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Abstract(
PolymerTbased! nanoparticles! tackle! many! different! fields,! from! extrinsic! selfThealing!

materials! to!cosmetics,! from!electronics! to!nanophotonics.!The!growing! interest!among! this!

topic! is!mainly! due! to! the!wide! range! of! application! and!market! needs! that! polymers! have!

been!satisfying!since!their!discovery.!Moreover,!polymer!nanoparticles!in!the!submicrometric!

dimensional! range! have! been! obtained! by! different! methods.! However,! the! scientific!

community! is! still! debating! whether! bulk! polymer! properties! are! retained! in! this!

nanostructures!or!not.!!

In! this! work,! a! method! for! the! inTsitu! monitoring! of! polymer! chains! aggregation! state!

based! on! the! timeTresolved! fluorescence! of! a! tailored! molecular! rotor! was! developed.!

Differently! from! previous! literature,! this! technique! was! calibrated! and! compared! with!

standard!differential!scanning!calorimetry,!in!order!to!have!a!replicable!and!robust!standard!

reference.!The!results!leaded!to!the!conclusion!that!bulk!polymer!properties!related!to!glass!

transition!are!conserved!even!in!nanoparticles!of!some!tens!of!nm!in!radius.!This!observation!

was! used! as! an! important! paradigm! towards! the! preparation! and! application! of! biphasic!

polymerTbased! nanoparticles.! With! this! regard,! an! optimized! semicontinuous! emulsion!

polymerization!protocol!for!the!preparation!of!poly(nTbutyl!acrylate)@polystyrene!(PBA@PS)!

core@shell! nanoparticles! was! developed.! These! nanostructures! were! found! to! behave! as!

forceTresponsive! nanoTobjects,! leading! to! the! first! example! of! baroplasticity! detected! on! a!

single! particle! scale.! Beyond! the! basic! research! interest! on! the! nanomorphology! evolution!

under!nonTequilibrium!stress,! this!result!can!be! interesting! in!manufacturing!a!new!class!of!

sealing! nanoadditives! in! the! field! of! extrinsic! selfThealing!materials.!We! demonstrated! that!

such!PBA@PS!nanoparticles!can!have!even!other!applications.!Namely,!PBA@PS!nanoparticles!

were! used! as! nanocontainers! for! lipophilic! derivatives! of! a! biocompatible! dye! and! as!

nanoemitters!for!sensitized!upTconversion!(SUC).!!

In! order! to! overcome! some! limits! of! PBA@PS! nanoparticles,! liquidTcore! nanocapsules!

were! prepared.! These! vascular! systems! are! composed! by! a! nThexadecane! (HD)! core!

embedded!in!a!plastomer!poly(methyl!methacrylate)!(PMMA)!shell.!The!preparation!protocol!

of!such!nanocapsules!was!optimized! in!order! to!use!them!as!nanoTadditives! to!be!delivered!

within! selfTstanding! ProofTofTConcept! polymer!materials.! Particularly,! a! poly(vinyl! alcohol)!

bulk! SUC! film! was! prepared! and! found! to! be! effective! even! in! ambient! conditions,!

demonstrating!the!potentialities!of!this!system!for!everydayTapplications.!
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Besides,!HD@PMMA!nanocontainers!were!used! for! encapsulating!oxide!nanocrystals! for!

the!preparation!of!hybrid!polymer!materials!with!enhanced!refractive!index.!The!nanoToxide!

loading!within!the!HD!core!was!so!high!that! it! inhibited!either!the!crystallization!of!HD!and!

the! aggregation! of! the! nanocrystals.! Thanks! to! these! capabilities,! the! oxideTloaded!

nanocapsules!have!been!used!during!the!bulk!polymerization!of!PMMA,!obtaining!transparent!

bulk!sample!of!PMMA!with!improved!refractive!index!and!naked!eye!transparency.!!

! Concluding,! with! this! work! we! devise! examples! about! the! applicability! of! polymer!

nanoparticles! as! smart! additives! within! formulations! for! the! preparation! of! hierarchical!

functional! materials! in! the! contest! of! a! more! sustainable! chemistry! for! materials! science!

applications.!!

! !
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!

