:Ce®", Gd*', Eu®* were not changed upon
doping with various concentrations of Ln*" ions (see Fig. S1 in
Supporting Information), except for slightly changed unit cell
parameters, caused by small differences in the ionic radii of differ-
ent Ln** jon. All products had the same hexagonal structure of LaFs,
isostructural with CeFs, which will be discussed in the next para-
graph. Fig. 52 shows a comparison of integral emission intensity,
for the samples doped with different concentrations of Ln*" ions
(discussed further in the manuscript). As a result of this study,
LaF;:Ce®* 10%, Gd** 30%, Eu®* 1% was found to be the most efficient
phosphor, exhibiting the highest integral emission intensity. This
compound was used for further syntheses and photophysical
studies with a series of the organic modifiers mentioned above.

3.2. Structure and morphology

The nanoparticles LaF;:Ce* 10%, Gd>* 30%, Eu®* 1% crystallized
in a hexagonal system, P3c1 space group. Fig. 2 presents the re-
corded powder diffractograms of the products. They fitted well
the reference pattern of hexagonal LaF;, taken from [norganic Crys-
tal Structure Database (ICSD), card No. 04-005-4417. The recorded
XRD patterns exhibited significant broadening of reflexes, which is
common for nanocrystalline particles. On the basis on the Scherrer
equation, the average grain sizes of the synthesized LaF;:Ce®* 10%,
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Fig. 2. XRD patterns of LaFy:Ce®” 10%, Gd** 30%, Eu*" 1% series.
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Gd** 30%, Eu** 1% nanoparticles were estimated [48], and pre-
sented in Fig. 3a. The samples obtained in the presence of PAA,
oleylamine or citric acid revealed the smallest particle size in the
range 7-9 nm. Other products had particle size in the range 10-
11 nm, except for the sample denoted as EDTA with particles size
of 17 nm. The values obtained correlated well with the TEM data.
However, some differences, i.e. smaller values estimated from
XRD than from TEM images, were explained by slight differences
in the products crystallinity and the presence of crystal strains.
One must remember that such small nanoparticles having high
surface-to-volume ratio, have surface defects and crystal strains,
which also contribute to the broadening of reflexes. In order to cal-
culate cell volumes of the products, the unit cell parameters were
obtained by standard Rietveld Analysis (for all samples R,, <5),
using anisotropic approach and Maud 2.0 software [56,57]. All cal-
culated cell volumes of the nanomaterials synthesized (Fig. 3b)
were smaller than the cell volume of the reference LaF; because
of the smaller ionic radii of the Ln*' dopant ions. However, in the
series a tendency of the cell volume expansion correlating with
the decreasing size of the nanomaterials could be observed. The
samples denoted as PAA, oleylamine and citric acid having the
smallest grain sizes, revealed the largest cell volumes. This phe-
nomenon was related to the crystal strains in the small nanocrys-
talline particles, resulting in an elevated pressure inside
nanocrystals, which caused unit cell expansion [58]. The effect in-
creases with decreasing grain sizes of the products.

Fig. 4 presents TEM images of the nanomaterials synthesized.
The images a-f depict LaF;:Ce®* 10%, Gd*" 30%, Eu®* 1% obtained
in the presence of the following organic compounds: PAA (a), oleyl-
amine (b), EDTA (c), citric acid (d), Triton X-100 (e), and PVP (f),
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Fig. 3. Estimated grain size (a) and calculated cell volume (b) of LaFs:Ce** 10%, Gd**
30%, Eu® 1% nanocrystals.
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Fig. 4. TEM images of LaFs:Ce*" 10%, Gd** 30%, Eu** 1% nanostructures obtained in the presence of PAA (a), oleylamine (b), EDTA (c), citric acid (d), Triton X-100 (e), and PVP

(0.

respectively. Because of a similar morphology (size/shape distribu-
tion) of the other nanomaterials to the samples e and f, the data for
the other materials are presented (samples g-1) in the Supporting
Information (Fig. S3). The product obtained using PAA (a) was com-
posed of uniform and very small nanoparticles, which size was in
the range of 5-6 nm. The particles did not agglomerate and formed
very stable aqueous colloids (no observed sedimentation was
noted over many days, which also resulted in difficulties with
the product purification by centrifugation). PAA acted as a very
effective crystallization directing agent, surfactant and surface
modifier. Sample b synthesized in the presence of oleylamine also
consisted of small nanoparticles whose sizes were in the range
7-9 nm. However, the particles exhibited higher level of agglomer-
ation in comparison to those in sample a. The product obtained in
the presence of EDTA (c) was composed of aggregates of about 80~
100 nm and close to spherical shape and did not form stable
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colloidal systems. Sample d, synthesized in the presence of citric
acid, consisted of aggregates of 30-40 nm of smaller nanoparticles.
Samples e and f as well as g-1 (see SI) exhibited similar morpholo-
gies. Their average grain sizes were in the range of 10-11 nm with
slight differences depending on the agent used. This leads to a con-
clusion that the organic compounds used for the syntheses of the
first four (a-d) nanomaterials significantly influenced the final
morphology of the products obtained, whereas the other ones
did not change noticeable the samples morphology. However these
organic compounds acted as anti-agglomeration agents, decreasing
the level in agglomeration of the final products, depending on the
organic compound used.

Fig. 5 presents the FT-IR spectra of the nanomaterials synthe-
sized. Four of them modified with PAA, EDTA, citric acid, oleyl-
amine are discussed here in details, because of the presence of
organic modifiers on their surface, manifested as the absorption
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Fig. 5. FT-IR spectra of LaF;:Ce*" 10%, Gd** 30%, Eu** 1% nanomaterials synthesized
in the presence of EDTA, citric acid, PAA, oleylamine.

peaks observed. In all spectra the broad and intensive band corre-
sponding to the O—H stretching (v) vibrations can be observed
around 3400 cm . This band originates from the adsorbed water
molecules. The second band related to H,0 molecules (O—H defor-
mation (&) vibrations), which should at 1640 cm™', overlaps with
different absorption bands, corresponding to the organic modifiers.
In the spectrum of EDTA modified nanomaterial three are two
absorption bands at 1580 and 1414 cm™" assigned to asymmetric
and symmetric vibrations of —COO~ groups, respectively. The band
at 1445 cm ! corresponds to vC—O vibrations. The spectrum of the
nanomaterial obtained in the presence of citric acid exhibits simi-
lar bands, i.e. peaks at 1590 and 1417 cm ' assigned to the asym-
metric and symmetric v vibrations of —COO~ groups, respectively.
The presence of these bands confirms the deprotonated character
of carboxylic groups in the organic acid molecules, and their
attachment to the surface. These bands can be also observed in
the PAA modified nanomaterial, at 1557 and 1417 cm™', assigned
to the asymmetric and symmetric v vibrations of —COO~ groups,
respectively. Other bands in this spectrum are the one at
1712 cm ! assigned to vC=0 vibrations, and a very broad and
intensive band in the range of 2700-3600 cm ! assigned to vO—H
vibrations of PAA molecules. The spectrum of the product synthe-
sized in the presence of oleylamine exhibits the following bands:
VC—Hiasymy at 2929 cm™', vC—Hiyym at 2851 cm™', vC=C at
1625 cm™', 6CH; at 1469 cm ™" and vC—N at 1380 cm™". The bands
assigned to —NH; groups were not detected because of their over-
lapping with a broad band originating from water molecules
(vO—H). The spectra of the other compounds are presented in
the Supporting Information (Fig. 54). In those spectra the bands
corresponding to the vibrations of water and ethanol molecules
were dominant and the absorption band related to the organic
modifiers could hardly be observed. It was probably related with
weal interactions between the organic modifiers and fluoride
nanocrystals, and their subsequent easy detachment in the purifi-
cation process.

3.3. Luminescence properties

The obtained nanophosphors exhibited intensive luminescence,
resulting from effective energy transfer (ET) process, commonly
occurring in lanthanide based luminescent compounds, both or-
ganic and inorganic. Thanks to this phenomenon, indirectly excited
(by ET) phosphors can exhibit increased luminescence intensity, as
compared to directly excited ones, e.g. LaF;:Eu®". Direct excitation
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of these phosphors is inefficient, because of the selection rules for-
bidden 4f-4f transitions in the emitting Ln** jons (e.g. Sm**, Eu®",
Th**, Dy**), and results in weak luminescence of these ions. Ce®"
ion is a well known luminescence sensitizer (energy donor) which
can transfer energy to a desired Ln** ion [17,20,23). Compounds
doped with Ce** ions reveal broad and intensive band around
250 nm in their excitation spectrum. This band corresponds to
the 4f' — 4f°5d" transition of the Ce*" ion. Such ET phenomenon
can be applied in many compounds, such as CeFs:Th** and LaPO:-
Ce**, Tb**. However, in Ce*'JEu** doped compounds, the ET process
does not occur effectively, and the energy cannot be efficiently
transferred from the excited Ce*" ions to the emitting Eu** ions.
The reason for this is a too large energy gap between the lowest ex-
cited state of Ce®* and the lowest excited state of Eu®" [17,59]. That
is why an energy mediator ion, whose lowest excited state is situ-
ated between the excited states of Ce** and Eu®* should participate
in ET between these ions. In the materials studied Gd** ion was
embedded in the structure of the final nanophosphors, acting
simultaneously as an energy acceptor from Ce*" ions and as an en-
ergy donor to the emitting Eu®* ions (see ET scheme in Fig. 6).

As mentioned above, the LaFs;:Ce®* 10%, Gd** 30%, Eu®>* 1% com-
pound was selected as the most efficient red phosphor, exhibiting
the highest total emission in the visible spectral range. The selec-
tion was made from a series of variously doped fluorides. If the
concentration of the dopant ions (Ce®*, Gd**, Eu®") was too small,
the ET via crystal lattice would be limited and ineffective. How-
ever, if their concentrations exceeded a certain threshold, the con-
centration quenching/cross relaxation process would take place,
deteriorating the final emission intensity of the emitter ion (see
Fig. S2). This effect was the most pronounced for Eu®* ion, which
is very sensitive to concentration quenching phenomena [60,61].

Luminescence properties of the synthesized nanomaterials are
presented in Figs. 7-11. All spectra including luminescence decay
curves were measured at 293 K, in ambient conditions.

Fig. 7 presents the excitation spectra of a series of fluorides,
LaF;:Ce®* 10%, Gd>* 30%, Eu®* 1% obtained in the presence of differ-
ent anti-agglomeration agents/surfactants. The spectra were
measured at e, = 592 nm, at which the most intensive band corre-
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Fig. 8. Emission spectra of LaFy:Ce®* 10%, Gd** 30%, Eu** 1% nanophosphors;
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sponding to the Dy — ’F; transition was observed. All spectra
were normalized to the intensity of the most intensive band,
namely 4f — 5d Ce3* ET, centred at 249 nm. In the range of ca.
300-400 nm, a series of sharp, less intensive bands corresponding
to the intrinsic 4f*-4f® transitions in Eu®* ion, can be observed. In
the shorter wavelengths range, the bands assigned to Ce** and
Gd** ET were recorded. As was mentioned above the very broad
and intensive band at 249 nm, was assigned to 4f' — 4f°5d" transi-
tion within the Ce®" ion, confirming ET to Gd** and Eu*" ions. The
other two bands at 272 and 310 nm were assigned to the S, — I,
and ®S;/, — °P; transitions in Gd*>* ion, respectively. These bands
indicate that direct ET from Gd** to Eu®* ions can occur. However,
small intensity of the corresponding bands means that this process
did not cause effective Eu** excitation. In the spectrum of PAA
modified nanophosphors, the observed 4f-4f transitions exhibited
relatively high intensity ratio in comparison to the analogous
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bands in the other spectra (because of the less intensive 4f — 5d
band). The reason for this high intensity ratio was the UV light
absorption by PAA molecules in the 200-300 nm range. Beside,
these nanoparticles in the sample modified with PAA revealed
the smallest size and one of the highest level of the organic mod-
ifier bonding to their surface (see IR spectra). Therefore, thanks
to the effective overlapping of the donor (Ce®*, Gd**) and acceptor
(Gd*, Eu®*) emission/absorption integrals, the sample modified
with PAA exhibited intensive, bright red luminescence. One should
remember that Gd** ion acted simultaneously as an energy accep-
tor and donor, being a mediator in the ET process.

