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Summary of the doctoral thesis in English

The upconersion UC is the phenomenon in which absorption of at least two low energy
photons leads to emission of one high energy photd@. is also called arffitokes emissioras
the excitation wavelengtlis longer than themission wavelengthUsually, the excittion occurs
in nearinfrared range and emission in the visible and UV spectrum. UC is a phenomenon
characteristiof lanthanide ionsyhich is related to the system of their energy levalswever, it
is also observed for transition metals as welbaganic compoundg:®

Inthe presented doctoral thesis, the UC proc@sforganic fluoridegontaining metal ions
from the second group of the periodic tablie so-calledalkaline earth metals and rare earth
elements iongis examinedThe fluoride matrice havea crystal lattice ofow phonon energyi, i.e.
the low-energycrystal lattice vibration, wich minimizes multiphonon quenching, due to phoron
assisted nowradiative depopulation of excited energy levelltaver-lying energy levelandas a
result, ineceasing UC efficiendyMoreover, these compounds exhibit high chemical and physical
stability, they are good electron acceptors, and phosphors based on them have high quantum
yield>® On the other hand, alkaline earth metals ions have similar ionic t@dhinthanide ions,
soincorporation of LA in their place occurs without distortioto the crystal lattice’.®

Theproperties ofthe obtained compoundsre to a significant degree determined their
nanometric size (diameter in one directimsmalletthan 100 nm). Thanks to this, nanopatrticles
(NPs) exhibit different propertieshan their bulk counterparts. Significant impact on NPs
properties havealso high surface to volume ratio, small size allowing penetration through
membranes or change nanopaNJi A Epfor$i€panding on the size as well e NPsability to
selforganization1©

Thestudy was performed osimple fluorides CaFY6*, EE*; Srz: Y, Lr#* (Ln= Ho, Er, Tm,
Yb); core/shell structure SIFEBY, EF@SrEYB*, Nd* and nonstoichiometric fluoride
M\REF:YB*, EF* (M= Ca, Sr, Ba; RE=Y, La, Gd, Lu), obtained by hydrothermal method.

The synthesis conditions, as well as the synthesis procedure (dopants concentration, amount
of fluorine ions source, the addition of complexation corapds, pH), were optimized for all of
the obtained nanometric structures, to observe effective emission under excitation from near
infrared rangeFor calcium fluorides, the impact of synthesis conditions as well as complexation
agents on observed luminestee was analyzedlhe effect of charge compensation on the
structure of the obtained nanoparticles, and thus their emission, was thoroughly studiethe
basis of themeasurements and their analysis, the presence &f ¥different symmetry sitem

one sample was determined.
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The optimization of SgF YB*, Lr#* structure alloved obtaining stable water colloids,
characterized by effective emission under excitation from the nefared range. Moreover,
cytotoxicity of NPs whose surfabad been modifed by amphiphilic polymers, dispersed in PBS
medium, was investigated.

The synthesis of core/shell structure, with Nabns in the shell, alloweddC emission under
975 and 808 nm excitation wavelengths. Due to the homogeneitheprepared compounds,
the presence of a core/shell structure wasonfirmed through detailed spectroscopic
measurements, using for this purpose different excitation wavelength (808, 975 and 1532 nm),
with UC and DC as an effect.

For inorganic fluoridedREF:YB*, EF* the formation mechanism, based on elemental
analysis and consideration of transition complex stability of metal ions with
ethylenediaminetetraacetic acid (EDTA) was established. Moreovahd@ompounds with the
highest luminescence, the quantum yield was detired.