1 Introduction(
!

Meeting! a! wide! range! of! applications! and!market! needs! can! be! addressed! as! the! main!

features! fuelling! the! huge! interest! growing! around! polymer! nanoparticles1.! Indeed! several!

reports!show!their!application!in!electronics2,!photonics3,!biotechnology4!and!environmental!

technology5.! Polymer! nanoparticles! (PNPs)! can! be! defined! as! solid,! colloidal! particles!with!

dimensions!in!the!range!10–104!nm6.!The!term!PNPs!can!be!also!extended!to!nanospheres!and!

nanocapsules.!Particularly!polymer!nanospheres!are!matrix!particles,!where!their!entire!mass!

is! solid!and!molecules!could!eventually!be!adsorbed!at! the!surface!or!embedded!within! the!

particle.! Even! though! PNPs! are! generally! spherical,! nonTspherical! structures! are! also!

described!in!the!literature7.!On!the!other!hand!polymer!nanocapsules!are!vesicular!systems,!

where! the! entrapped! payload! is! sequestrated! to! a! cavity! consisting! of! a! liquid! core!

surrounded! by! a! solid! polymer! shell8.! PNPs! can! be! obtained! either! by! polymerization! of!

monomers!or!starting!from!a!dispersion!of!preformed!polymers.!In!this!work!we!will!focus!on!

PNPs!obtained!with!emulsion!polymerization!(section!2.2.1),!but!an!insight!on!PNPs!obtained!

from! preformed! polymer! via! solvent! evaporation! from! emulsion! droplets! will! be! given! in!

sections!2.2.2.!!

!Emulsion!polymerization!(EP)!firstly!popped!up!in!scientific!publications!after!the!Second!

World!War,! in!19469.!However,!this!almost!70!year!old!polymerization!technique!have!been!

reTdiscovered!in!the!last!two!decades!on!the!wave!of!the!need!of!a!more!sustainable!and!ecoT

friendly!approach!to!chemistry.!Emulsion!polymerization!can! indeed!be!performed! in!green!

solvents! (i.e.! water),! leading! to! final! polymer! nanostructures! (i.e.! nanoparticles,!

nanocapsules)! with! dimensions! in! the! range! of! about! 102! nm.! Moreover,! since! the! 1980s!

several! sub! micrometric! microscopy! techniques! have! been! proposed,! later! in! the! 1990sT

2000s! they! have! been! used! as! ubiquitous! characterization! tools! in! most! of! the! academic!

laboratories.! The! technological! capability! of! imaging! with! high! spatial! resolution! the!

nanostructures!obtained!by!emulsion!techniques!(Figure!1.1)!has!been!fuelling!new!research!

lines10!on! this! topic! (Figure! 1.2).! Last! but! not! least,! emulsion! polymerization! has! become! a!

widely! used! synthetic! tool! even! in! several! industrial! scenarios! (i.e.! tyres,! paintings,! impact!
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modifiers,! dermocosmesis,! food! industry! etc.),! with! the! nanotechnology! world! market!

forecast!increasing!exponentially11.!

!

Figure(1.1:(Representative(SEM(micrograph((a)(and(AFM(phase(contrast( image(1(µm(x(1µm((b)(of(patchy(polymer(

particles(obtained(with(miniemulsion(polymerization(technique.((Scale(bar(represents(500(nm.(After(D.(Crespy(et(al.,(

Polym.(Chem.,(2014,(5,(365P371.(Copyright(©(Royal(Society(of(Chemistry.(

!This!PhD! thesis! takes!birth! in! such!a!PNPs!renaissance! period.!We!strongly!believe! that!

PNPs! can! act! as! a! new! platform! in! order! to! prepare! nanostructures! and!materials! able! to!

compensate,!react!and!adapt!to!external!stimuli.!Moreover!we!strongly!believe!in!Heraclitus!of!

Ephesus!words:!“τὰ!ὄντα!ἰέναι!τε!πάντα!καὶ!μένειν!οὐδέν!(i.e.!All!entities!move!and!nothing!

remains! still)”12.! Thus! we! decided! to! try! to! give! new! perspectives! to! PNPs,! taking! an!

explorative! look! in! some! proofTofTconcept! functional! polymer! nanostructures! for! potential!

technological!applications.!!

!

Figure( 1.2:( Representative( sketch( of( some( of( the( potential( application( fields( for( PNPs( fuelled( by( green( chemistry(

trend.(((

possibly due to the enhanced viscosity of the system when Cm is
high, which slows down the mobility of the polymer chains.
Moreover, the aforementioned plasticizing effect of DMA on
PVF becomes less pronounced with DMA conversion, leading to
a locking of the nanoparticle structure. This means that the size
of the patches of the PPs can be tuned by controlling the
monomer conversion, especially at the early stage of the poly-
merization. However, the consequence is that some amount of
the monomer can be present in the nal PPs.