Fig. 8 presents the emission spectra of all nanophosphors syn-
thesized. All spectra were measured at /., = 249 nm, at which the
most intensive band corresponding to the 4f' — 4f°5d’ transition
was observed (Ce®* excitation). All spectra were normalized to
the intensity of the most intensive band, assigned to *Dgy — “F,
transition in Eu®" ion, centred at 592 nm. The spectra showed the
characteristic, sharp bands corresponding to *Dg — F; (j = 0-4)
transitions in Eu®* jon. These transitions occur commonly in inor-
ganic/organic compounds having Eu®" ion in their structure. The
presence of these bands in the emission spectra results in a bright
red luminescence of the nanophosphors synthesized. The intensity
ratio of the bands is similar in the spectra of the whole series of
products, because of the same crystal structure and composition
of the luminescent phase. The hypersensitive *Dy — F; electric di-
pole transition (very sensitive to the changes in local symmetry of
the Eu** coordination environment) in all spectra shows lower
intensity than the *Dy — ’F; magnetic dipole transition (insensitive
to the changes in Eu®* site symmetry). This fact implies that the
Eu®* ions were successfully incorporated in the crystalline struc-
ture of the synthesized doped fluorides, featured with high site
symmetry. Here is worth noting that the °Dy — ’F, transition is for-
bidden and its intensity increases along with decreasing site sym-
metry of the Eu®* ion site [62]. The intensity ratio of the
3Dy — "F2/°Dgy — Fy transitions (see Fig. S5)is known as the asym-
metry parameter, and it is used to determine the symmetry of the
coordination environment of the Eu*" ion embedded in a given
structure (crystalline compound or organic complex).

Fig. 9a presents a comparison of the total luminescence inten-
sity of all nanophosphors obtained. The products synthesized in
the presence of EDTA, PAA, oleylamine and citric acid revealed
the lowest emission intensity. This observation is in a good agree-
ment with IR and TEM data, which showed that the nanoparticles
of these compounds exhibited the highest level of organic modifi-
cation/surface binding and the smallest grain size. Small nanopar-
ticles having surface modified with organic compounds exhibit
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Table 1
Calculated luminescence lifetimes, t; and t; (by fitting to the recorded decay profiles)
for LaFy:Ce®* 10%, Gd** 30%, Eu** 1% nanophosphors; /., = 249 nm and /.., = 592 nm.

Compound T T

ADYPIC ACID 10.13 ms (77%) 3.03 ms (23%)
GLYCERINE 10.13 ms (77%) 3.04 ms (23%)
TRITON X-100 10,12 ms (77%) 3.02 ms (23%)
PEG 10.11 ms (78%) 2.97 ms (22%)
PVP 10.10 ms (78%) 2.80 ms (22%)
CTAB 10.01 ms (77%) 2.94 ms (23%)
PVA 9.80 ms (77%) 2.86 ms (23%)
EDTA 9.68 ms (71%) 4.01 ms (29%)
GLYCOL 9.64 ms (77%) 2.94 ms (23%)
CITRIC ACID 9.60 ms (78%) 2.78 ms (22%)
OLEYLAMINE 7.85 ms (73%) 2.88 ms (23%)
PAA 7.34 ms (77%) 2.77 ms (23%)

lower emission intensity because of the UV light absorption by or-
ganic molecules and luminescence quenching due to the presence
of surface defects. The inset in the Fig. 9 shows bright orange-red'
luminescence of the aqueous colloidal LaF;:Ce®* 10%, Gd** 30%, Eu®*
1% nanophosphor synthesized in the presence of PAA. Left image
presents the colloid in daylight, and the right image presents its
emission under UV lamp irradiation (254 nm).

Fig. 9b presents the luminescence decay curves measured for
the nanophosphors synthesized in this study. On the basis of the
recorded curves, the luminescence lifetimes were calculated, and
their values are shown in the Table 1. All decay profiles fit
well to the mathematic function y = A; = exp(—x/T;) + Ay + exp
(—x/T2) + ¥p. with R>0.999, revealing a biexponential character
of the decay curves. The calculated values of the radiative lifetimes
were in the range of ms (7, =~ 7-10 ms, 73 =~ 3 ms). Such relatively
long lifetimes are typical of the Eu®* ions embedded in a high sym-
metry structure of crystalline fluorides [43]. The observed biexpo-
nential character of the decay profiles can be explained by the
presence of two emitting species of Eu®* ions. In the bulk hexago-
nal lanthanide fluoride there should be only one site symmetry
occupied by Eu*" ion. However, in nanomaterials, whose particles
size is in the range of several nm, the surface-to-volume ratio be-
comes significantly high to influence the measured spectroscopic
properties [63]. That is why a second lifetime component appears
in the measured luminescence decay curves. This short lived com-
ponent, 1, is associated with surface and near surface Eu®*' jons
being surrounded by water molecules, organic modifier molecules
and other species, which quench the luminescence. In other words,
such surface ions are in a different coordination environment than
the bulk ions. Additionally, Eu** ions are very sensitive to changes
in their site symmetry, which is manifested in altered spectro-
scopic properties, e.g. radiative lifetimes [62,64]. The nanophos-
phors synthesized in the presence of PAA and oleylamine
exhibited the shortest lifetime, which agrees well with our predic-
tions. As previously mentioned, these compounds showed the
smallest particles size and the highest level of surface modification,
manifested as luminescence quenching and lifetimes shortening.

The CIE1964 color coordinates were calculated to characterize
the color of light emitted by the nanoluminophors studied. Ob-
tained CIE charts are very similar for all of the samples studied,
as shown in Fig. 10 for the nanoluminophor synthesized in the
presence of PAA.

The calculated absolute QY of luminescence (Fig. 11) was in the
range 4-16%, while the relative QY range was 48-73%. The results
obtained were in a good agreement with literature data
[23,43,50,52]. However, the values calculated by the absolute

' For interpretation of color in Fig. 9, the reader is referred to the web version of
this article.



70 M. Runowski, S. Lis/Journal of Alloys and Compounds 597 (2014) 63-71

method were much smaller than those from the approach based on
the J-0 theory. This discrepancy between both series of data prob-
ably follows from the fact that the applied relative method (J-0)
treats the radiative lifetime of the sample as a crucial parameter
determining the final QY of the product. Ln** doped, inorganic
compounds exhibit usually much longer radiative lifetimes (sev-
eral ms) in comparison to those of the organic complexes of Ln**
ions in solutions (from several to several hundred ps). That is
why the QY calculated on the basis of the J-O theory were much
higher. The measured and calculated values of QY (absolute and
relative) were the smallest for PAA, oleylamine and citric acid
modified nanophosphors and the highest for glycerine and Triton
X-100 modified samples. The results obtained correlated with the
luminescence intensity of the products synthesized, with their life-
times and with the observed presence of large amount of organic
modifiers in IR spectra. However one should remember that for po-
tential bio-applications and tracing/labeling techniques, the com-
promise between effectiveness of luminescence of the products
and their size/shape distribution including agglomeration pro-
cesses, should be kept [65].

4. Conclusions

A series of Ln** doped fluorides was successfully synthesized by
a simple, fast, low-cost and eco-friendly coprecipitation approach.
All products exhibited intensive red luminescence, typical of Eu**
ions in a highly symmetrical coordination environment. The prod-
ucts had small particle sizes, from 5 to 11 nm, depending on the or-
ganic modifier used. The product synthesized in the presence of
PAA revealed the smallest particle size and narrow size/shape dis-
tribution and formed very stable aqueous colloid. The photophys-
ical properties of the obtained nanomaterials were examined by
XRD, TEM and spectrofluorometric measurements (excitation,
emission spectra and luminescence decay curves). Luminescence
quantum yields (QY) and radiative lifetimes were also determined.
The obtained absolute and relative QY of luminescence were com-
pared. A good correlation between both series of data was found,
however the absolute QY were smaller than the relative ones. On
the basis of the measured luminescence properties of the nano-
phosphors obtained, the Judd-Ofelt analysis was performed pro-
viding additional information about their structure and local site
symmetry of Ln®" ions. FT-IR spectroscopy confirmed the presence
of organic modifiers molecules on the nanoparticles surface. The
nanomaterials obtained can be applied in many fields of science,
e.g. colored lighting, bio-imaging, luminescence tracing, detecting
systems, forensic applications etc.
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Fig. S3 TEM images of LaFs:Ce’* 10%, Gd** 30%, Eu®" 1% nanostructures obtained in the presence of glycol
(g), glycerine (h), PEG (i), CTAB (j), PVA (k), adipic acid (1).
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Fig. S4 FT-IR spectra of LaFs:Ce®" 10%, Gd** 30%, Eu’" 1% nanomaterials synthesized in the presence of adipic
acid, Triton X-100, CTAB, PVP, PVA, PEG, glycol and glycerine.
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On the basis of the recorded emission spectra and luminescence lifetimes, the analysis of
Judd-Ofelt (J-O) intensity parameters was performed. This analysis provided additional
information concerning structural and photophysical features of the nanophosphors
synthesized. The analysis was performed according to the well-known procedure described by
Kodaira et al.''! and later successfully applied by the others'>*. The refractive index for all
compounds was assumed to be 1.71. Generally, the Q, intensity parameter corresponds to the
symmetry of the local coordination environment of the Eu’" ion, and its polarizability. The
value of this parameter increases along with increasing asymmetry of the local coordination
environment of the Eu’" ions embedded in the given crystal structure. Whereas, the €4
intensity parameter corresponds to the bonds covalency of the system studied (electron
density of the ligands) and its rigidity. Larger value of this parameter corresponds to the larger
bonds covalency (smaller iconicity) in the given system.

