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Abstract

La y e r-tgashiunUphosphate intercalated with propylamifigHPOx)2-2CsH7NH2-H20 (-
TiPPr), hasbeen synthesizeby solidvapour reactiorandthen exfoliatedvia a singlestage
approachbasedon overnight stirringn aqueous mediunThe obtainechanosheatwerethen
functionalizedusing solid-liquid reactionwith europiunglll) nitrate aqueoussolutiors. The
obtainedmaterialswere characterized byowderX-ray diffraction PXRD), N2> adsorption
desorption isotherms at 77kscanning electron microscopy (SEMjansmission electron
microscopy (TEM SAED, STEM-EDX), atomic force microscopy (AFM and
photoluminescence speascopy (PL) The europium(lll) sorption takes placevia two
distinct pathwaysthe first is he previously reportedCsHzNHs"/[Eu(H20)]" ion-exchange
processnto thetitanium-phosphaténterlayer spacef the multilayered)}TiPPr. The second

pathwayis the selfassembly okinglesheetswhich isprovoked byelectrostatic interactian
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between the negativelghargedtitaniumphosphatesheetsand the Eu(lll)-aqueous cations

leading to thdormation of layered ultrmanoparticles
Keywords Titanium phosphatéPropylamind Exfoliation T Europiumi Luminescence

1. Introduction

Although netal salts of phosphoric acid have been known for agentury, research
on layered metal phosphates only begathie end ofl 9 5 @fi@rsome of these salts have
been utilized as cation exchangers in radioactive waste stigaamss et al.1956. In the
beginningtetravalent metal phosphates were only abélas amorphous gedsving totheir
low solubility. In 1964, Clearfield and Styné€learfield et al 1964 prepared the first
crystalline compound}Zr(HPQy)2-H20 (U-ZrP), which made their layered structi@oup
et al. 1977 and chemical reactivityKullberg et al.198]) clearly understood. Latethe o-
layered compoundyZr(PQs)(H2PQy)-2H-0 (g-ZrP), was also reported by Clearfield et al.
(Clearfield et al. 1968. Not only can itanium phosphate be prepared as a gel or in
intermediate stages of crystallinity, but also in several crystalline forms incliHiagd o-
TiP (Salvad6 el al.1996 GarciaGrandael al. 2010. These ayered tetravalent meta
phosphatg with strong bonds in two dimensions and weak bonds in the dmiedusually
undergo two kinds of chemical reactiofie first one is thentercalation reactionthatoccur
with the retention of he twodimensional bonding, where theterlayer spacingcould be
expandedenoughto absorbthe guest moleculegMenéndez et all993 Espina et al1998
Espinael al. 1998. In this case,lte materialremains crystalline or sergrystalline because
of the absorptiveinteractions between the guestdthe sheets of the hogEspinael al. 200,
Mafra et al.2005 Mafrael al.2008. Theothertype of reactions theexfoliation, whichcan

be considered an extreme case of intercalatiothis casethe forces between the sheets are



weakly attractiveor even repulsiveresulting in easily separab{eanoyheets by the effect of
solvent molecule@Brunet2010.

Two-dimensional (2D) nanosheetgossessingatomic or molecular thickness and
infinite planar dimensionsare the thinnesknown functional nanmaterials. These 2D
nanosheetgerived fromthe layered parent materiali& exfoliation processs haverecently
gainedincreasing attentiobecausef their outstandingunctionalitiesand ability to servas
building blocks(Osada et al2012 Wasseidl al. 2013. Exfoliated nanosheethiave been
realizedby implementing graphitexide (Parvezel al. 2014 Xia el al.2013, transition metal
dichalcogenidese(g. MoS,;, and MoSey) (Colemanel al. 2011 O'Neill et al.2012), layered
double hydroxides (LDHs.g. M(II)-Al-COs whereM = Zn, Ni, Co, Fe)(Liu et al,2007 Liu
el al.2007), and metal oxides (@dbzO1q, TiaOe*, MNO;°4°) (Oshimael al.2015 Jefferyel
al. 2016 Wangel al. 2004. In principle thesematerials undergo exfoliation in solvents to
form colloidal dispersions of single layer nanosheekisder specific conditions,they can
form dimers and higher aggregates of individual shéetsrestingly these lamellar colloids
can be restacked to make the parent solid or its intercalation comg®) and this feature has
prompted their use as precursors, for nanocompositdsggreédseltassembled hybrids.