All obtained compoundsvere characterized by-ray diffractograms (XRDyuantitative
analysig(ICP- OES/MS, EDS3lectron microscopymaging(TEM), analysis of nanoparticles size
and surface charge (DLS, zeta potential), infrared spectrosc®pR)fand laser spectroscapy

The studies of the abowaescribed UCNPsshowingintense emission, also in a water
environment,have proved thait is possible to obtain the structusalternative to thosecurrently
used as biomarkers. Moreovehe prepard compoundscan be applied as drug delivery systeem
or for tracking of metabolic pathwaysThepresented result have contributed to theurrent

knowledge about the upconversion phenomenon.
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LINI SRadGFgAl2n TyA12YND O6NRT 0 MY 12 N2, \WEke w21 OA
oF NRT 2 Rd®S TylFrOIl SyAS YI NRRIlF2 fABMPRsg [yl eR
Beg N} OF aAt 2SRyl | dzt 3t yI Y2 odaktywddhormI Sy S NP
tlenu(ROS)] is NB Y208 yS3aldesyrs gLIBesl 6 ol FLINE QDS
powod? & lich uszkodzeni&®Z drugiej jednak stronROS lub tlen singletov30,) Y2 0 S y A al Ol & «
12YsN)JA OK2NRo626S 1@ YR2NBEA v VPR YRSHRNAISIAS L2 0nO0I

y6Iy20Ti naidsSly 1T 21NBIf2yeéY neyakd ZadeGdtraidnd OF 1S9 NIJO A NLBDY 13
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IRTAS YIF{NBFFIA Y23IN &LRs2R261 06 AOK NRIal OFRX
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STS1ils6 YyASLRONRIYy&@OK 2F1AS Y23anNn P¥FraAXYRLI®G Ré Z2 N
invitroorazinvivog & {1 I 1 dz2Nn0& OK vy |  ybadariializykoéhéniicen® UGNPS jak bt a

AOK AYyGdSNI 1028 1T 12Ys NI YA =2 NAIHWATFWIAY M &N 20YLHRI
.87 R210FIRyeOK (Sailsg Al a0didgiATs sllI10@A Sy | R@edA
2RRTI AL OVEsl yAIAOK DNHILPAASION YA 52 i24a26F yAS ot RT AS

aSi2Re aeyidisSie yry2YILGSNAIIOs¢6 doeidsS 6 LINIF O

2 LN O R21G2NRBR1AS2e 123801 0F ¢eqRRI e@adz¥h I NSl
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Y20t AGAL 2y 2 0 WNisokiy stopriukrystlkeRjiRdrakiedze hydrofilowym,
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blF2agldoyArsSaal S YSGi2Re OKIFINF{GSNBAGRTA YIy2YLF (!

DUOs 6y S YSH12ZIRENEGKIENJA YVIYy2YIFGSNRAFOs6 Yaosyl LRI
opisupg OF 1T OAg21 OA FAl &1 2 OK & uraglpetrBskapanie.] Y2 NF 2t 234 OT
Metody opisi2 DOS 6011 OAs21 OA Y2NF2t23A01 ySY
Dyfrakcja promieniowania rentgenowskieg@RD, ang&ray diffraction,LJ2 T ¢+ € |y I 21 NBT f .
aUNHZ GdzNBE I NRAGEFE23aANI FAOTI yS2 ol RFyeaOK yzZhy2{ NBal
krystalograficznej bazy danych. DodatkpY 2 0t A 6S 28aid gel yI O1 SyA S LI NI
20t AOT SyAS 6ASt 121 OA {NRaGFtAGss LI2LINTI ST ge12NI

dzYy20t AgAl T2l A&l 2 AyidSNFSNEBy Ofkaktogiam fowsael NOS vy I
poprzez reje§ NI O2t 20N} 1 56 REFNI {1 0eayeOKz: Gs2NI noeC
LINEYASYA26FyAl NByi{i3aSy26a1AS32 1 OKYdZNND St S dNRy

28aid 2R INRATGFOdE LB R2 WHEDY & YINI §NGENIYSyye 20 NT |
zbudowany jest NB &1 G I O