The calculated J-O parameters (£, and €4), averaged lifetimes, relative quantum yields
and other parameters are presented in the Table S1. Generally, both intensity parameters, €,
and Q4 revealed only small variances in the whole series of products, because of the same
hexagonal crystal structure of the synthesized nanomaterials. However, the values of €,
parameter are slightly higher for the products obtained in the presence of PAA, PVA, EDTA,
citric acid and Triton X-100, in comparison to the rest of compounds. This fact correlates with
the high intensity ratio of *Dy— F./’Dy—'F, transitions for these compounds, presented in
Fig. S5. It means that for the discussed products the local site symmetry of Eu’" ion is the
lowest in the series. In other words, the highest asymmetry of the coordination environment of
Eu’" ion in these structures was probably caused by the presence of coordinated ligands to the
nanoparticles surface (which was observed in the presented IR spectra), and the crystal
defects in these nanomaterials. The product synthesized in the presence of oleylamine
revealed the smallest value of the €, parameter and intensity ratio of the mentioned
transitions. We suppose that it was caused by interactions of the oleylamine molecules with
nanoparticles surface, resulting in increased symmetry of the system. The possible
explanation can be that the oleylamine molecules are hydrophobic and can assembly/arrange
on the nanoparticles surface, simultaneously limiting the contact of water molecules with
superficial Eu®" ions. That is why the final effect was converse in comparison to the other
products having large amount of the organic modifier in the structure. However, the presented
explanation requires further studies which could confirm our assumptions. The similar trend
was observed for (4 intensity parameter, namely its value was the highest for the products
denoted as PAA, PVA, EDTA, citric acid and Triton X-100 (higher covalency of Ln-F
bonds), and the lowest for oleylamine (lower covalency). This phenomenon was related to the
increased covalency of the Ln-F bond.
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Table 1 Radiative (A,.4) and non-radiative (A..q) decay rates, total processes of *Dy—'F, transitions (A¢or), luminescence lifetimes (7),
intensity parameters (£2; and ;) and quantum yield of luminescence (n) for the LaF::Ce™ 10%, Gd** 30%, Eu*' 1% series.

compound

name Ara 57 | Apraals?] | Awcls] 1 [ms] Q, 100 em?] | Q107 em’| n [%]
PAA 132.22 144.02 276.24 3.62 5.01 7.05 47.86
oleylamine 122.52 130.64 253.16 3.95 4.26 6.48 48.40
glycol 127.77 73.84 201.61 4.96 4.52 7.15 63.38
citric acid 138.95 75.18 214,13 4.67 5.34 7.64 64.89
EDTA 135.96 68.12 204.08 4.90 5.35 7.42 66.62
CTAB 128.63 63.68 192.31 5.20 4.66 7.15 66.89
PVA 133.34 63.12 196.46 5.09 4.95 7.49 67.87
PVP 129.77 59.26 189.04 5.29 4.65 7.22 68.65
adipic acid 126.39 56.76 183.15 5.46 4.57 6.84 69.01
glycerine 128.34 57.53 185.87 5.38 4.62 7.08 69.05
PEG 131.95 56.38 188.32 5.31 4.72 7.51 70.06
Triton X-100 134.71 5291 187.62 5.33 4,99 7.73 71.80
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Fig. S5 Intensity ratios of *Dy—"F2°Dy—"F, transitions for LaFs:Ce®™ 10%, Gd** 30%, Eu’” 1% nanophosphors.
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Problemem badawczym jaki podjalem w pracy pt. ,,Nanosized complex fluorides based on
Eu®* doped SroLnF; (Ln = La, Gd)” bylo otrzymanie ztozonych, nanokrystalicznych
luminoforow, wykazujacych intensywng czerwong luminescencje. W tym celu wybrano
struktury zlozonych fluorkéw, tj. strontowo-lantanowego i strontowo-gadolinowego.
Uktady te domieszkowano rosnaca iloscia jonéw Eu®*, w zakresie 0-30%. Synteze
prowadzono metoda wspodlstraceniowa w obecnosci glikolu polietylenowego (PEG 6000),
peligcego zarowno role surfaktantu i modyfikatora powierzchni. Obecnos¢ czasteczek
modyfikatora organicznego na powierzchni krystalitow byla widoczna na
zarejestrowanych widmach IR. W wyniku syntezy otrzymano mate (= 15 nm) i
homogeniczne nanoczastki wykazujace czerwong luminescencje. Wlasciwosci
fizykochemiczne otrzymanych luminoforow zostalty zbadane metodami dyfrake;ji
proszkowej (XRD), transmisyjnej mikroskopii elektronowej (TEM), spektroskopii w
podczerwieni (FT-IR) i spektrofluorymetrii. W przypadku fluorku strontowo-
gadolinowego (Sr,GdF:Eu**) obserwowano na widmach wzbudzenia pasma zwiazane z
przeniesieniem energii Gd**—Eu®*. W przypadku obu struktur wyznaczono optymalne
stezenie jonu Eu*t (= 20%), zapewniajace najbardziej intensywna emisj¢ probki.
Obserwowano rowniez wplyw ilosci domieszki na krzywe zaniku luminescencji i
obliczone na ich podstawie czasy zycia. Wraz ze zwigkszaniem stezenia Eu®, nastgpowato

skrécenie si¢ emisyjnych czaséw zycia.

Wktad wlasny w powstanie pracy: koncepcja badan, znaczacy udziat w syntezie 1 zbadaniu
wilasciwosci fizykochemicznych —otrzymanych nanoluminoforow. Analiza uzyskanych

wynikow, opracowanie danych i zredagowanie publikacji.
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Nanosized complex fluorides based on Eu' doped Sr,LnF; (Ln=La, Gd)
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Abstract: A simple co-precipitation approach taking place between Ln*", Sr*" cations and F~ anions, led to the formation of
nanocrystalline Eu’® doped Sr;LnF; (Ln=La and Gd) complex fluorides. The reaction was carried out in the presence of polyeth-
ylene glycol, PEG 6000 as a surfactant/surface modifier, providing small size and homogeneity of the products. The synthesized
compounds were composed of small nanoparticles with an average size of 15 nm. All obtained Eu®* doped compounds exhibited
an intensive red luminescence. In the case of gadolinium based compounds, the energy transfer phenomena could be observed
from Gd** ions to Eu®" ions. In order to study the structure and morphology of the synthesized fluorides, powder X-ray diffraction
(XRD) and transmission electron microscopy (TEM) measurements were performed. Also FT-IR spectra of the products were re-
corded, revealing the presence of PEG molecules on the nanoparticles surface. A spectrofluorometry technique was applied to
examine optical properties of the synthesized nanoparticles. Excitation and emission spectra as well as luminescence decay
curves were measured and analysed. The performed analysis revealed a red luminescence, typical for the Eu® ion situated in the
inorganic, highly symmetric matrix. Concentration quenching phenomena and lifetimes shortening, together with an increasing
of the Eu** doping level, were observed and discussed. Judd-Ofelt analysis was also performed for all doped samples, in order to
support the registered spectroscopic data and examine in details structural and optoelectronic properties of the synthesized
nanomaterials.

Keywords: luminescence; Eu’’ doping; complex strontium lanthanide fluorides; nanoparticles; SroL.nFz; Srg golag 5 Fa 3; rare earths

Rare-earth-doped inorganic nanomaterials have been
applied or considered for applications in modern lighting,
displays and optical communication fields, such as fluo-
rescent lamps, field emission displays, plasma display
panels (PDPs)!'*]. Recently, many researchers are paying
much attention on lanthanide fluorides’® ™, alkaline earth
metal fluorides™” and complex ones!''"*. Moreover,
scientists successfully investigated Fu®" doped alkaline
earth fluorides as white light-emitting-diodes (WLEDs)
materials!"*.

The alkaline earth fluorides are important optical raw
materials with high solubility of both sensitizer and acti-
vator ions, which have been applied as crystal laser hosts.
Because the radii of the luminescent lanthanide ions are
similar to the Sr’” host cations, the Ln*" ions can be suc-
cessfully embedded in the Sr,LnF; structure!"*'"”). The
concentration of the dopant ions also shows a predomi-
nant effect on their structural and optical characteristics
in the strontium fluorides. Among all of the lanthanides,
Eu®" is most convenient for these kind of studies, due to
narrow emission bands and long radiative lifetimes of the
excited states. More importantly Eu®" doping is regarded
to be a luminescent probe that allows extraction of nec-
essary information concerning a local chemical environ-
ment of lanthanide ion and crystal structure, directly

from the emission spectra. Also an intensive red emis-
sion from the Eu’ ion is a factor improving the color
rendering index (CRI).

The fluoride hosts, such as the one studied in the cur-
rent work, are strong and efficient luminescent materials.
Nowadays, fluoride hosts, are intensively investigated
due to their potential applications in many areas includ-
ing lighting, optoelectronics, detection systems or more
advanced forensic medical applications!"® ™. The lantha-
nide fluorides are especially interesting due to the low
phonon energy of their crystal lattice, which suppresses
nonradiative relaxations of dopant ions, like Eu*t 11
This value is significantly lower in comparison to lan-
thanide oxides, phosphates or borates, often used as
phosphors. Due to their photostability, lanthanide fluo-
rides can be used as special materials in novel applica-
tions!"¥,

In the this work we reported the luminescent nanoma-
terials containing Eu®* doped Sr;LnF 2Eut (Ln= La, Gd)
nanocrystals. The structure, morphology and spectro-
scopic properties of the obtained products were exam-
ined, and the obtained results were analysed and dis-
cussed. The Judd-Ofelt theory was applied to calculate
the radiative properties of the prepared materials, and to
investigate their electron structure.
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1 Experimental

1.1 Synthesis

1.1.1 Materials

La;O;, EuyO; and Gd,O; oxides (Stanford Materials,
99.99%) were separately dissolved in a concentrated, nitric
acid, HNO; (POCh S.A., ultra-pure) to obtain La(NOs)s,
Eu(NO;); and Gd(NOs); aqueous solutions, respectively.
Strontium nitrate, St(NOs), (pure, 99%) and ammonium
fluoride, NH,F (ACS grade, >98%) were purchased from
POCh S.A. Polyethylene glycol - PEG 6000 (Alfa Aesar,
98%) was used as a surfactants/surface modifier. In all
experiments, only ultra-pure distilled water was used.
1.1.2 Synthesis

The synthesis of complex, nanocrystalline fluorides
based on Fu™ doped Sr,LnF; (Ln=La and Gd) was per-
formed via a simple wet chemical route, namely co-pre-
cipitation. To synthesize the SroLnFo:Eu’’ nanocrystals,
the stoichiometric amounts of appropriate lanthanide
salts were dissolved in 50 mL of ethanol/water solvent
system. After that, 0.25 g of PEG 6000 was added and
dissolved. Polyethylene glycol was used as a surfac-
tant/surface modifier to provide small size and homoge-
neity for desired nanocrystals. Afterwards, second solu-
tion was prepared by dissolving NH4F (50% excess) in
50 mL of the same water/ethanol system, with the addi-
tion of 0.25 g of PEG 6000, as well. Subsequently, the
first solution was dropped into the solution containing
fluoride ions, which was heated up to approx. 50 °C. The
dropping process lasted approx. 20 min. Afterwards, the
formed transparent precipitate was collected and washed
with water for several times. The final obtained product
was dried in vacuum at 85 °C for 12 h.

1.2 Characterization

Electron microscopy measurements were performed
using a transmission electron microscope JEM 1200
EXII, JEOL, operating at accelerating voltage equal to 80
kV. Powder X-ray diffractograms were registered using
Bruker AXS D8 Advance diffractometer, using Cu Ko
radiation (4=0.15406 nm). Based on the experimental
XRD patterns, the average grains sizes were estimated
using Scherrer’s equation:

_ kA

cos By - " M
Where D is grain size, k is a shape factor (0.9 for spheri-
cal particles), 4 is a wavelength of radiation, £ is an angle
of diffraction, § is a full width at half maximum (FWHM)
and £” is an instrumental effect. IR spectra were meas-
ured with FT-IR spectrophotometer, JASCO 4200. The
IR spectra were measured in transmission mode; the
samples were mixed with KBr, ground and pressed into
pellets. The excitation, emission spectra and lumines-
cence decay curves were registered using Hitachi F-7000
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spectrofluorometer at ambient conditions. The excitation
and emission spectra were appropriately corrected for the
apparatus response.