Therefore we searched for another method to control the size
of the patches while minimizing the amount of the non-reacted
monomer in the PPs. This can be achieved by precisely adjust-
ing the composition of the PPs (entries 5–9 of Table 1). For
concentrations of DMA < 50% (Fig. S5a–c† and 2a), the particles
possess spherical morphologies, i.e., the DMA is embedded in
the PVF nanocapsules.53 Above 50% of DMA, the DMA cannot be
fully encapsulated by PVF and bowl-shaped structures
were identied (Fig. S5d†). As shown in Fig. 6a, the average
patche size (calculated on 100 patches) was !17 nm when the
concentration of the monomer was 10%. Increasing the amount

of DMA in the nanoparticles to 20% and 40% yielded a patch
size of !25 nm and !42 nm, respectively (Fig. 6b–c). A further
rise in the concentration of DMA (60%) leads also to a larger
patch size (Fig. 6d), but causes the formation of acorn structures
instead of the previously observed patchy nanocaspule struc-
tures. Patchy structures were also detected aer polymerization
when DMA was 80% but only in the bowl shaped section formed
by the PVF (Fig. S6†). The size of the patches, therefore, can be
controlled to be from !15 nm to !45 nm by adjusting the
composition of the nanoparticles.

The PPs morphologies are in a kinetically trapped but ther-
modynamically unstable state. Indeed, aer annealing the
nanoparticles at T > Tg, phase separation between the PDMA
and the PVF occurred and led to the vanishing of the patchy
domains. As shown in Fig. S7,† heating the PPs (entry 6 of
Table 1) at 90 "C removed the particle surface structures while
aggregation of particles was detected (Fig. S7d†). The thermal
properties of the PPs were investigated by DSC to estimate the
miscibility of the polymers in the PPs. Two Tg values at #32 "C
and 77 "C were detected before annealing, corresponding to the
PDMA-rich phase and the PVF-rich phase, respectively
(Fig. S8†). Compared with the Tg of the individual components
(105 "C for PVF and #48 "C for PDMA56), these results indicate
that the connement and the kinetically trapped colloidal
morphology force a partial mixing of PVF and PDMA. Note that
SDS also acts as a plasticizer to decrease the Tg of polymers.60,61

Aer annealing the freeze dried PPs (as powder) at 120 "C for
24 h, the measured Tg values of the PPs were found to be shied
oppositely to #38 "C and 103 "C, revealing a higher extent of
phase separation between both polymers. In order to lock the
kinetically trapped patchy morphology, we investigate the
possibility to crosslink the PDMA domains. The use of a
crosslinker for the formation of PPs is however a double-edge
strategy. On the one hand, the colloidal morphology shall be
locked. On the other hand, it may hamper the formation of the
patchy domains due to the rapid increase of viscosity in
the particles with increased monomer conversion. Indeed, PPs
prepared with 15 wt% DVB (1,4-divinylbenzene) as a crosslinker
displayed an irregular surface (Fig. S9a†) but no identiable
patchy domains (Fig. S9b†). Reducing the concentration of the
crosslinker to 10 and 5% (entries 10 and 11 in Table 1) however
yielded PPs. Whereas the PPs with a 5% crosslinker were
aggregated upon annealing at 90 "C for 3 h, the PPs with a 10%

Fig. 5 SEM micrographs show the morphological evolution of PVF
nanoparticles (entry 7 in Table 1) with increased conversion of DMA to
polymer. The scale bars represent 200 nm.

Fig. 6 SEM micrographs of PPs reveal that the patch size could be
adjusted by varying the compositions of DMA and for Cm > 95%. The
scale bars represent 500 nm. The inset particles have a diameter of
!300 nm.

Fig. 7 SEMmicrograph (a) and AFM phase contrast image 1 mm$ 1 mm
(b) of cross-linked PPs (entry 11 in Table 1) after treating at 90 "C for 3 h.
The scale bar represents 500 nm.

This journal is © The Royal Society of Chemistry 2014 Polym. Chem., 2014, 5, 365–371 | 369
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Dealing!with!nanostructures! and!nanotechnology!means! facing! the! special! properties! of!

matter!occurring!below!a!given!size!threshold!(i.e.!<102!nm),!when!confinement!effects!arise.!

Since!the!target!is!to!synthesize!functional!polymer!nanostructure!in!the!some!102!nm!range,!

the!first!issue!to!face!was!the!work!of!R.D.!Priestley!et!al.13!showing!that!the!glass!transition!

temperature! (Tg,! the! temperature! at!which! a! polymer! chain! start! reptating)! of! polystyrene!