Transmisyjna mikroskopia elektronowg TEM, ang.transmission electron microscapyto
wysokorozdzielcza metedd 0dz2d DOlF R2 20N} T 241 YAl  ai{NXzl Gdz2NB &
pozwala2 | NNBIAESt 1 21T OA L2 &l Ol SaAst ye OK yifolgyR JebtBoa | G Os &
Y20t A6S LIRLINIT SI 2RRTIAILTVeslyAS 6ANT 1A 62842128y
YFGSNAFOSYE 3IARTAS OTtio StS1TiNRYysg ,LIINIAGK20RT A |
I yAOK dzZt S3I NRT LINR &l S yRazgmszehie i Gl 20Yal YO K Aot {Ra- TySSz2  ALING
2Said tAOT ol Fd2Y26F LIASNBAIFIAG]156 6O0OK2RI NOBOK g 3

Spektroskopa dyspersji energii promieniowania rentgenowskieg¢QEDXEDS ang. Energy

dispersive Xay spectroscopy dzY 2 0 fLE26IAVI YA S &1 OF Rdz LA WA | 31126 S:
danejLINEki ba podstawie2 RR1T AZgB&EI A St ST UNRyYysg 1T Fd2YFYA 6 L
gelol NI Fra2an LINRYASYA2glyAS - A LINJ Saeovtkan 32 R2 F
Sy &aLl2as06 6ARYZ2®

Analiza elementarnaY S 2 Rl & U dzoeRi®il I sR2NI2 NBT t22ys ¢ GF 1 AOK 2
G2Rs5 N A ALANBNI OGS !yt ATl LINI SLINRPGIF RT Fyl LI LINJ S
ot RNO&@OK ge&yAlAS XatalipeInSguINE 4 1 BTAR yIBINSLASING G.dzNJ S munn

Optyczna spektrometria emisyjnaze| 6 dzRT SYASY 6 LJ I | YA BCPAOERdz] Od 2y S

ang. inductively coupled plasma optical emission spectrometnaz Spektometria mas ze
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61 0dzRT SYyASY ¢ LX I 1 YA BCPMY, andtinddéidly Edbipled PIina Magsy S 2
Spectrometry, metody &8 O deR2O 2 { NBT t YAl &1 Ol Rdz 2N} 1T 6&{NBGI
oFRIFySe LININI GBSz 22y Al 02t 6 LI IAtalSeA W2 YZEOBGt

spektroskopii emisyjn&gpektrometru masowego

Spektroskopia w podczerwien{FFIR, angFouriertransform infrared spectroscopy2 { NB1 t Sy A S
20S50y21 OA T 6ANT 156 2NHIYAOl yeOK PRRIINI R Sk 6lE 2 NA
LINI ST OT nadiAr LINBYASYA24lLyAl 1T 11 { N®aéndmiill2 ROT S
RNEI 2 2a0eéf | OReNVRIOKEZ NB K ISHaki@yysfyezovh dla obecnych w
LINk 6 OS 3INHzL) Fdzy |1 Oeaye OK

58y YAOI y& NEI UDUE,aidyyamiélight scatteriigrazld2 § Sy Ogahgd 1 S I
Zeta potentia), metodydzY 2 0 f A BIR NVEZPAB T NBRy A O K SRNESR &y FaYir2Q.byy
G62NI SYyAl LINI ST yAS FTANBAFGspg ' FNIETAT AR ONE DV R Hzy2
wykonywana jest na podstawie zbierania przez detektos A I G OF NRT LINRP AT 2y S32
T ylFI2Rdz2nN0S ga Aath I ¢ A SNXRICORDRIYFTOZ Y Yy NHzER dzi S1 NIzOK s ¢
bFrd2YAF&d LRGESyO2l Oyl Sili2ZRE &k ak iskivieGyfchds 2 i/ & A

gep20lySe LIRLINI ST poekidkty@ared 2y S R2 LINk O] A

Spektroskopia luminescencyjna

Spektroskopia  luminescencyjna to  metodabadajd O emis2 t promienowania
elektromagnetycznego przezo I Rl y N &4dz3 & i ILyND LS R dz VEIEy2YLl
up-1 2y 6 SNBRE&2y&OKX 1 Nk ROSY 61 06dzRT SyAl &an f1 aSNe