2 Results and discussion

The structures of the synthesized products were stud-
ied using powder XRD technique. Both series of the ob-
tained Eu®" doped fluorides erystallize as cubic, complex
fluoride Sr,Ln, F, (Ln=La, Gd) isostructural with
StF,!"!. Because of the similarity of the ionic radii of Sr*
and Ln®*, both Ln*" ions can casily substitute the Sr**
ions in the crystal lattice, forming the above mentioned
complex fluorides'™. The occurring phenomenon was
also confirmed as a presence of one, crystalline phase in
the presented powder diffractograms (Fig. 1) of the syn-
thesized nanomaterials, in the whole doping range
(0-30% Eu*"). All diffractograms were compared and fit-
ted well to the Sryglags Fas (ICDD card No. 04-006-
8267), crystallising in a cubic crystal system, Fm3m
space group. The Sr/Ln ratio is close to 2 in the discussed
structure, like the molar ratios of Sr°* and Ln’" ions used
as starting materials in the synthesis process. For the
convenience of the reader the empiric formula
Sr,LnF;:Eu’™ x% (equal to Sr,Ln, [EuF;) was used
throughout this article. The synthesized doped Sr,GdF,
reveal shifted XRD patterns towards higher 26 angles,
compared to the analogic Sr;LaF; compounds, which
means that their unit cell parameters decreased. The
mentioned phenomenon is in good agreement with the
well-known lanthanide contraction, due to the fact that
the Gd*™ ion has smaller ionic radius than the La*" ion.
Because of the same reasons, increasing amount of the
Eu® ions in the Sr,LaF;:Eu’ series (ranging from 0 to
30%), the same shift towards higher angles can be ob-
served. In the case of Sr;GdF;:Eu®* series, a slight shift,
however towards smaller angle can be observed, as well
(unit cell volume expansion, due the slightly larger Eu**
ionic radius in comparison with substituted Gd** ion). All
measured XRD patterns of the synthesized nanomaterials
reveal significant broadening effect of their reflexes,
which is characteristic for nanocrystalline products, and
confirms their small, nanometric size. Based on Scherrer
equation”), the average grain size for the obtained Eu*'
doped Sr;LaF; and Sr;GdF; series were estimated as
8.26+0.76 nm and 8.76:+0.94 nm, respectively (because
of the same reflexes broadening in each series, the esti-
mated grain sizes are averaged values for each Eu®'
doped series). The obtained grain size values correspond
well to the data calculated from TEM images. However,
they are a bit smaller, probably because of the presence
of strains/defects in the crystal structure of the synthe-
sized nanomaterials, which is common in such small
nanoparticles and causes reflexes broadening, as well.
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Fig. | XRD patterns of Eu®~ doped St;LaF; (a) and Sr,GdF; (b)

The complementary information about the structure
and morphology of the obtained nanomaterials are pro-
vided using transmission electron microscopy (TEM)
technique. Fig. 2 depicts TEM images of Sr,LaFi:
20%Eu’" (a) and Sr.GdF;:20%Eu’" (b) nanocrystals. By
using PEG 6000 as a surfactant, the obtained nanomate-
rials are composed of relatively uniform, small and ho-
mogeneous nanocrystals, which is clearly seen in the de-
picted pictures. The synthesized nanoparticles of both
products are in the range of 10-15 nm. The morphology
of the obtained nanostructures is also similar in each se-
ries with the varying Eu’" level (data not shown), how-
ever La®* based fluorides are generally less agglomerated
than Gd** based ones.

In the depicted FT-IR spectra (Fig. 3) of the Sr,LaF;:
20%FEu’" and Sr,GdF;:20%Eu’" products, the presence
of the organic compound (PEG 6000 — surface modifier)
attached to the nanoparticles surface can be observed.
This fact is confirmed by the presence of absorption
peaks, originating from organic moieties oscillations of
polyethylene glycol molecules. Peaks at 2933 and 2884
cm ' are related with stretching vibrations of C—H bonds
in ~CH, groups, and the peak at 1436 cm™ corresponds
to the bending vibrations of these groups. The strong and
sharp peak at 1384 cm ' originates from bending vibra-
tions within —OH groups of polyethylene glycol. The rest
of the peaks are related to absorbed, surface water mole-

(a)

100 nm 100 nm

-

Fig. 2 TEM images of Sr;LaFy:Eu’" 20% (a) and Sr.GdF:Eu™
20% (b)
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cules (vO-H at 3400 cm ' and ¢O-H at 1640 cm ') and
CO; molecules (approx. 2360 cm ™).

Here we presented luminescence properties of the ob-
tained nanomaterials, expressed as a comparison of their
excitation and emission spectra, luminescence decay
curves and Judd-Ofelt analysis.

The measured excitation spectra presented in Fig. 4,
were registered at A.,=593 nm (the range of the most
prominent band corresponding to the Dy—"F, transition),
in the range of 200-450 nm, and normalized to the inten-
sity of the most intensive band in each spectrum. The
first series of excitation spectra for Sr,LaF; (Fig. 4) ex-
hibit numerous sharp, characteristic bands, related with
intrinsic 4f*-4f® transitions within Eu*" ions, visible
mainly in the 240-400 nm range. All transitions reveal
similar intensities in the whole range of the applied dop-
ing. The second set of the excitation spectra registered
for SryGdF; (Fig. 4), besides the same bands typical for
transitions in Eu’" ions, reveals two additional bands re-
lated with *S;,—°L, (ca. 272 nm) and *S;,—"P; (ca.
310 nm) transitions of the Gd*" ions, corresponding to
Gd*"—Eu’ energy transfer (ET)"”. The high intensity of
those bands is caused by an effective overlapping of the
donor (Gd*") emission and acceptor (Eu’) absorption
integral. Because of this phenomenon the ET process is
very efficient in the obtained nanomaterials. Together
with the increment of the amount of dopant ions (Eu3+),

Sr,GdF : 20%Eu’
£)
E vC=-H a0-H
g oc-H?0-H
g 2933, 2884 1640 7,507 1384
g Sr,LaF : 20%Eu*
8 vO-H
3 3400
&
g
g
Z
4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm™'

Fig. 3 FT-IR spectra of Sr;LaF5:20%Eu’" and Sr,GdF:20%Eu*
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Fig. 4 Excitation (a, d), emission (b, e) spectra and luminescence decay curves (c, f) of Eu*" doped Sr,LaF; (a—c) and Sr,GdF; (d—f)

the most prominent band, namely S;,—°I, related with
Gd*—Eu’ ET, becomes less intensive in comparison to
the rest bands originating from intrinsic transitions in the
Eu®' ions, which can be observed in the discussed spectra.
In the case of the Sr»(Gd,;Eu;F; sample with the highest
doping level, the "Fg—’Lg band (related with intrinsic
transitions in Eu’" ion) is even more intense than the
8S,,—°1, band. The discussed altering of the mentioned
transitions ratio is directly related with decreasing
amount of Gd** ions in the samples together with an in-
crease of Eu®* doping.

Emission of the observed bands is generally similar in
all synthesized products. In both, La and Gd based com-
pounds the emission from higher energy excited levels is
the most efficient in the samples with lower doping lev-
els (1% and 5% of Eu®"), because when the concentration
of Eu*" ijons increases in the sample, the mentioned
higher excited levels are effectively quenched, which is a
well-known phenomenon in the case of Eu*" doped ma-
terials®l. The hypersensitive *Dy—'F, electric dipole
transition (forbidden transition, the intensity increases
when the site symmetry of Eu’" ion decreases'™”) in all
spectra is relatively weak, in comparison with *Dy—F,
magnetic dipole transition, which acts usually as an in-
ternal standard in the case of transitions ratio compari-
sons in Eu'" doped compounds. The mentioned fact
clearly states that a local symmetry of the environment of
the Eu®* ions in the obtained nanomaterials is relatively
high. This is in a good agreement with our predictions,
and states that the Eu®" dopant ions were successfully
incorporated in the ordered, highly crystalline, cubic
structure of the synthesized fluorides, where the site

88

symmetry is high.

Luminescence lifetimes were analysed based on regis-
tered luminescence decay curves of the obtained nano-
phosphors, and are shown in Fig. 4. All curve profiles
were fitted well (R>0.999) to the mathematic function y=
A*exp(—x/t)+yy, demonstrating the monoexponential
character of the measured luminescence decay curves.
This was in good accordance with our prediction, due to
the presence of only one coordination site which can be
occupied by Ln*" ions, in the synthesized fluoride crystal
structures. In both series of obtained compounds, the
general trend expressed by the lifetimes shortening to-
gether with an increment of doping level (more Eu'™ ions
in the crystal structure) can be observed. All calculated
lifetimes are relatively long and are in the range of ms
(3.9-7.6 ms), which is typical for crystalline Eu** doped
fluorides'”. The exact values of lifetimes for all obtained
compounds were calculated as averaged luminescence
lifetimes, namely =[(x)ed/[I()ds, and are presented in
Table 1, together with data obtained from Judd-Ofelt
analysis.

Based on the measured luminescence properties of the
synthesized nanophosphors, the comparison of their in-
tegral luminescence intensity was plotted and is pre-
sented in Fig. 5. In both examples, Sr;LaF:Eu™ (1,=392
nm) and Sr,GdF;:Eu™™ (1,=272 nm), the most intensive
luminescence exhibited compounds doped with 20% of

u’" (Sr,Lay gEuy,F;). This observation is in good
agreement with cross relaxation model, which is at the
higher doping level (using luminescence activator ion as
a dopant e.g. Eu’"), the concentration quenching phe-

21
nomenon occurs”. In the case of our nanophosphors
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Fig. 5 Integral luminescence intensity for Eu’' doped Sr;LaF,
and Sl’zGdF;

that critical doping level was achieved when more than
20% of the Ln*" jons were substituted by Eu" ions. The
gadolinium based products exhibit generally more inten-
sive luminescence than lanthanum based ones, which can
be observed in the depicted plot.

The analysis of Judd-Ofelt intensity parameters was
performed in order to support and extend the registered
spectroscopic data, as well as to provide more detailed
information concerning the structural and photophysical
aspects of the obtained nanomaterials. The mentioned
analysis has been carried out based on the well-known
procedure described by Kodaira et al.”! and successfully
applied by others”**. The refractive index for all com-
pounds was assumed to be 1.44, as for isostructural SrF,.
In general, the €, intensity parameter is related to the lo-
cal site symmetry of the Eu®" ion, and its polarizability.
The value of this parameter increases with increasing
asymmetry of the coordination environment of the Eu**
ions present in the crystalline host. The €4 intensity pa-
rameter is related to the bond covalency in the system
(electron density within the ligands) and its rigidity.
Higher value of this parameter corresponds to higher co-
valency (lesser iconicity) of the system. In both series of
products the values of the 2, parameters are similar be-
cause of the same cubic crystal structure of all doped
compounds, in which the symmetry is generally similar.
However, in the Sr,LaF;:Eu’" series a slight decrease of
the @, value with increasing Eu®* concentration was ob-
served (decreasing *Dy—'F,/"Dy—'F) transitions ratio in
the emission spectra). The £, value increases in the
Sr,LaF;:Eu™ series with the increase of Eu®" doping.
This phenomenon is related with increasing covalency of
the Ln—F bond. Due to the well-known lanthanide con-
traction”™, Eu*" has smaller ionic radius than La*", that is
why the average distance between Ln’" and F~ decreases,
resulting in increased bond covalency in this system.
There are no clear tendencies of the €, , parameters in
the St,GdF+:Eu®" series, because of the similar ionic radii
of Eu’" and Gd*" ions™™. In the case of the calculated
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quantum yield of luminescence, also the decreasing ten-
dency (from approx. 98% to 50%) in both series is visi-
ble. Therefore an increasing Eu’" concentration in the
samples causes decreasing of quantum yield, because of
the stronger cross-relaxation process between Eu’* ions
in the compounds of higher doping level.