Nowadays exfoliation of layered tetravalent metal phosphatey(U-ZrP, g-ZrP and
U-TiP) has also receivedonsiderablattention(Alberti el al.200Q Takeiel al.200§ Tanaka
el al. 2010, especially thie ability to reassemble with functional guest moleciiesnel al.
2007 Kumarel al.200Q Chaudharel al.2005 Kim el al. 1997). This implies the possibility
of combiring U-TiP nanobkeets andcationic species via adsorption processef further
explore the plausiblaovel functionalitieof theselayered tetravalent metal phosplsatd/e
have recently reported thathen UTiP is used a€Ew**-sorbentin aqueous medjathe
ma t e r urfacé i@ eespansiblenly for the adsorption(Ortiz-Oliveros el al.2014 Garcia

Glezel al.2016, while the interlayer spade solelyaccessible to theuropium species when
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the basal spacing si already expanded and an amineintercalation product,
Ti(HPQy)2-2CsH7NH2-H0 (U-TiPPr), is used aastarting materia{GarciaGlezel al. 2016.
Under these operating conditigna complex processakes placethat include partial
hydrolysis of the titanium phosphateith the precipitation of crystalline europium
phosphates and dinium dioxide gelsogether withthe transformationof U-TiPPrto U
[Eu(H20)6] 2/3Ti(POs)2:[(H20)e] 113 Via an ionexchange mechanisrin the presenwork, the
exfoliation of U-TiP intercalated with propylamin@}TiPP) andits Eu(lll)-functionalization
via sorption processas proposedis & efficient procedure for the synthesis loiminescent

layered ultrananoparticles

2. Materials and methods
2.1.Experimental procedures

n-propylamine (98%) and europium(lll) nitrate pentahydrate (99.99€)yepurchasd
from SigmaAldrich and used as receivedihe startingmateria] U-TiPPr, was obtained by
placing U-TiP in an atmosphere saturated with propylamine vafmr 6 days at room
temperaturdMenéndez et all990. In a bath,four equalsampleseach constitute0.3 g of
U-TiPPrwere equilibrated by adding 6 mL of ¥OM eurgium nitrate solutionT = 25.0 +
0.1 °C, t = 72 h, solution/solid ratio = 20 mL/g)por ovo ke t he mataeri al 0
previously describedGarciaGlez el al. 2016. By in situ addtion of different amounts of
MilliQ water and0.25 M europiunglll) nitrate solution(pH 3.94)to a total volume of 8.4
mL, four samplesEu_x (x indicates the total volume addeith mL, of europium nitrate
solution)were preparedcu_0was taken athe referenceample that was preparbg adding
a totalvolumeof 2.4 mL of MilliQ water in three successiveortionsof 0.8 mLseparated by
1 h of stirring The mixture wasthenstirred for 24 h beforéeing centrifuged In a similar
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procedureEu_0.8was obtained by addingvo portions of 0.8nL MilliQ water followed by
0.8 mL of europium nitrate solution. FdEu_1.6 one portion of0.8 mL MilliQ water
followed by two portions of 0.81L europium nitrate solution were addddnally, Eu_2.4
has been obtained aftaddingthree successivportions 0.8 mL each)of europium nitrate
solution. The elementalanalysis resultson carbonare summarizedn Table S1 (see

Electronic Supporting InformatioeS|).