2 a0l 0eY ylLGtdoSyAdz fdzo f I &AV8 Nl okéYiLBI3f &2 6 8D ISOM di
ALISTONRA 2L 0OK gel2ydz2S aAiat LIR2YAFINE 6ARY 610
TrtSoy2i 6 AyidSyaesy2i OA SYAda2i 2R N2pOdtawiel a S NI
widm emisji i wzbudzenia w zakresie NIR ¢ A lwiilZthe ¢ UV, wiele istotnych informagii,
GFr1A0K 2F1 TIfSoyF2RF2mardr Ri BRI AN QXA (BAPB B dzy |
STFS1hGesy21 OAN 2adB2N2 A 8S ¥ SOKA §a A wiEGy | @n0NID&Ee O K
gLIOE G YI 20aSNBRF I ¥S SWADARG SNa lstdliid viidnyemighi

Y20yl NiedyWABBE2NIReyl e OKNRYFGeOl y21l OAxX 21 NBT 1

2A8tS OSyyeOK AYyF2NXIO2AaA 2Ry21TyAS (1AySidelir L
R2AGFNDT ERR AR Y& RBI YV T FyAlse fdzyAySadSyodeayeo
Ol ae oe@O0Al Rf I LINT S2T 06 wSYyFNBSE (I edd y2YIKY A BI VIS
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LINI SRaAGI 6Al 2NPECKaiehigiBRY @] H 2R IYIROERFEINI LR2T y I
At 21 O d2ARPOOK dzRTAFD 6S 61 06dzRT SyAdz RFyS32 LRI
Lad2GyS an NbssyASOd LRYAI NE quantuR lyigly 2dnéya 1 61 y i 2
YIEGSNARDUNB N flils NAAt yI LI2Ra&GISAS ali2adzy1dz 22ys56 6
Znaczenietychpomis ¢ 2SS a i istedngd R pdiRedyS 2o RI AT §j¥2DP§s NB
L2 Nk slNBO6 1 A LR OK2RI NOS 1T Nbody ezOBK1 IfltoRdNI ¥ B NIRsdD S
L2 R20ASZalivoz2z ¢ GSOKYAOS gelz2yeslyAl LRYAFNbGI ¢
LJ2 1 2 a badddiach spektroskopowych.
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P1. Tailoring structure, morphology and up- conversion properties of CaFYb* EF*

nanoparticles by ke route of synthesis

Ctd2NlA YSidlrtA TASY It1FfAOlyeOK Ylen ais
technologiach) Glbp&@823AA 2N} T YSReOeyASod . dzR241 AOK
yAaln SySNBRNHEIFZ yRNVSGENKD DBiza iHbOREyESN R20 NE | ]
StS1TUiNRYs6s | (F10S fdzYAYy2F2NE yI AOK oliTAS C