Table 1 Radiative (A4,,4) and non-radiative (A4,,.4) decay
rates, total processes of SDQ—'TFJ tramsitions (A4,,),
luminescence lifetimes (7), intensity parameters (£2,
and £2;) and quantum yield of luminescence (i) for
Eu* doped Sr,GdF; (top) and Sr,LaF, (bottom)

SrGdF: Al Aaa Al 7/ fe Q4 0
B & s §! ms 100 10%em? %
1 126,13 2654 152,67 6.55 5.44 1234 261
5 12578 2712 15291 6.54 528 1230 8226
10 12545 5029 17575 569 541 1268 7138
15 12475 6942 19417 5.15 4.88 1285 64.25
20 127.92 8668 21459 4.66 5.31 1273 59.61
25 12698 111.10 23809 420 5.28 1273 5334
30 128.92 128.15 257.07 3.89 5.59 1266  50.15
SmlaF:: A/  — Al 1 O/ £y n
% Eu’ s s 5! ms  10%em® 10%em® %
1 130.180 2.09 13227 756  5.85 1222 9841
5 130,63 2635 15698 637 6.07 12.21 #8321
10 12984 5672 186.56 35.36 5.96 1223 69.59
15 12942 8022 209.64 4.77 5.75 1254 61.73
20 129.15 9556 22471 445 5.67 1258 5747
25 131.58 10538 23696 4.22 5.64 13.11 5552
30 133.64 119.52 25316 395 5.63 14.05 5278

3 Conclusions

The synthesis of complex, nanocrystalline fluorides
based on Eu®” doped Sr,LnF; (Ln=La and Gd) was suc-
cessfully performed via a simple and low-cost co-pre-
cipitation route. The synthesized products were com-
posed of small (approx. 15 nm) nanoparticles. Polyeth-
vlene glycol was used as a surfactant/surface modifier,
providing small size and homogeneity of the obtained
nanocrystals, and its presence was confirmed by FT-IR
spectroscopy. The structure and morphology of the syn-
thesized nanomaterials were examined and confirmed by
transmission electron microscopy (TEM) and powder
X-ray diffraction (XRD) techniques. Spectroscopic stud-
ies (excitation, emission spectra and luminescence decay
curves measurements) for all synthesized samples were
supported by detailed Judd-Ofelt analysis, revealing
structural and local site symmetry changes after Ln®
substitution in the crystal structure. The obtained com-
pounds could be potentially used as efficient nanophos-
phors due to their bright and intensive red luminescence
under UV irradiation, as well as for the sophisticated,
hybrid core/shell type nanostructures functioning as
small and luminescent nanocrystalline core.
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Oproécz nanokrystalicznych fluorkow domieszkowanych jonami lantanowcow, réwniez
fosforanowe nanoczastki domieszkowane tymi jonami wykazuja intensywna
luminescencj¢ 1 pozadane wiasciwosci strukturalne oraz morfologiczne. Dlatego tez,
kolejnym problemem badawczym jaki podjatem w pracy pt. ,,Eu**" and Tb** doped LaPO,
nanorods, modified with luminescent organic compound, exhibiting tunable multicolour
emission” bylo zbadanie wybranych struktur fosforanowych (tj. LaPO4:Eu* i LaPO4:Tb*")
celem wytworzenia hybrydowych, nieroganiczno-organicznych nanoluminoforéw o
zmodyfikowanej powierzchni, wykazujacych przestrajalng luminescencje. Waznymi
aspektami wspominanych fosforanéw jest ich wydluzony ksztalt przypominajacy
nanodruty/nanoigly (duzy aspect ratio). Do modyfikacji powierzchni uzyto
wielkoczasteczkowych zwigzkéw organicznych o wihasciwosciach cieklokrystalicznych i
luminescencyjnych. Udalo si¢ otrzyma¢ nowe hybrydowe nanomateriaty nieorganiczno-
organiczne ztozone z nanodrutow fosforanéw lantanowcow oraz organicznej nanowarstwy
powierzchniowej. Powstate nanomaterialy wykazywaly przestrajalng luminescencje,
pochodzacg zaro6wno od fazy nieorganicznej jak i organicznej. Zmiana koloru barwy
(przestrojenie koloru emisji) nastgpowato na skutej zmiany dlugosci fali $wiatla
wzbudzajacego w zakresie 200-400 nm (UV). Mozliwa byla modulacja koloru emisji od
zielonego, poprzez zo6lty az do czerwonego. Otrzymane nanomaterialy zostaty
szczegotowo zbadane pod katem ich whasciwosci strukturalnych, morfologicznych (HR-
TEM, STEM 1 DLS) i spektroskopowych (widma IR potwierdzajace obecno$¢ struktur
fosforanowych oraz powierzchniowych czasteczek zwigzku organicznego) ze szczegdlnym
uwzglednieniem badah luminescencyjnych (widma wzbudzenia/emisji, krzywe zaniku
luminescencji, zdjecia emisji i diagram chromatycznosci). Zsyntetyzowane produkty moga
zosta¢ potencjalnie zastosowane jako nowe zaawansowane zrodia $wiatla, znaczniki

luminescencje, biomarkery, trudne do podrobienia zabezpieczenia dokumentow, etc.

Wktad wlasny w powstanie pracy: koncepcja badan oraz znaczacy udzial w syntezie i
zbadaniu wlasciwosci fizykochemicznych otrzymanych nanostruktur. Analiza uzyskanych

wynikow, opracowanie danych 1 zredagowanie publikacji.
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Co-precipitation reaction followed by hydrothermal treatment were used to synthesise Eu®* or Tb** doped
LaPO4 nanorods, of 5-10 nm in width and 50-100 nm in length. Surface modification of the as-prepared
nanoparticles with a selected luminescent organic compound resulted in formation of hybrid inorganic—
organic nanomaterials. The products obtained exhibited tunable multicolour luminescence, dependent
on the surface modification and applied excitation wavelength. The colour of their emission can be
altered from red-orange to yellow-green. Powder X-ray diffraction (XRD), high resolution transmission
electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) confirmed the
structure and morphology of the products synthesized. Successful surface modification of the
nanophosphors was evidenced by analytical and spectroscopic techniques such as dynamic light
scattering (DLS) — providing size distribution histograms and zeta potentials of the nanoparticles; IR
spectroscopy and elemental analysis which proved the presence of an organic phase in the structure;
spectrofluorometry (excitation/emission spectra and luminescence decay curves) which confirmed the
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1.

Luminescent nanomaterials based on lanthanide ions (Ln*')
have fascinated researchers for over the last two decades.'” The
spectroscopic properties of Ln®" ions are unique among the
other elements, which result from their electronic configuration
[XeJaf" (n = 0-14). 4f orbitals of lanthanide ions are shielded by
5p and 6s shells, which makes the 4f-4f electronic transitions
nearly insensitive to the coordination environment of Ln’* ion,
and provides narrow spectral width of emission or absorption
bands as well as long-lived luminescence.® The parity-forbidden
character of the 4f-4f transitions results in a very low molar
absorption coefficients and also low efficiencies of Ln** emis-
sion, when the direct excitation of 4f-4f absorption bands is
applied. However, some Ln*" ions, like Th*' and Ce*’, can be
effectively excited via the allowed 4f-5d transitions, which
strongly enhances the luminescence efficiency.” Also the other,
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formation of hybrid, surface modified nanomaterials revealing tunable multicolour emission.

partially allowed processes like charge transfer (CT) observed in
0”" containing host materials and energy transfer (ET), can
increase absorption of the excitation light and therefore lumi-
nescence intensity.*® These specific properties of Ln*' ions
allow the design of nanomaterials revealing effective lumines-
cence by applying ET and CT phenomena (indirect excitation).
Much effort has been made to study ET between, e.g.: Ce*” and
Tb**, Gd** and Eu’" or in up-converting systems: Yb*" and Er*',
Yb** and Tb*".**** Also ET from the host or ligand to Ln*" ion
has been extensively investigated.'* The emission bands of Ln*"
ions can be observed in the ultraviolet, visible and near infrared
ranges.

The high potential of Ln**-doped nanomaterials is used in
many different applications like lighting, phosphors produc-
tion, organic light emitting diodes (OLEDs and LEDs), lasers,
optical amplifiers or waveguides and such areas like medicine
and biology.***** Some of these applications result from the
strong interest in Ln*"-doped hybrid inorganic-organic mate-
rials.**** In general, hybrid materials have altered properties
that can be tailored according to the needs, e.g. they can show
increased mechanical resistance, thermal stability, lumines-
cence efficiency etc.>*** Also the multifunctionality and the
possibility to modulate their properties are important factors
increasing development of such hybrid materials.**>*' Such
sophisticated bi- or multifunctional hybrid/composite nano-
materials can exhibit simultaneously different desired proper-
ties like luminescence and magnetism, which are crucial for

RSC Adv., 2014, 4, 46305-46312 | 46305
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development of advanced bioimaging, drug delivery, lumines-
cence tracing, document protection etc.******** One of the areas
most recently studied is surface modification of nanocrystals
(NCs). Significantly increased stability of colloids, lowered
cytotoxicity of NCs and their higher biocompatibility, possibility
of NCs use as drug carriers, production of biological sensors
and detectors are only a few examples of the numerous appli-
cations that result from the inorganic-organic characteristics of
hybrid nanomaterials.?*-*-%

In this study we report the preparation of hybrid inorganic-
organic nanomaterials based on LaPO, nanorods doped with
Tb’' or Eu®' ions, having organically modified surface. Our aim
was to synthesize the nanomaterials exhibiting tunable lumi-
nescence dependent on the excitation wavelength used and
study their photophysical properties. Such nanocomposites
exhibit bright, multicolour luminescence originating from
inorganic and organic components. They can be applied as
advanced phosphors, luminescence tracers, biomarkers, etc.
What is more, nanomaterials based on lanthanide phosphates
reveal low cytotoxicity,™ and the use of functional organic
compound as a surface modifier can alter the surface properties
of the nanostructures modified and extend the range of their
potential applications.

2. Experimental section

2.1. Materials

Eu,0;, TbyO; and La,O; (Stanford Materials, 99.99%) were
separately dissolved in a concentrated HNO; (POCh S.A., ultra-
pure) to obtain Eu(NO;);, Tb(NO;); and La(NO,); aqueous
solutions, respectively. Ammonium phosphate monobasic
NH,H, PO, (Sigma-Aldrich, ReagentPlus®, =98.5%) was used as
a source of phosphate ions. Polyethylene glycol (PEG) 6000 (Alfa
Aesar, 98%) was used as a surfactant. The synthetic procedure
leading to 2,3-di(3,4-dioctyloxyphenyl)-quinoxaline-6-carboxylic
acid starts with the preparation of the appropriate ketone -
3,3,4,4-tetraoctyloxydibenzoyl, which has already been described
in literature.”” From this ketone and 3,4-diaminobenzoic acid,
final compound was prepared according to the method
described by E. J. Foster*** and H.-]. Chen." In all experiments,
ultra-pure distilled water and absolute ethanol were used.

2.2. Synthesis of nanophosphors - LaPOg:Ln*" 10% (Ln*" =
Eu** or Tb*)

The typical synthesis was carried out to get 1.5 g of the final
product. The co-precipitation reaction was performed in
ambient conditions, using a hot-plate magnetic stirrer. The
initial pH of the prepared RE(NO;); solutions was around 5.
Solution A: La(NO,); (11.62 mL, 0.494 M) and Eu(NOs); (1.52
mL, 0.419 M) were mixed together at 9/1 molar ratio, and filled
with water up to 75 mL. 50 mL of ethanol was added to the as-
prepared solution. Subsequently, 0.75 g of PEG was dissolved in
this solution. Solution B: 25% molar excess of NH,H,PO, was
dissolved in the same solvent systems, with addition of the
same amount of PEG. The as-prepared solution B was added
dropwise to solution A during 20 minutes. Afterwards the

46306 | RSC Adv, 2014, 4, 46305-46312

93

Paper

obtained white precipitate was centrifuged and washed with
water and ethanol several times. To get well-crystallised nano-
material, the as-prepared product was dispersed in 70 mL of
water, transferred into a Teflon lined vessel and treated under
hydrothermal conditions for 120 minutes at 200 °C and 40 bar
(microwave autoclave - ERTEC, Magnum II, 600 W), When the
reaction was complete, the purification procedure was repeated.
The final product was dried under vacuum overnight. Tb*'
doped product was prepared in the same way, using Th(NO;);
instead of Eu(NO;);.