2.1. Characterization procedures

The powder Xray diffraction (PXRD) patterns were recorded on X'pert Panalytical
diffractometerwith Cu-Ka radiation [ = 1.5418 A). The samples were gently ground in an
agate mortar in order to minimize the preferred orientation. A Méfidérdo equipment
(TGA/SDTAB85Y) were used for the thermal analyses in oxygen dynamic atmosphere (50
mL/min) at a heating rate of 10 °C/min. In TG test, a Pfeiffer Vacuum ThermdStar
GSD301T mass spectrometer was used to determine the evacuated vapours. Micrographs and
X-ray microanalysis (SEM/EDX) were recorded with a JEOL J®IMO electron microscope
operating at20 kV coupled with anX-Max SDD 80 mn? energy dispersive Xay
spectroscopyYEDS) detectorfrom Oxford instrumentsThe TEM studies were performed on

a JEOL JEM2100F field emission transmission electron microscope operated at an
accelerating voltage of0D kV and equipped with an ulttagh resolution polgiece that
provided a pointesolution better than 0.19 nm. Fine powder of the sample was dispersed in
ethanol, sonified and sprayed on a carbon coated copper grid, and then allowediyo air
The Atomic force microscopy(AFM) images were obined with aNanotecTMAFM. The
Photoluminescence studies at RT were obtained using a standard spectrofluorometer

Edinburgh Instruments FLSP920, having a 450W Xe lamp as the excitation source. The



sample was placebletween two quartz plates placed at 45° from the incident beam and the
detector.N> adsorptiordesorption isotherms were recorded at 771K a Micromeritics

ASAP 2020instrument The degassing of the samples was performed at 100 °C for 17 h.

3. Results an discussion

The pwder XRD patterns oEu_x samplesare shown inFig. 1 The structural
ordeing in the direction perpendicular to the plane of the sheet is still observable in the case
of the exfoliated} TiPPr Eu_0), with the firstcharacteristipeak at & = 5.5 andd-spacing
of 16.0 Awhich correspond to the interlayered distaitéhe starting structure of the layered
UTiPPr. However,we observed that fdEu_0.8to Eu_2.4the structural orderingetreased
substantially with the increase in tbencentration of europium in the contact solutions

The nitrogen adsorptioadesorption isotherms at 77 K of the samplesi P ( a) ,
TiPPr (b) andEu_2.4 (c) are shown inFig 2. All the adsorption isothermareType I
according to the BDDT classificationTtjommeset al. 2015, which indicates that the
adsorption process takes place in a mondtilayer with negligible porosity. The application
of BET method over the adsorption branches gives the BET swfaaeof 6.5 rfg?* for U-

TiP, 9.9 mig* for UTiPPr 38 m?g? for Eu_0.8, 53 mg* for Eu_1.6 and 110 rig* for

Eu_2.4 The highvalues observedor the surface area taseof Eu_0.8 Eu_1.6andEu_2.4
sample are attributed to the exfoliation process BFTiPPr, as well as theéncrease of
Eu(lll)content.

The morphology ofEu_x sampleswere characterized by SEM and the results are
presented irFig. 3. The pristineU-TiPPr exhibits hexagonal shaped pla{@sg. S1 ESI),
indicative ofhigh crystallinity.After the exfoliation ofU-TiPPr Eu_0), the shapetiexagonal

plates disappeared, and the nanosheets are tightly stankedightly wrinkled (Fig. 3a).



After europium species wamdsorbechto U-TiPPr nanosheetsaggregatdike nanoparticles
along with roughly layered morphologiesould be observedF{g. 3b-d). However, no
obvious different observations can be sbetweenEu_0.8to Eu_2.4 andthe sizes ofhese
aggregatesire still too small to be visualizeahd estimatediirectly from the SEMmages
(Fig. 3b-d). Overall, theseasults are highly consistent with tRERD analyss (Fig. 1).

As mentioned abovehé pristineU-TiPPr was exfoliated via overnight stirringto
p r o d uTtPRr shBetsEu_0). TEM analysesvere performedor the asp r e p aTiRPd
sheet§Eu_0) andfor all the solid Eu_0.8 Eu_1.6 andEu_2.4treated withEu(lll), and the
observations are shown ling. 4. Figs. 4a-c showa general view oEu_0, clearly illustrating
that the crystalliné-TiPPrcould be fully exfoliatednto individual nanoshesby the process
implementechere. From thd EM dataof Eu_0.8 Eu_1.6 andEu_2.4presented irrig. 4d-,
it is obviousthatthere are two type afasily distinguishablenorphologies(1) thestacked*
TiPPr sheetswhich areprobablyuniformly decorated and/or intercalated by Eu(lll) species
(2) theaggregaté nanosheetsvhich tend tqoile upinto larger paitlesat increasindzu(lll)
concentratioa