(PS)!confined!to!the!nanoscale!can!deviate!substantially!from!the!bulk,!due!to!TgTconfinement!

effect.! Moving! from! the! previous! TgTconfinement! works! T! focused! on! the! thicknessT

dependence! Tg! in! thin! films! T! they! shifted! the! attention! to! geometries! beyond! the! twoT

dimensional!freestanding!films14,!namely!PNPs!and!3DTconfinement.!R.D.!Priestley!showed!via!

modulated!differential!scanning!calorimetry,!that!Tg!decreases!with!size!for!PS!NPs!suspended!

in!an!aqueous!solution!(Figure!1.3),!in!agreement!with!the!corresponding!freestanding!films.!

Furthermore,! they! were! able! to! inhibit! this! confinement! phenomenon! by! capping! of!

polystyrene!nanoparticles!with!a!hard!silica! shell.! Indeed!such!a!hard!shell! leaded! to!a! size!

invariant!Tg!of!PS,!embedded!within!the!hybrid!nanocapsules.!It!is!clear!that!such!results!must!

be! taken! into! account,! since! our! longTterm!purpose! is! to! prepare! functional!materials!with!

either! polymer! nanoparticles! or! polymer! nanocapsules! as! nanoadditives.! Particularly,! we!

need! to! know!whether! the! TgTrelated! thermoTmechanical! polymer! properties! (i.e.! stiffness,!

vitrification!and!structural!persistence)!are!stable!at!the!nanoscale!or!not.!

!

Figure( 1.3:( Change( in( Tg(with( respect( to( particle( diameter( for( PS( (blue(�)( and(PS/silica( core–shell( nanoparticles(

(yellow(�).(Inset(shows(a(MDSC(thermogram(for(285(nm(PS/silica(core–shell(nanoparticles.(After(R.D.(Priestley(et(al.,(

Macromolecules,(2011,(44,(10,(4001–4006.(Copyright(©(American(Chemical(Society.(

However,! the!scientific!debate!regarding!the! length!scale!of!glassy!dynamics! in!polymerT

based! nanomaterials! is! still! dominated! by! contradictory! results.! For! example,! Tress! et! al.15!
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published!in!2013!a!paper!studying!the!dynamics!of!condensed!isolated!poly(2Tvinylpyridine)!

polymer!chains,!using!broadband!dielectric!spectroscopy!and!a!capacitor!with!nanostructured!

electrodes!separated!by!35!nanometres.!They! found!that! the!dynamic!glass! transition!(i.e.!a!

cooperative!process)!can!take!place!even! in!condensed! isolated!polymer!chains!because!the!

length!scale!on!which!these!fluctuations!takes!place!—!typically!corresponding!to!two!or!three!

polymer!segments!—!is!much!smaller!than!the!extension!of!the!coil!as!a!whole.!In!Figure!1.4!

dielectric! loss!spectra!(recorded!at!407!K)!of!bulk,!semiTisolated!chains,!and! isolated!chains!

normalized! by! the! respective! maximum! value! are! reported.! In! detail! the! latter! two! are!

broadened,! especially! on! the! lowTfrequency! side,! which! corresponds! to! the! occurrence! of!

longer!relaxation!time!modes.!This!demonstrated!that!the!directly!measured!glass!transition!

of! condensed! isolated! polymer! chains! is! bulkTlike.! Moreover,! the! observation! of! bulkTlike!

dynamics! proposed! by! Tress! et! al.15! is! in! full! agreement! with! the! expected! length! scale!

proposed!in!1992!from!Fisher!et!al.16!where!dynamic!glass!transition!is!to!be!expected.!

!

Figure(1.4:(Activation(plot(of(the(αPrelaxation(of(condensed(semiPisolated(and(isolated(P2VP(polymer(coils(and(the(

respective(bulk(dynamics(for(two(molecular(weights(as(indicated.(Dielectric(loss(spectra((recorded(at(407(K)(of(bulk,(

semiP( isolated( chains,( and( isolated( chains( normalized(by( the( respective(maximum(value.( The( sketch( at( lower( left(

illustrates( the( length( scale( intrinsic( to( glassy( dynamics( in( comparison( to( the( size( of( a( single( condensed( polymer(

chain.( From( M.( Tress,( E.U.( Mapesa,( W.( Kossack,( W.K.( Kipnusu,( M.( Reiche,( F.( Kremer,( Science( 2013,( 341,( 1371.(

Copyright(©(American(Association(for(the(Advancement(of(Science.(

peak area, which is a measure of the number den-
sity of the fluctuating molecular dipoles. There-
fore, only this proportion of the mobile segments
no longer have bulk-like dynamics.