2.3. Surface modification of nanorods

The following organic compound was selected as an exemplary
surface modifier because of its complex character, presence of
functional groups allowing further chemical modification,
potential liquid crystal properties and intensive luminescence.*
5 mg of 2,3-di(3,4-dioctyloxyphenyl)-quinoxaline-6-carboxylic
acid (Cs3H7gN,Og — for the reader's convenience the simple
abbreviation the “organic” will be used throughout the article)
dissolved in 10 mL of THF was added slowly to a stirred
suspension of nanorods (50 mg) in 25 mL of THF. The reaction
mixture was stirred at room temperature for further 72 h and
the obtained yellow precipitate was then centrifuged (5 min,
13 000 rpm). In the next step, pure THF was added to the
nanomaterial. Afterwards, the mixture was sonicated for 60 s
and then centrifuged once more (5 min, 13 000 rpm). The
procedure was repeated until no trace of excess of the organic
compound was found as determined by TLC. The final, hybrid
nanomaterials (yellow powders), revealed tunable multicolour
luminescence originating from both inorganic and organic
components. Here is worth noting, that there was no observed
release of the organic compound from the nanoparticles
surface, after washing the product in water. Only a long soni-
cation and washing with THF or toluene caused a slow release of
the organic compound. Fig. 1 illustrates a scheme of the
nanomaterials surface modification.

2.4. Characterization

Electron microscopy measurements were carried out using
transmission electron microscope-TEM Zeiss LIBRA 200FE,
operating at 200 kV. Powder XRD (X-ray diffractograms) were
recorded on a Bruker AXS D8 Advance diffractometer, using Cu
Ka radiation (1 = 1.5406 A). The elemental analysis of the
products was performed using an Elementar Analyser Vario EL
III. Setaram Setsys 1200 device, was used for simultaneous
thermogravimetric-differential thermal analysis (TG-DTA), with
a heating rate of 5 °C min ' in air. IR spectra were recorded on
FT-IR spectrophotometer, JASCO 4200. The IR spectra were
measured in transmission mode, the samples were mixed with
KBr, ground and pressed forming transparent discs. The
particle size distribution (hydrodynamic diameter) and zeta ()
potential of the nanomaterials synthesized were recorded on
Malvern Zetasizer Nano ZS, equipped with dynamic light scat-
tering (DLS) module (He-Ne laser 633 nm, max 4 mW). Before
measurements each product was dispersed in MiliQ quality
water, forming stable aqueous colloid (0.1 mg mL™"). The

his journal is @ The Rayal Society of Chemistry
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Fig. 1 Scheme of organic surface modification of LaPO.:Ln** 10% nanoparticles.

excitation/emission spectra and luminescence decay curves of
the dried products were measured in ambient conditions, using
a Hitachi F-7000 spectrofluorometer. All spectra were appro-
priately corrected for the apparatus response.

3. Results and discussion

3.1, Structure and morphology

The recorded powder XRD patterns of LaPO,:Tbh*" 10% and
LaPO,:Eu®" 10% were compared with the pattern from ICDD
(International Centre for Diffraction Data) standards database
(Fig. 2). Both diffractograms are similar and fit well to that of
the hexagonal, hydrated lanthanum phosphate, LaPO,-0.5H,0
(ICDD 000-046-1439). However, the diffractograms reveal also
some very small reflexes (overlapping with the background
noise), which are probably related to the monoclinic phase
(monazite). The obtained XRD patterns exhibit broadened
reflexes, which indicate the nanocrystallinity of the products
synthesized, and at some extent, it can be due to the superpo-
sition of reflexes of hexagonal and monoclinic phase.

Fig. 3 presents electron microscope images of the nano-
materials synthesized. TEM images of LaPO,:Eu®' 10% (a) and
LaPO,Tb*" 10% (b), HR-TEM image of LaPO,Eu’" 10%
including FFT (Fast Fourier Transform) inset (c), STEM image of
LaPO,:Eu** 10%. TEM images (a and b) reveal numerous

LaPO,:Th™ 10%

LaPOEu” 10%

normalized intensity

26 (deg)

Fig.2 XRD patterns of LaPO4:Eu®* 10% (0.5H.0) and LaPO4 Th** 10%
(0.5H0).
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phosphate nanorods similar in shape. The nanorods synthe-
sized are of 5-10 nm in width and 50-100 nm in length,
revealing high aspect ratio. The presented HRTEM image of
LaPO,:Eu’” 10% (c) shows its interplanar distances, namely 0.35
nm (110) and 0.31 nm (200). The observed orientation of the
planes and their calculated interplanar distances are consistent
with FFT (Fig. 3c inset) of HR-TEM image and XRD analysis.
The characteristic hexagonal pattern of the performed FFT
undoubtedly confirms the crystal structure of the product
obtained. The STEM image provides additional information
about the LaPO,:Eu’" 10% morphology (d), confirming the
elongated shape of the synthesized nanoparticles.

Surface modification. Surface modification of the prepared
inorganic nanophosphors by coating with luminescent organic
modifier was carried out to get hybrid nanomaterials, exhibiting
tunable multicolour luminescence, dependent on the excitation

(200)

(110)

Fig. 3 TEM images of LaPO4Fu** 10% (a), LaPO4 Tb** 10% (b); HR-
TEM image and its FFT inset for LaPO4:Eu®* 10% (c); STEM image of
LaPO 4 Eu*" 10% (d).

R5C Adv., 2014, 4, 46305-46312 | 46307
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wavelength. The morphology and structure of the nanoparticles
obtained, were not affected by the organic surface modification.
The presence of the organic modifier molecules on the nano-
particles surface was confirmed and examined by elemental
analysis, FT-IR spectroscopy, DLS studies ({-potential and
particle size distribution) and luminescence spectroscopy.

In order to determine the amount of organic modifiers in the
nanomaterials obtained, the elemental analysis of LaPO,:Eu®'
10%, LaPO,Tb*" 10%, LaPO,:Eu*" 10%@organic and LaPO,:-
Th*" 10%@organic was performed. For LaPOgEu®" 10%
product, the content of N, C, H was 0.004, 0.157 and 0.732
(wt%), respectively, whereas for LaPO,:Tb®>" 10% product, the
corresponding contents were 0.005, 0.155 and 0.746 (wt%),
respectively. In the products modified with the organic
compound (Cs;H75N,04), the contents of N, C, H for LaPO,:Eu’"
10%@organic was 0.085, 2.267 and 0.942 (wt%), respectively,
whereas for LaPO,Tbh*" 10%@organic product, the values
obtained were 0,087, 2.249 and 0.955 (wt%), respectively. On the
basis of the results, the molar concentration of the organic
compound bound to the surface is 0.0332 mmol (2.79 wt%) and
0.0329 mmol (2.76 wt%) per one gram of LaPO:Eu®" 10%@
organic and LaPO,:Tb*" 10%@organic products, respectively.
The results presented confirm a successful functionalization of
the nanomaterials surface. The excessive hydrogen content in
their structure was related to the adsorbed water molecules.

Additionally, TG-DTA measurements were performed to
investigate the stability of the organic surface layer and confirm
the composition of the nanomaterials synthesized. The results
obtained agree well with the elemental analysis data, and they
are presented in full in ESI (Fig. S17).

Fig. 4 illustrates the IR spectra of LaPO,:Eu®’ 10%, LaPO,:-
Tb** 10%, LaPO,Eu’" 10%@organic, LaPO,Tb’" 10%
@organic, and pure organic compound. All spectra recorded
reveal broad absorption peaks around 3400 cm™' and 1640
em™ ", corresponding to the O-H stretching (v) and deformation

o) vibrations, respectively. The observed O-H bonds
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Fig. 4 IR spectra of pure organic compound (surface maodifier),

unmodified LaPO4Eu*" 10% and LaPO, Tb* 10%, surface modified
LaPO4:Eu*" 10%@organic and LaPO,: Tb*" 10%@organic.
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correspond to water molecules adsorbed on the nanorods
surface and structural water molecules (hydration of phos-
phates). The absorption peaks around 2924 and 2865 cm™" are
related to »C-H vibrations of -CH, groups of organic compound
molecules (adsorbed on the surface of phosphate nanorods).
The spectra of the pure and modified phosphates exhibit very
intensive and broad peaks assigned to the vibrations of phos-
phate groups. The peaks around 1050, 950 ecm ™" were assigned
to the stretching vibrations within PO, groups, and around 615,
542 cm ' to the bending vibrations within these groups.**
What is more, the quite intensive band observed at ~960 cm™*
confirms the coexistence of monoclinic phosphate (minor
phase) together with the hexagonal lanthanum phosphate
(major phase), which was mentioned during discussion of the
XRD patterns. The peaks below 1700 cm ™" in the spectrum of
the pure organic compound, correspond to the vibrations of
numerous bonds in the very complex structure of this
compound. The presence of peaks around 2900 and 1200 ¢m ™'
in the spectra of the organically modified phosphates (LaPO,:-
Eu*' 10%@organic and LaPO,:Th*" 10%@organic), confirms
their successful modification with the organic compound used.

The {-potential and average particle size distribution of the
nanomaterials synthesized were measured by the DLS method.
All of the measurement were carried out at pH = 7. The
¢-potential recorded for LaPO:Eu®” 10% was +29.3 mV, and for
LaPOTh®" 10% it was +34.6 mV. The {-potential recorded for
the surface modified LaPO:Eu’* 10%@organic and LaPO,:Th*
10%@organic nanorods decreased to +17.8 mV and +27.3 mV,
respectively. The decreased {-potential values confirmed surface
modification of the nanomaterials synthesized. What is more,
all of the nanomaterials exhibited relatively high surface charge,
additionally confirming their stability at neutral pH, which is
important in potential bioapplications. The average particle size
distribution of the products synthesized is presented in Fig. 5.
The approximate sizes of LaPOy:Eu®" 10% (a) and LaPO,:Tbh*"
10% (b) particles are about 300 nm, and increase after surface
modification for LaPO,:Eu*” 10%@organic (¢) and LaPQ,:Th**
10%@organic (d) to about 500 nm. This fact clearly confirms
surface alterations of the nanomaterials modified, manifested
by increased hydrodynamic diameter of the nanoparticles.
However, the recorded DLS curves revealed the polydispersity of
the nanomaterials obtained, which was caused by particles
agglomeration and their “sticking” to bigger clusters after
surface modification. The hydrodynamic radius/diameter of the
particles analysed is usually larger in comparison to the real
particle sizes from TEM data, since the DLS method takes into
account surface solvation of the particles, and their
agglomeration/aggregation in the colloidal solution. One must
remember, that the data presented are onlya rough approxi-
mation of the nanoparticles sizes because of their highly
anisotropic shape (DLS size measurements assume the spher-
ical shape of the analysed objects).

3.2. Luminescent properties

Fig. 6-8 show the spectroscopic properties of Eu*” and Tb*
doped phosphate nanorods and the corresponding surface
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measured by DLS method.

modified products, namely LaPOgEu’" 10%@organic and
LaPO,:Th*" 10%@organic. All spectra were recorded for solid
products (dried powders). Fig. 6a presents three excitation
spectra of LaPO:Eu*"10% (., = 620 nm) and LaPO,:Eu®' 10%
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most intensive one in the whole spectrum because the
mentioned CT transition is allowed by selection rules, in
contrast to the forbidden 4f-4f transitions within Eu*" ion (the
series of narrow bands observed at 300-400 nm). For the surface
modified LaPO,:Eu’" 10%@organic nanomaterial, the same
dominant band can be observed (4., = 620 nm). The series of
intrinsic 4f-4f transitions is hardly visible in this spectrum,
because they overlap with the appearing absorption band of the
organic surface modifier. The third plot obtained for the same
modified nanomaterial, whose excitation spectrum was recor-
ded at A, = 500 nm (the maximum of emission band for the
organic compound) does not reveal the characteristic bands
related to the transitions in Eu®" ions. In this spectrum only a
very broad absorption band centred at 282 nm corresponding to
the surface organic compound can be observed in the whole
presented wavelength range.