The chemical composition of these morphologias inspected by EDX analysis
the BrightField Scanning Transmission Electron MicroscoB¥-STEM) mode (including
line-scan and mappingnalysey the results a illustrated inFig. 5 andFigs. S2S6in ESI
Theseresults reveahat bothU TiPPr sheets anthe naneaggregates contain Eu(lll) spegies
and that the Eu(lll) content increasestlie stacked} TiPPr sheetsas the starting Eu(lll)
concentration increasesdicating thatthe immobilization'sorption of Eu(lll) speciesis
successfl. TheEDX elementamapping of carbonHig. 5 andFigs. S2 S4, S6in ESI) shows
thattheselarges t a c WiPRY shektss still intercalated withthe propylamine In addition,
their propylamine content decreases as the starting Eu(lll) concentraticeases in

agreement witlihe results oeélemental analysisn carbonas shown inrable S1 These two
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observationssuggestthat the Eu(lll) retentiorfabsorptionis a consequencef an ion
exchange procedgasto the interlayer space of the layered titaniphosphatethat involves
propylammonium cations anduropium(lll) speciesThe second observed morphology
nancaggregates,are most probably formedby the seHassemblyof single UTiPPr
nanosheets thahkes placafter theyadsorbeEu(lll) species on their both siddsecause of
the electrostatic interaction between these negativblgrgedU-TiPPr sheetsand Eu(lll)
species.Therefore, we can conclude that the mechanisrkwfetention may be initially
caused byhedegreen f e x f o | i -AiPAr leeragond platet e U

To confirm the above hypothesis about the exfoliatdegree of the U-TiPPr
hexagonal platesn AFM studywasperformed forEu_0 solid, and the results are iditrated
in theFig. 6 andFig. S7 in ESI. The resultseveal that the exfoliation leads to variations in
both size(ca. 100 nm to 600 nmagreeing with TEM results)nd thicknesg¢ca. 8 A up to 50
nm) of the sheetsAs perAFM data, the measured thickndss the particls with the size
betweenca. 100170 nm ca. 200 nm to 300 nm and larger than 350 nm were ranging from
ca.0.8to 12 nmyca. 10-20 nm,andca.30 nm to 50 nmrespectively.

To investigate the photoluminescence propertiesEaf x samples,the emission
spectra were obtained undek = 394 nm(direct intra 4% excitation,’FoY °Le), as shown in
Fig. 7. The emission spectrum &u_0, as expecteddoes not show any transition line due to
absence ofhe E#* sorption WhereasEu_0.8 Eu_1.6 andEu_2.4spectrashowthe typical
emission transitions of Bti(Atuchin el al. 2014 Shiel al.2014 Ji el al. 2015 Amghouzel
al. 2011 Amghouzel al.2012 Abdelbakyel al. 2016, whichare attributed t8Do Y "F3(J =
1-4) transitions at 3Bnm (DoY “F1), 616 nm {Do Y 'F2), 650 nm IDoY Fs), and 689 and
697 nm DoY ’Fs), with the most intense peak corresponding@eY “Fs transition. The

emission spectrahow an increase in the relative intensitieSf Y "Fo.4 transition peaksis



the starting Eu(lll) cocentration increaseJhis indicates thathe Eu-contentincreases in
solid phase accordingly

It is well known that the intensity of the hypersensifide Y ’F transition is strongly
dependent on the local symmetry of thé'mation and the nature dig ligands surrounding
it. Whereas, the intensity of tfBo Y 'F4 transition is influenced not only by the symmetry
factors, but also by the nature of the host matrix (chemical composition, electronegativity, the
radius of the rare earth elements and bkotrivalent cationsjFerreirael al. 2009. It has
been observed that the luminescence spectra of tveriaining compounds with Eulocal
site symmetry Iy are often dominated by tRBoY ’F. transition. In the absence of a center
of inversion, théDoY “F4 transition intensity is, in most cases, as intense a\e 'F, one
(Binnemans2015. Since the Etf cation is expected to be hydrated ([ExfHh]** species
where n = ), the abnormally dominant emission at ca. 700 ?Dg¥ ‘F4) with intensity
comparable to®DoY ‘F. transition at 616 nm could be attributed to the presence of-eight
coordinate species [EugB)s]®* with a square antiprism geometrys{Docal environment)
rather than [Eu(kD)e]®* species (Bx local environment).