To connect this insight concerning the dy-
namics to the interfacial topology of the (semi-)
isolated polymer coils, the height distribution of

the volume is deduced from AFM images. Be-
cause two or three monomer segments constitute
the structural unit underlying glassy dynamics
(21), this volume is subdivided into layers, each
with a thickness of ~0.4 nm, approximating the
width of a P2VP chain (16). The most reasonable
conjecture is that the segments closest to the solid

substrate (Fig. 1E) account for the slower relax-
ation modes in the case of attractive interactions,
as present in the investigated system. The volume
fraction of the first layer of segments in direct
contact with the solid substrate accounts for 25
to 30% and 15 to 20% of the total coil volume in
the cases of isolated and semi-isolated chains,
respectively. These proportions are considerably
larger than the fraction of slower relaxation modes
(~12%), indicating that not all segments that are
in direct vicinity of the solid interface contrib-
ute to the detected slower dynamics.

Examination of the interactions at the P2VP-
silica interface using infrared (IR) spectroscopy
revealed that ~50% of the terminal hydroxyl (OH)
groups of the silica surface interact with the pyr-
idine ring of the P2VP segments (fig. S3 and
supplementary materials). Because the size of a
segment is similar to the distance between the OH
groups (22), we conclude that only about half of
the segments in the first layer at the interface are
subject to hydrogen bonding. Hence, the amount
of broadening found in the BDS data is in accord
with the volume fraction of the first segment layer
in the polymer coils. However, it remains unknown
whether the interacting proportion of segments
exhibits the detected slower dynamics, or wheth-
er they are completely immobilized and the slower
relaxations have to be assigned to those segments
neighboring the pinned ones. The latter scenario is
suggested by other studies on the adsorption of
polymer chains at solid interfaces (23).

A cooperative process such as the dynamic
glass transition (24) can take place even in con-
densed isolated polymer chains because the length
scale onwhich this fluctuation takes place—which
typically corresponds to two or three polymer seg-
ments (21)—is much smaller than the extension
of the coil as a whole (Fig. 3, lower left).

Fig. 2. Dielectric loss
e′′ versus temperature
for two different mole-
cular weights (labeled
at the top of each col-
umn) of P2VP bulk,
condensed semi-isolated
polymer coils and con-
densed isolated coils
at different frequencies
as indicated (same sym-
bol shapes denote same
frequencies in all pan-
els). (A and B) In the
bulk, the a-relaxation is
clearly visible. (C and D)
The same is true in the
case of condensed semi-
isolated (solid symbols)
and even isolated [(D),
open symbols)] P2VP poly-
mer chains. The decrease
in dielectric strength (sig-
nal intensity) in the semi-
isolated and isolated coils
is due to the much smaller
filling fraction of the sample capacitor because e′′ is averaged over the whole capacitor volume. For clarity, a
conductivity contribution intrinsic to P2VP was subtracted. In the bulk measurements, the experimental error is
smaller than the symbol size; for the other measurements, the error bars correspond to the accuracy of the
dielectric measurement system (3 × 10−5). The dotted, dashed, and solid lines are Havriliak-Negami functions
extended with a VFT temperature dependence of the relaxation time tHN fitted to the data (see sup-
plementary materials).

A B

C D

Fig. 3. Activation plot of the a-relaxation of
condensed semi-isolated and isolated P2VP
polymer coils and the respective bulk dynamics
for two molecular weights as indicated. The
dotted lines are VFT fits to the data; the error bars
indicate the accuracy of the determination of the
peak position of the a-relaxation. Inset: Dielectric
loss spectra (recorded at 407 K) of bulk, semi-
isolated chains, and isolated chains normalized by
the respective maximum value; the latter two are
broadened, especially on the low-frequency side,
which corresponds to the occurrence of longer
relaxation time modes. In the bulk measurements,
the experimental uncertainty is smaller than the line
width; for the other measurements, the error bars
correspond to the accuracy of the dielectric mea-
surement system (3 × 10−5). The sketch at lower left
illustrates the length scale intrinsic to glassy dynam-
ics in comparison to the size of a single condensed
polymer chain.
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Since! the!aim!of! this!PhD! thesis! is! the!development!of! functional!polymer!nanoparticles!

and!no!common!vision!about!the!TgTconfinement!phenomena!have!been!proposed!until!now,!

the! first! step! was! to! develop! a! characterization! method! investigating! on! what! extent! the!

properties!of!PNPs!are!changed.!Then,!in!collaboration!with!Dr.!Gianfranco!Vaccaro,!Prof.!Dr.!