Fig. 6b shows three excitation spectra of LaPO,:Tb*" 10%
(Aem = 543 nm) and LaPO,Th*" 10%@organic (ie, = 500, 543
nm). The spectrum of LaPO,:Tb*" 10% (Jem = 543 nm is the
maximum of the most intensive in the emission spectrum
°D, — ’F; transition, within Tb*" ions), shows a dominant
broad band centred at 213 nm corresponding to 4f* — 4f’5d"
(f-d) allowed transition. The bands at higher wavelengths are
assigned to the forbidden 4f-4f transitions in Tb*' ion. In the
spectrum of LaPO:Th** 10%@organic recorded at the same Aep,
= 543 nm, the slightly shifted f-d transition is also dominant.
The other 4f-4f transitions are not visible. The last excitation
spectrum of this modified nanomaterial (A.,, = 500 nm) also
reveals the dominant band related to f-d transition in Tb*" ion.
However, the very broad absorption band (with maximum
ranging from 250 to 280 nm) assigned to the surface organic
modifier, can be observed in the whole spectrum, as well.

Fig. 6¢ presents three emission spectra of LaPO,:Eu’'10%
(Aex = 250 nm) and LaPO,:Eu®” 10%@organic (Ae, = 250, 300
nm). In the first spectrum of LaPO,:Eu*"10% recorded at Ao =

Fig. 7 Chromaticity diagram and photographs of LaPO4Eu*" 10% (a
and b), LaPO4Eu** 10%@organic (c—e), LaPO.:Tb** 10% (f and g) and
LaPO,:Th*" 10%@organic (h—j), taken in daylight (3, ¢, f and h) and
under UV light irradiation {4z, = 210 nm = g and i; Aex = 250 nm = b and
d; dex = 300 nmM - e and j).
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250 nm (the position of the most intensive CT transition in the
excitation spectrum), six narrow, split bands corresponding to
the °D, — ’F; (J = 0-5) transitions can be observed. The
hypersensitive electric dipole *D, — “F, transition is sensitive
to the site symmetry alterations.*** The ratio between inte-
grated areas of the *D, — "F, and °D, — °F, transition bands is
informative about the presence of symmetry centre in the site
occupied by the Eu®' ions. The values calculated both for
LaPO,:Eu’" 10% and LaPO,:Eu®' 10%@organic are close to 1
(1.04 and 1.01 respectively). The ratio higher than 1 indicates
that the Eu®" ions are situated at sites without inversion
symmetry. However, in the LaPO,:Eu®" material the Eu*" ions
occupy sites with D, symmetry in the LaPO, structure which is
non-centrosymmetric and the presence of an inversion centre
cannot be assumed.****

The product exhibits an intense, bright red luminescence.
When the surface modified nanomaterial was excited at the
same wavelength, the intensity of the mentioned transitions
decreased, and a new broad band appeared in the range of 500-
550 nm. This band corresponds to the emission of the organic
compound. As a consequence of these alternations in the
spectrum shape, the observed luminescence of the product was
tuned to yellowish emission. Upon exciting the organic modi-
fied nanomaterial at 300 nm (absorption range of the organic
compound), the characteristic bands of Eu®" ions can hardly be
observed, in contrast to the very high intensity and broad
emission band of the organic compound. The resulting emis-
sion of the product is green.

Fig. 6d shows three emission spectra of LaPO;:Tb*" 10%
(Jex = 210 nm) and LaPO,Th*" 10%@organic (i = 210, 300
nm). The spectrum of LaPO,Tb*" 10%, recorded at Ao, = 210
nm (the position of the most intensive transition in the excita-
tion spectrum), presents four narrow bands assigned to the
°D, — "F; (] = 6-3) transitions, characteristic of Tb*" jons.” The
product exhibits bright green luminescence. The spectrum of
the LaPO,:Tb*" 10%@organic nanophosphor excited at the
same wavelength reveals four bands typical of Tb** ions, as well.

13 o= 280 nm & =620 nm A, =210nm &, =543 nm
o LaPOEu" 10%

LaFO‘:Eu" 10%@organic

LaPO :Tb™ 10%
LaPO:Th™ 10%@organic

log - normalized intensity (a.u.)
o
T

0,01
1, = .65 ms (85.6%) =, = 1.75 ms (34.4%) -
7%, = 4.25 ms (73.1%) 5, = 1.08 ms (26.9%)
1, = 489 ms (62.3%) « = 2.70 ms (37.7%)
¥, = 4.96 ms (64.5%) 7, = 2.24 ms (35.5%)

1E-3

lifetime (ms)

Fig. 8 Luminescence decay curves of LaPO.:Eu®t 10%, LaPO4:Eu®*
10%@organic and LaPO, Th** 10%, LaPO, Th** 10%@organic.
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However, the intensity of these bands decreased in comparison
to that in the spectrum of the unmodified product. Besides
these bands, less intensive bands around 500-550 nm, corre-
sponding to the organic modifier can also be observed. The
colour of the product emission is still green, however shifted
towards blue. The spectrum of the modified nanomaterial
excited at 300 nm reveals only the intensive, broad band
assigned to the organic compound. Its luminescence is
greenish, namely the colour of emission is slightly altered when
compared to that of the unmodified nanophosphor.

For more detailed specification of the luminescence colours
one can refer to the included chromaticity diagram (CIE 1964 10
deg observer), presented in Fig. 7. The photographs of the
products synthesized, taken in daylight and under UV light,
showing their multicolour emission, are included in Fig. 7, as
well,

Fig. 8 presents the luminescence decay curves and calculated
radiative lifetimes for the D, — “F, and *D, — “F; transitions
of Eu** and Tb*" ions, respectively. All data were recorded at 293
K; Ae = 620 nm, ., — 250 nm for the Eu*" doped compounds
and A.m = 543 nm and A, = 210 nm, for the Tb*" doped
compounds. In hexagonal lanthanum phosphate, all lantha-
nide ions should be at the sites of the same type (coordination
environment).* However, the experimental profiles were
successfully fitted to the biexponential function of decay,
namely y = A, exp(—x/ty) + A, exp(—x/t;) + y0. The nano-
materials synthesized exhibit high surface-to-volume ratio.
Therefore a large part of ions forming the material is placed on
or near the surface of nanocrystals. Hence, after surface modi-
fication with the organic compound used, a significant number
of the surface/near surface ions were localised in a new coor-
dination environment (altered local site symmetry). The reason
for this phenomenon was a strong coordination/binding of the
organic molecules to the nanoparticles surface. This is why, the
nanophosphors obtained exhibit a shorter second component
of luminescence decay. Here is worth noting, that the presence
of a small amount of monoclinic LaPO, in the sample can affect
the lifetime components and disturb their decay profiles.
However, because of the large contribution (=30%) of the
second lifetime components and their significant shortening
after the surface modification, we assume that the discussed
biexponential character of the luminescence decay is predom-
inantly caused by the differently emitting surface ions. The
calculated luminescence lifetimes for the products synthesized
are in the range of 4.25-4.96 ms (7,;) and 1.08-2.70 ms (t). The
detailed values are presented in Fig. 8. Such relatively long
radiative lifetimes are in line with literature data for lanthanide
doped inorganic phosphors.’™5 The observed lifetimes for Eu®*
and Tb*" doped products are generally similar, however the
lifetimes of Eu®" ions are slightly shorter when compared to
those of Tb*" ions. Analysis of the decay profiles leads to a
conclusion that the modified nanomaterials exhibit a shorter
average lifetime, in comparison to their unmodified analogues.
The lifetime shortening is particularly pronounced in the
second lifetime component (t,), assigned to the surface ions
(shortening from 1.75 to 1.08 ms and from 2.70 to 2.24 ms for
Eu'" and Tb*' ions, respectively). This phenomenon can be

98

RSC Advances

explained by a strong interaction between surface ions and
organic molecules attached to the nanoparticles surface,
resulting in enhanced luminescence quenching. The results
obtained are in agreement with the data on the emission
decrease of the modified nanorods (see the emission spectra in
Fig. 6a and b).

4. Conclusions

The highly luminescent, crystalline nanomaterials doped with
Eu®" and Tb*' ions were synthesized via the co-precipitation
approach followed by hydrothermal treatment. The nano-
materials formed were in the form of elongated nanorods (5-10
nm in width and 50-100 nm in length) composed of hexagonal
LaPO,-0.5H,0. Subsequently, the products obtained were
modified with a luminescent organic compound. The surface
modification resulted in a formation of hybrid inorganic-
organic nanomaterials, which exhibited tunable and multi-
modal luminescence. The products emission could be tuned
from red-orange to yellow-green luminescence. Successful
modification of the surface of nanocrystals was checked by DLS,
IR spectroscopy, elemental analysis, TG-DTA and spectrofluo-
rometry. These novel, functional nanomaterials can be applied
in luminescence tracing, detection techniques, multicolour
imaging, as novel light sources and in many other special
applications requiring sophisticated, hybrid nanomaterials
exhibiting tunable emission. The products synthesized can be
also used in biomedical applications requiring multi-
functionality of nanomaterials.
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Fig. S1 TG-DTA curves of the LaPO,:Eu** 10%, LaPO4:Tb* 10%, surface modified LaPO4Eu"10%(@organic

and LaPO,:Tb*"10%(@organic nanomaterials.

In order to investigate the stability of the organic surface layer and confirm the composition of the
nanomaterials obtained, thermogravimetry—differential thermal analysis (TG-DTA) measurements

were performed. Below 120°C the first weight loss assigned to the moisture (absorbed water
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molecules) evaporation was observed. At around 170°C and 230°C two other endothermic peaks were
observed. They are related to the release of structural water (zeolitically bound water) from the
lanthanide phosphates. The mentioned peaks were observed in all samples. In the case of the surface
modified products - LaPO,:Eu*10%@organic and LaPQO4,:Tb¥*10%@organic, the very intensive
exothermic peaks at 285°C were observed. They were followed by the significant weight loss because
of the decomposition of the organic surface modifier. The recorded change in mass was about 3 wt. %,

which was close to the value obtained by elemental analysis (about 2.8 wt. %).
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Synteza nanostruktur typu rdzen/powloka (core/shell)

opartych o jony pierwiastkéw ziem rzadkich

Problemem badawczym, jaki podjgtem w pracy pt. ,,Synthesis and Organic Surface
Modification ~ of  Luminescent, Lanthanide-Doped  Core/Shell ~ Nanomaterials
(LnF;@SiO,@NH,@Organic Acid) for Potential Bioapplications: Spectroscopic,
Structural, andin Vitro Cytotoxicity Evaluation” bylo otrzymanie oraz zbadanie
wlasciwosci nowego luminescencyjnego nanomaterialu hybrydowego typu core/shell
(rdzef/powloka), o potencjalnych zastosowaniach biologicznych. Material ten miat
wykazywa¢ intensywng luminescencje, maly rozmiar oraz duza monodyspersyjnos¢
czastek. W oparciu o nanokrystaliczng matryce fluorkowa i odpowiednio zaprojektowany
uktad domieszek, otrzymano nanoczastki luminescencyjne, uzyte nast¢gpnie jako rdzenie
nanostruktur typu core/shell. Czastki te wykazywaly po naswietleniu $wiattem
ultrafioletowym bardzo intensywna zielong luminescencje, na skutek efektywnego
przeniesienia energii (Ce**—Gd* —Tb*"), a dzigki matemu rozmiarowi (=12 nm) tworzyty
stabilne koloidy wodne. Otrzymany rdzen zostal nastgpnie zmodyfikowany
powierzchniowo przy uzyciu funkcyjnych silanéw takich jak TEOS i APTES. Skutkiem
tego bylo utworzenie wielowarstwowych nanostruktur typu core/shell (=50 nm), majacych
nanopowtoke krzemionkowg sfunkcjonalizowanej grupami aminowymi. Uktady te zostaty
poddano dalszej modyfikacji powierzchni na skutek reakcji z reaktywng pochodna
wybranego  kwasu  organicznego  (chlorek  kwasu  p-metoksybenzoesowego).
Zsyntetyzowane nanomateriaty zostaly szczegoétowo zbadane pod katem ich wiasciwos$ci
strukturalnych (XRD), morfologicznych (TEM) i spektroskopowych (spektrofluorymetria
oraz spektroskopia FT-IR), ujawniajagc obecnos$¢ krzemionki, grup aminowych i zwigzku
organicznego na powierzchni otrzymanych nanoczastek. Wykonano réwniez pomiary
wielko$ci hydrodynamicznych czastek oraz ich usrednionych tadunkéw powierzchniowych
(zeta-potencjatl), przy uzyciu metody dynamicznego i elektroforetycznego rozpraszania
swiatta (DLS 1 ELS). Na podstawie pomiaréw potencjatu zeta w réoznych wartosciach pH
(miareczkowanie zeta-potencjometryczne) ustalono punkty izoelektryczne powstatych
produktow. Analiza ich warto$ci pozwolita na ostateczne potwierdzenie modyfikacji i
charakteru powierzchni tych nanomaterialow. Co wigcej przeprowadzono szczegdtowe