16Fryi2sS2 fdzyAySaoSyO2Aad 52RIG1262 22ye YSOlf
22y26e R2 22ys g flISywir w2d0dsA@S RISAktI] A oWwRichs & 6 y A
YAS2a0S>s o0ST LRo2R26FYyALF T yASl1ailarodSz 6 aASOA
28ad yAoall 2R f dzy &y 21122 Nibg y2LAIANT eLANG S2R YRR I2 ,GC 6 A S
g1 3ttt Rdz S/ I INRYalyINB a2 6 YA S| Y ¢ @NE ESWAY O | 2T TdzLD 2 N
geYlFAFLYyAlLYA 2RYy2TYyAS LRsGFNIIty21 OA aeyasSisz Y:
f dzyAySaoOSyoOa2aszx AadGz2ayl 28Said 2LJieYltAl gl &a N
wykonanoszereg syntez fluorku wapnia, Gafomieszkowanego jonami ¥loraz E¥* Nk 0 y A D O& OK
AAVEAt RT & I@2AI@@m 261 yeyY &adaNFF{drydSYy LRROIIa aeyds
6aiz2az2¢lyS32 2112 1T NFRO2 22ysywh FZd2tND2 1200 N@I
TFT6ASNI2n0S32 LINB1dzNE2NE yly20inadisis + GF108
22y AlA 0l RwatewlpabbkacPOD& NI SRalGlFgA2ye T2aiGl0,Tyl0OInN
cytrynianu sodu, na otrzymany produkt ora@ijg ¢ Ol I OAg21 OA &LISTUNR A 2 LR
1 2aiNbG8ASSVYy 2 Ol SayS Go2NI SyAS aAit &idNMz] G3zNE KS|
212 NBIT dz GF 0 ¢ LIN® siécRkrySaflideriejyv ehuylisyskania kompensagii

Ol Rdzy { dz L} R@afrjcPjariai2zib ly ALIR RAGEF 6AS |yt AT & 23GNJ
ustaloro optymalne warunki syntezitydrotermalnej fluorku wapnia domieszkowanego jonami

iterbu oraz erbu, (czas trwanieakcjil2K~z Y AS6ASEt {A YIRYAIFINI 22ys5¢ TFf

jako surfaktant, Y OF 262t 42106 o6pn Y[ 0O 2N} 1T o6NI3 (YWAsSNE |
dzY 2 0 f A 6 A O &NPs2QIKNJ NI Y| I 165 NE niegz@kinOBzmiaerm t2 NJ- 1 AyiliSyaesg:
f dzZYAy SEPBRY@BIDEesSY 61 06dzRT SyAl 1. TF1NBadz 6f AalAs

P2. Upconverting Srk nanoparticles doped with Y#/Ho®", YBY/Er** and YB/Tm3" ions ¢

optimisation of synthesis method, structural, spectroscopic and cytotoxicity studies

Optymalizacja LINE OSRdzNE LINJ @32 (2 ¢ la@NIG STLANS d & O 208 1
przeprowadzone dlajuO | RAYB*{ IMX(Ln = Ho*, EB*, Tn?*). Dla wspomnianych struktur
gel2yly2 FylFftAl U0 QRIONB YA BA/NF 2 Rzl yORINBYALY | Y2
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fluoru (15IUb3] NRB Gy & Yy I RYALF NI Tt dz2ywiezgzt | tvézg daan RIA OAROdzAR T
morfologiczne oraz spektroskopowbBzyskane rezultaty przedstawiono w artykit@ Istotny

gLIOeé g ylI sAStE 12106 yI ygadi2madsS|al dd&iisa dvenloN: | 68
LINI 8320261 YAl LINFO61A YIRYSNBNDRY Kisbfd wiododdgoRldzp ay A S
I INB 3l Gs ¢ di-keothdgd nadmiak fluorkuvamonu, natomigsizydzd @ OA dz g At 1 &l S$3
YERYAFNHzZ 2GNIeyYly2 gAat1alsS OITnadlAaAz 2 zyiSNB3IdA
LT Nk R 6aileaidlArOK LN}k akotnyfr ngddnizemmMdorkd akmond draed & YI vy S 1
cytrynianem sodu, jako surfaktantén OK Il NI { G SNBT 261 & aAiAt yl 2ol NRT A
yI2RUOdzwal @YA Ol &l YA d0&O0OAl & %I prgnfmNBnodulng e 1 2ad 1 1
wygaszenieuzyskanegmisji w produktach gdzie wykorzystano go w trakcie syntdgs.bazie

dzl @ a1 FyeOK LINk6S] LINJe3az2az26lyS T2adl 08 NboyASd
FAl 22f23A0TyS2ad ¥% LRINMNIR yAOK geoNry2z2 OInadia
luminescenciji w cel przeprowadzenia modyfikacji ich powierzchni 4 1 s NB2 Tl adz2az26l
kwas poliakrylowy (PAA) oraz glikol polietylenowy etebis karboksymetylenowego