The luminescence decayrves for Eu_1.6andEu_2.4samples are shown Fig. S8
in ESI, which are monitoredvithin the >DoY ‘F4 (697 nm) transition under direct intra 4f
excitation (3% nm, ‘oY °Le). As can be seen, tRBoY ’F4 transition decays exponentially,
andthe data caibe bestfitted usinga biexponential function d¢t) = Aiexp(t 1) ¥ Aexpf
t 4),Wherel(t) is the luminescence intensity,s the time after excitationd; and A, are
constants, antll and 3 are the decay times for the exponential componéygsshavn in
Table 1 bothvalues ofd and 3 componentsslightly increase with an increase of (@) -
content in solid phasé] increases from 0.16 to 0.26s and increases from 0.5tb 0.65
ms This revealsthat theluminescence decay cam lassociated wittwo differentways of

radiative decay In this case,Eu(lll) cations adsorbedon the surface of thelJTiPPr
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nanosheetsould be the main contrilbar of the fast componerds the surface is rich with
disordered Eu(lll) cations due to the surface defectempared to the inner core
(intercalatetabsorbeyl Eu(lll) speciesthat could be the source dhe slow component

(Ninjbadgarel al.2009.

4. Conclusions

We have shown thai+TiPPr nanosheetsould be easily obtained by exfoliating the
hexagonakhapedU TiPPr particlesvia a simple approachbased on overnight stirring in
aqueous mediunTheeuropium(lil)}-functionalization othe obtainedJ TiPPrnanosheets, by
a solidliquid reaction in aqueous solutionsof europium(lll) nitratg leads to two
distinguishake morphologies The large stacked sheets and aggregated nanosfibe&san
be explainedby the fact that th&u(lll)-sorptiontakes place by two differeqtathways i)
ion-exchang&bsorptiorprocess involving propylammonium cations d&alll) speciesand,

ii) adsorptionof Eu(lll) species on the surface sihgle UTiPPr nanosheets, anttiese two
pathwaysare in turnattributedto the degreeof exfoliation of U-TiPPr. We believe that the
methodology presented here can serve as a simple and efficient route for the synthesis of
luminescent layered ultnaanoparticle®f tetravalent metal phosphates. In addition, it implies

the possibility of combining other tetravalent metal phosphate nanosheets and cationic

species to further explore the plausible novel functionalities.
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Table 1 Fitting parameters of tHaiexponential temporal dependence for the luminescence

decay curves dEu_1l1.6andEu_2.4monitored at 697 nm and excited ad36n.

Ums) i
Sample a G

Eu 1.6 016 051 1.295
Eu 24 026 065 1.262
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Figure captions

Figure 1. PowderXRD pattensfor Eu_x samples

Figure 2. No/77K adsorptiordesorption isote r ms -Td fP  {TiRPr (b),EU_0.8(c),
Eu_1.6(d) andEu_2.4(e) (Color figure on line)

Figure 3. SEM images oEu_0(a), Eu_0.8(b), Eu_1.6(c) andEu_2.4(d).
Figure 4. TEM imagesof Eu_0 (a-c), Eu_0.8(d-f), Eu_1.6(g-i) andEu_2.4(j-I).
Figure 5. STEM-EDS elemental mapping fdtu_0 (af), Eu_0.8 (g-l), Eu_1.6 (m-r) and

Eu_2.4 (sx) samples; Ti (red), P (yellow), O (blue), C (cyard Eu (green) elemental

maps

Figure 6. AFM imagesof Eu_0 andtheir thickness profile@Colour figure online)

Figure 7. Emissionspectra oEu_0 (violet), Eu_0.8(greer), Eu_1.6(blue) andEu_2.4(red)

samplesobtainedupon excitation at394 nm (Colourfigure online).
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Figure 3
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Figure 4
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Figure 5

20