badania wtasciwosci biologicznych otrzymanych nanoczastek, a mianowicie zbadano ich
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cytotoksycznos¢ wzgledem ludzkich erytrocytow, w ramach badan in-vitro. Badania te
potwierdzity interakcje nanoczastek z blong komoérkowa erytrocytow i ujawnity rézny
wpltyw poszczegdlnych nanostruktur na morfologie badanych erytrocytow. Warto
podkresli¢, ze same nanoczastki CeF3:Gd*, Tb* nie wykazywaty cytotoksycznosci i nie
wplywaty na morfologi¢ erytrocytow. Natomiast otrzymane nanostruktury typu core/shell
majace na powierzchni nanopowtok¢ krzemionkowa wplywaty znaczaco na morfologie
erytrocytow. Nanostruktury core/shell typu CeFs:Gd**, Th*'/SiO, o niezmodyfikowanej
powtoce krzemionkowej wykazywaly najwyzsza cytotoksycznos¢ wzgledem badanych
komorek. Okazato si¢ rowniez, iz nanostruktury majace zmodyfikowana grupami
aminowymi powloke krzemionkowa (CeF3:Gd** Th**/SiOo/NHy) lub przytaczone zwiazki
organiczne do powierzchni  (CeFs:Gd**, Tb**/SiOz/NHylorganic acid) wykazywaty
znaczaco zmniejszong cytotoksyczno$¢ i nie wykazywaty negatywnego wplywu na badane
komorki. Nalezy doda¢, ze taki nanomaterial zostal otrzymany po raz pierwszy, jak
roéwniez w czasie jego opublikowania nie bylo dostepnych danych literaturowych na temat
oddziatywania na komorki erytrocytow oraz cytotoksyczno$ci nanokrystalicznych
fluorkow lantanowcow i opartych o nie modyfikowanych powierzchniowo nanostruktur
typu core/shell. Potwierdzito to znaczacy wptyw charakteru powierzchni nanoczgstek na
wlasciwosci biologiczne nanomateriatlow 1 mozliwo$¢ zmiany tych witasciwosci poprzez
odpowiednia modyfikacj¢ powierzchni danych nanostruktur. Niska cytotoksycznos¢,
stabilno$¢ tworzonych koloidow, biokompatybilno$¢ zapewniona poprzez odpowiednia
modyfikacj¢ powierzchni nanoczastek oraz intensywna luminescencja, pozwala na
potencjalne zastosowanie otrzymanych nanostruktur w aplikacjach medycznych i bio-
chemicznych jako no$niki lekow, w obrazowaniu luminescencyjnym jako biomarkery i

srodki kontrastowe, zaawansowane znaczniki luminescencyjne, nowe Zrddta §wiatla, etc.

Wkiad wlasny w powstanie pracy: koncepcja badan oraz znaczacy udzial w syntezie i
zbadaniu wiasciwosci fizykochemicznych otrzymanych nanostruktur. Analiza uzyskanych

wynikoéw, opracowanie danych i zredagowanie publikacji.
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ABSTRACT: A facile coprecipitation reaction between Ce™,
Gd*, Tb™, and F~ ions, in the presence of glycerine as a
capping agent, led to the formation of ultrafine, nanocrystalline
CeF;:Tb* 5%, Gd** 5% (LnF,). The as-prepared fluoride
nanoparticles were successfully coated with an amine modified
silica shell. Subsequently, the obtained LnF,@SiO,@NH,
nanostructures were conjugated with 4-ethoxybenzoic acid in
order to prove the possibility of organic modification and
obtain a new functional nanomaterial. All of the nano-

W

phosphors synthesized exhibited intense green luminescence under UV light irradiation. Based on TEM (transmission electron
microscopy) measurements, the diameters of the cores (%12 nm) and core/shell particles (250 nm) were determined. To
evaluate the cytotoxic activity of the nanomaterials obtained, their effect on human erythrocytes was investigated. LnF,
nanoparticles were bound to the erythrocyte membrane, without inducing any cytotoxic effects. After coating with silica, the
nanoparticles revealed significant cytotoxicity. However, further functionalization of the nanomaterial with —NH, groups as well
as conjugation with 4-ethoxybenzoic acid entailed a decrease in cytotoxicity of the core/shell nanoparticles.

1. INTRODUCTION

Nanoscience and nanotechnology are broad and interdiscipli-
nary areas of research that have been growing explosively
worldwide in the past years.' ™ Nanoparticles (NPs) have large
surface area to volume ratios, which causes changes in their
optoelectronic, magnetic, and catalytic properties in compar-
ison to their bulk counterparts.’~* Because of their nanometric
size, which is much smaller than living cells, they are suitable for
numerous bioapplications. They can form stable aqueous
colloids, which are useful for bioimaging. "

Nowadays, luminescent nanomaterials doped with lanthanide
ions (Ln®") have attracted considerable attention as a result of
their potential applications in various areas, such as field-effect
transistors (FET), optoelectronics, optical storage, solar cells,
and color displays.>” Moreover, their unique properties allow
for applications in biorelated areas, as biomedical markers in
vitro and in wvivo, in bioimaging, cancer therapy, or drug
delivery.”® The alternative particles, such as organic dyes and
semiconductor quantum dots (QDs), have also been employed

4 ACS Publications 2014 American Chemical Society
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as phosllahor materials in industry and luminescent markers in
biology.'” However, both of them have some limitations.
Organic dyes often exhibit rapid photobleaching, and QDs can
be cytotoxic, which limit their in vivo applications.” Hence,
Ln*-doped nanophosphors are promising and novel nanoma-
terials due to their excellent properties such as narrow emission
lines, long radiative lifetimes, large Stokes shifts, high quantum
yields of luminescence, nonphotobleaching, and low toxic-
ity.””® However, Ln*" ions have relatively low absorption
coefficients, in comparison to organic dyes and QDs, which
makes it necessary to use energy transfer (ET) phenomenon in
lanthanide-doped NPs. This process can effectively increase the
luminescence efficiency and allows for the possibility of
designing the system for sensitivity to selected spectral regions;
e.g, Yb* or Ce* ions are sensitizers for near-infrared or UV
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radiation, respectively.'®'! In particular, the Ce®*/Tb* ion
couple has been utilized in a number of traditional phosphors
for the generation of green light.""'* Hence, numerous
dispersible NPs doped with Ce®* and Tb** ions have been
synthesized through a variety of techniques.'*"* Additionally,
Gd* ion decreases the energy gap between the lowest excited
states of Ce* and Tb*" ions which facilitates ET to Tb** ions
and enhances the luminescence intensity of the system.'*

For optical applications rare earth fluoride (REF;) host
matrices are very attractive because of their low vibrational
energy (<400 cm™")." Because of this feature, phosphors based
on REF; exhibit high quantum efficiencies of luminescence and
low nonradiative relaxation of their electronic excited states.'®
Nowadays, several REF; are used or are being tested for use in
such fields as optoelectronics, medicine, and industry as
luminescent fibers, amplifiers, lasers, various biomaterials,
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Core/shell type nanoparticles are a special kind of nanoma-
terial, in which the core containing the desired functional
nanoparticles is covered with a nanometric shell, e.g,, silica or
titania,”®”' Therefore, such hybrid nanomaterials can be
multifunctional, as they reveal simultaneously the properties
of the core and the shell. The core usually consists of an
inorganic phase, which can exhibit the desired properties,
dependent on its further applications. The formed silica shell
allows for its further surface modification, simultaneously
protecting the core from the environment (oxidation,
aggressive agents).”

A simple approach is to coat the given NPs with an external
silica shell.?® Silica is stable under acidic conditions and inert
against redox reactions as compared with many organic coating
materials. That is why such NPs coated with silica reveal high
stability of colloids in water and biological systems, resistance to
aggressive agents, and radiation as well as large surface area,
which is beneficial in drug delivery systems and fluorescence
labeling.** Additionally, the silica coating provides an
abundance of surface active silanol groups, which can easily
undergo further functionalization and improve the ability for
bioconjugation of various functional groups to such NPs.**

However, nanomaterials containing silica can be cyto-
toxic.”* ™ The toxicity of such nanostructures depends on
their phase composition, size, porosity, hydrophilicity, and
surface charge.”””™*' The mechanism of their cytotoxicity is
related to the abnormal expression of oxidative stress-associated
molecules. Exposure to Si0O, may decrease a cell’s viability and
proliferation, induce apoptosis and protein expression, as well
as change mitochondrial activity, and induce hemolysis.””****

Amine-functionalized silica nanoparticles have been studied
to achieve a reactive and biocompatible modified surface by the
formation of covalent bonds and electrostatic interactions
between the interfacial amino groups and other organic
coupling agents, working as receptors for biomolecules.***?

It is an essential issue to evaluate cytotoxicity properties of
potentially biocompatible nanostructures, before their applica-
tion in biology or medicine. Nanoparticles may impair a cell’s
function, e.g, by cell membrane integrity disruption, interfer-
ence with organelle function, or disruption of the cytoskeleton.
They may cause oxidative stress, apoptosis, or epigenetic effect
as well****** Moreover, nanoparticles can adsorb biomole-
cules, creating a “corona” of biomolecules on their surface,
which may affect biclogical sys‘»terns..36 Despite all these
potential dangers, only a few studies dealing with the
cytotoxicity of Ln**-doped nanocrystals have been conducted.
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Cell viability depends on the dosage, exposure time, and size of
studied nanoparticles as well as on the particles’ c?rstal]inity
and the presence of ligands in a given system.”””’ The
increased use of nanomaterials in many areas of life and the
confirmed cytotoxic properties of many of them implies the
necessity of such research.

Erythrocytes are the dominant cells (99%) in human blood,
and therefore they are the most convenient systems for the
study of cytotoxicity activity of new chemical compounds. Red
blood cells treated with nanostructures may aggregate and
potentially create a thrombus.*® Moreover, nanoparticles can
bind to the erythrocyte membrane and induce changes in its
molecular structure, resulting in cell shape alterations and
hemolysis.>****® However, to the best of our knowledge, there
is no study on the influence of nanocrystals doped with
lanthanide ions on red blood cells.

In this study, we present a synthesis and photophysical
characterization of multifunctional, luminescent core/shell type
nanomaterials forming stable aqueous colloids and being easily
functionalized. To better understand the biological features of
the nanoparticles synthesized, the impact of bare nanocrystals
and surface modified core/shell type nanostructures on human
erythrocytes was investigated. OQur intention was to synthesize
efficient and monodispersive core/shell type nanophosphors
and to modify their surfaces. We wanted to obtain noncytotoxic
nanomaterial, which could be further applied as contrast agents,
biomarkers or simple model materials for drug delivery, tracing
techniques, selective detection, etc. CeF; nanoparticles doped
with Gd** and Tb®" ions were selected as an excellent
luminesce