(PEG- (COOBO @ ¢ 1 T Y2 R&TFA|vykotzystdno W lbgtian@iid acvedrdz

SIRYE, Lt nt 0@ ¢S - luBzKis Rifoblasty. \8 R O pez@prowadzonychii S& (is ¢ =
yIEy20inaaliiA eéLIO@&slF2N yI LINRPEAFSNI 02t (12Ys5NB]l 4
22ys g 1 FGI0O22 20NF | dz2Ti'®w YA METRIT 12R2yAkyAS At {al
zmnie &1 2yS YIYYlFdlFyAS &At 12YsNB1® /2 OASTFeS 112
Y2ReFA|1 26 yeOK 2NI I YASY2ReTFA1 26 y&OK Yyl 12Ys5 N
YATINR&12LISY 12yF21tftyeéyYy 20Nl T dz2n0O0S NRIT YAS
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P3. Synthesis and up conversion of core/shell SeEYR*EF*@SriYE* Nd** nanoparticles

under 808, 975, and 1532 nm excitation wavelengths

CFREYAF VIR O YFYEYNIGENEENR YL dz R2YASAT {261 yS3az2
wykorzystano w dalszych etapach prac badawczgad tym dz] OF RSY X | przR21 OF Ry A §
20N @Yl yAdz &0GNHzZ Gdzl) U RRREZ sNRIPSIEZwERBIYRNY | (S d & 4]
RodzSil LI26S2 adyiSTAS KeERNRGSNYIf ySOESIYRREIFAN 2K
0 | RIOEzPmane wynikiprzedstawiono w publikaciP3 5T Ax & G NHzl G dzNJ S NRT SZ«
Y20t A6S 2S5SaiG NRTRIASEt SyAS R@nrsabyall OA erieRlyad RT & NRI
stosowanycte 2 Y532 NIYl YAYAYFf AT O2F NBflF1alFr02iA 1 NIeoz2g8S
GF1AOK dzl OI Rs ¢ 2Saiil YRAE Paw2d Sy HEINR WG A R0 NE 6> 6
N*dzl @ 41dz2nO Gey alyvyey ¢1o0dzRT1 SyAS 2 R0OdA21T OA T p
LINI 8L Rldz TlFradz2az2elyAl 20Nl eYlryeOK 1T 6ANRT {506 &
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a1 Nk OSYyAS ROARAIORA WAYARYIgf DidadR2NO LINT ST G2 STS{i
I 6&2N1LIO2t LINBYASYA24FyAl oOdyn yYO LINI ST g2R¢
Y2NF2t23AA 20NieYlIyeOK btas | G108 AOK R23I0t
K2Y23SyAOdzNan TadiN@BrEdz TOR2NIOA L ¢9a yAS &aidly26AD0
core/shell, dlategow celu potwierdznia uzyskanid | 02 ® 2 y S 3@ykoizystatd 1 | AZ G | O
spektroskopidaserova> | R 2Widha RYMES2A L2 R ¢ LIOFDrinWy zakiededzR T Sy
900MT NN YYI 206aSNBdz2nN0O Gkéndersii brazézbudzerdet5s2inniw2 R2 6 Y
zakresie 450200 nm(zjawisko up konwersji) Widmadzl @ 81 F y&@ OK LIN» 6 S & Lidz
L2 Nk 6 VS YWAZRYD, ER*, NF'E Rf I 1 idsNB2 1T NBESELNRE! v2 LN
L22F gAl 2N0S aAt yI LRI 2a0GF 080K gARYIORPHt 20648
N L2 R ¢LI0@sSY 61 06d2RRT SyAl 2 ROdzA21 OA mMpoH YYX
absorbowania przez jony erbu. Proces ten nie jestabgew | y& Rf I & G NHz] G dzNJ NRI
LR GSASNRT I NBIT RIPFEST gy BRRARINKAR Ky & A/MNJ>dbedtgeh Sy A dz 2
6 LRs0208Sd hiaNJeyvYly$S &GNHz GdzNBE Y23ID o088 6812
g1 Attt Rdz yI Y20tAg2i02661ya&RT Sy 2 RUIBPDORYY aAt
biologicznycht (W aAEA 61 OK a02ySOT ye OK®

P4. Formation Mechanism, Structural and Upconversion Properties of Alkaline Hzagh

Fluoride Nanocrystals Doped With Y#Er3* lons

Istotne znaczenie w badaniach @ OT NO& OK - kawegsjh idjdgd prattrycznych
Tradz2az2eltz YI LRaldigAsglyAS y280K VYIy2YFGSNRI
LINEYASYA28l yAF SYSNBAA 6 3IsNYs F+ GF108W LRAT SN
LINTI SOA 6 A SZ&E0 &K z22RF Ab 12 LE NREF, (gdzieMESHBBANZ MNA t  a
la, Gd, Lui D & Ol 62 LIRLUR/Bays and Baadr0 ENB DRI YA S &N R2al
badania naukowe na ich temat, (np. 2B, CaGdkr czy BaurO @ . I 1 dz2nd yI ge
opwbf A1261 yeOK Rf Isordz@AYEl {155 NB DR&C | 1 dz2N Ay (iSya:
otrzymano szereg matryc JREF, oraz matryc domieszkowanych jonamfYEF LINI SRa Gl 6 A | 21
AOK OKIN}Y¥{1GSNR&AGRIt Y2NF2f23A01 yPAPO RGO IRGSL2T
Lyt AT AS a10FRdz LIASNBALFAG126S32 1T adghpty&izsel ye o
spektrometrt emisyjfdl S 61 6 dzRT SYASY 6 LI I T YAGOES ysRldep Oeé 2y S2
20N @Yl yAS (NI SOKMRES@YalMRER(GYR) BeYR BaY E, RALARY
CaGdF, SkGdF, BaGdF, SkLuFR, BalLuR)iMyRER«Rt | & ( Nzl G dzNJ 1T #avak SNIF 20O
Ld Y2f Seayey SGFLISY o6FRFZ 680F FyFtATEF YSOKFYAI

gl T yASYyAl dASE¥KIAI2YWASIHE NBBAEY SL@K AR dzo @ OAl  GF 1 AS:
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gal ead1AOK T gANT {56 OoMGdAzRESY & WwaMiYRMEE 2012 NSO a |
TFHalNG2T OA R2 YAyl SN teeoyzsyd o[ y. 1 dz2RO yI  FylfATA
LINI S2T1T OA s e 0Kl la Ay s 95¢! 616la oSietftSy2RAlIYAY:
LINEYASYAlFI OK 22y24@8 0K YSOl f braztl®K2BADOE OKY &1 @GR OF R
zastosowanych w syntezie metdlil LINR L2y 261 y2 YSOKI YATY F2N¥Y26 YAl
FEAd2N) s B ASBGEHEALFEAOI ye OK A BihaBakiryzowaniNssea/ AISHSY NI
GO T OAg21 OA aLIS1TGNR&12LR26S 20NI eYl yalOxkoray | y2 YLl (81
SeluRz  Rf I 1 GsNBOK 21 NBIf 2yaz Ef 26e D Blapasddi@des | NI 21 6
ini Syaeesgyn SYwmaaa@e RINZ Y 2 Iyd 2bdpdwiednigii ® BNdT 00 grazn ®n n M:

nonmMmpH B ndaamMIod %egANI 1A GS an oFNRI 2 20AS0dz2r

wykorzystane w dalszych badaniach.

Podsumowanie

W niniejszej pracy doktorskiez LINJ SRAGF g6A2VY | T2aidl O aeyast
FAT @1 20KSYAOT YI yIEYy2YIGSNRAFOsg6 gellti d2ndedoK 12t ¢
LINEYASYA26FyAlF 1T T1TF{NBadz 6ftAralisSa LRROI SNBASYAc
f2adl ove 2 LJ NI S flaorkowe Y I in®&t&@i O S ziem alkalicznych

A NI FTR{IAOKSE R2YASAT | 2%(LnyYd, N&,HY, ErYTin). £ I il y260s56 [V
237 @ad1AS 20GNIelvayy §2 v§iiSmNDI Yv& NIhin, WA (N {1325y A d S¢
KERNRFAE 268 OKFNI{TGSNE 1S 61 Sdzdinikaz syritezigt @ {1 2 NJ @ a il |y
t NI 2320261 yS yIy201 nak{v=Caf NIz2InDSBG lyd e Yil 21 INBOV! f
pod] DOUBYNF2f 23AA 2NI T g0 [6@R 2NT @A (212K tikr 3 1S3/ 1056 & O
21 NRBRRITF2 R2RIyS32 &adeNaF [ Ff (dk2yNbidzs O/ I RaY ANBNI 11 ONBBAR TN
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Abstract

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

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

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

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

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

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

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

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

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

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

multiwavelength (808, 975, 1208 and 1532 nm) 2W CW diode laser was used as the excitation

3
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source, coupled to a 200 um optical fibre and collimator for emission measurements and
examination of relations between emission intensity and laser power. Laser beam size and
power were measured by Ophir 10A-PPS sensor (CW laser) or by Coherent EnergyMax-USB
J-10MB-HE Energy Sensor (pulsed laser). As a detector, a Digital CCD Camera made by
Princeton Instruments PIXIS:256E, equipped with an SP-2156 Imaging Spectrograph was
applied, corrected for the instrumental response. Luminescence decay curves were recorded
using a 200 MHz Tektronix MDO3022 oscilloscope, coupled to the R928 PMT and the
QuantaMaster™ 40 spectrofluorometer. All spectra, i.e. excitation and emission were corrected
for the instrumental response and OPO laser energy.
Synthesis of CaF2:20%Yb>*,1%Er* nanoparticles

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

42].
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Results and discussion
Structure and morphology

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

space group, for both reactor volumes used (Fig. 1).
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Fig. 1. XRD patterns of the CaF,:Yb**, Er** samples synthesized by the hydrothermal method:
a) without stirring, in 35 mL volume, b) with stirring, 75 mL volume. The patterns are labelled

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

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

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

small volume, with 1.5x NH4F excess.

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

the results are listed in Table 1.

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

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

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

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

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

physiological pH for 24 h.
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Fig. 2. Nanocrystals size distribution of hydrothermally synthesized samples:
(a) CaF2:Yb* Er**, NaCit, 1.5% NH4F (b) CaF»:Yb**,Er**, NaCit, 3x NH4F (c) CaF»: Yb**,Er’*,
NH.Cit, 1.5%x NHsF (d) CaF2:Yb*Er*, NH4Cit, 3x NH4F, (e) CaF2:Yb* Er*, NaCit,
1.5% NH4F (f) CaF2:Yb* Er**, NaCit, 3x NH4F (g) CaF2:Yb** Er**, NH4Cit, 1.5x NH4F (h)
CaF,:Yb** Er**, NH4Cit, 3x NH4F, where a)-d) 35 mL, without stirring, and e)-h) 75 mL, with
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stirring.

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

conducted in water.
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Spectroscopic properties

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

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

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

25 mJ-cm?).

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

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

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

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

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

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

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

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

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

CaF2:20%Yb*,1%Er*

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

E g & £ F|F & £ F

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

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

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

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

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

966 nm excitation than under 976 nm.
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