Luca!Beverina!and!Prof.!Francesco!Meinardi,!a!method!based!on!Time!Resolved!Fluorescence!

Spectroscopy!(TRFS)!of!a!tailored!fluorescent!probes!was!developed,!giving!a!direct!and!fast!

access!to!the!polymer!aggregation!states!under!various!experimental!conditions.!Particularly,!

the!detailed!analysis!of!the!time!resolved!photoluminescence!(TRPL)!of!a!specifically!designed!

fluorescent!molecular! rotor! (called! AzeNaph1)! enabling! the! direct!monitoring! of! the! onset!

reptation!phenomena!in!different!polymer!samples!is!proposed!in!chapter!3.!Molecular!rotors!

are! indeed! donorTacceptor! organic!molecules!with! peculiar! photophysics! due! to! their! high!

degree!of! intramolecular!rotational! freedom.!Particularly,! their! lifetime!strongly!depends!on!

the!local!viscosity!of!the!environment!and!this!effect!can!be!used!to!monitor!process!such!as!

block! copolymer! micelles! formation 17 !or! bulk! radical! polymerization! of! methyl!

methacrylate18.!We!demonstrated!that!AzeNAph1!TRFS!analysis!can!be!of!strategic!interest!in!

applied!polymer!science,!because!this!approach!is!quantitative!on!real!polymer!samples!(i.e.!

undiluted!aqueous!solution!of!scattering!block!copolymer!micelles,!commercial!polymer!chips!

and! emulsions! of! polymer! nanoparticles).! We! firstly! demonstrate! that! the! temperature!

dependence!of! the! lifetime!variation!of!AzeNaph1!can!be!used! to!detect! the!glass! transition!

temperature!of!bulk!polymer!sample,!by!comparing!the!Tg!values!with!the!one!obtained!with!

standard!DSC.!Secondly,!we!used!this!method!to!measure!the!Tg!of!batches!of!PS!NPs!(60!nm!

and!156!nm!in!hydrodynamic!diameter)!directly!in!aqueous!emulsion.!Our!data!demonstrate!

the!persistence!of!the!polystyrene!bulk!Tg!in!both!the!NPs!samples.!!

This!demonstration!of!the!permanence!of!the!Tg!T!and!of!the!thermoTmechanical!properties!

related!to!T!at!the!nanoscale!drives!to!the!next!part!of!this!work:!the!preparation!of!proofTofT

concept! functional! PNPs.! Particularly,! the! effort! was! focused! on! the! synthesis! and!

characterization! of! multiphasic! (adhesive/plastomer,! liquid! core/plastomer! shell)! polymer!

based! nanostructure.! This! kind! of! multiphase! nanostructures! obtained! with! aqueous!

emulsion!polymerization!protocols!are!gaining!growing!interest! in!field!such!as!selfThealing,!

photonics!and!heatTmanagement,!together!with!an!interesting!perspective!in!base!research!on!

nanoarchitectonics!(Figure!1.3).!!

In! detail,! poly(nTbutyl! acrylate)@polystyrene! (PBA@PS,! adhesive/plastomer)!

nanoparticles! (NPs)! were! synthesized! (section! 2.2.1.3)! in! order! to! combine! the! adhesive!

properties!of!PBA!with!the!structural!stability!and!low!cost!per!unit!weight!of!PS!(chapter!!4).!
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The!aim!was!to!verify!the!potential!behaviour!of!these!adhesive/plastomer!PNPs!as!a!capsuleT

based!sealing!nanoadditive!potentially!useful!in!the!field!of!extrinsic!selfThealing!materials!(in!

which! the! healing! agent! must! be! preTembedded! in! mesoscopic! reservoirs)19 .! We! thus!

developed!an!original! semicontinuous!EP!protocol!where! the!replacement!of! the!commonly!

used! linear! surfactant! (like! sodium! dodecyl! sulfonate)!with! a! branched! surfactant! (namely!

dioctyl!sodium!sulfosuccinate,!AOT)!plays!a!key!role.!Indeed!AOT!is!generally!more!soluble!in!

hydrophobic!monomers! than! in!water!and,! together!with!other!branched!sulfosuccinates,! is!

extensively!used!due!to!the!ability!to!form!microemulsions!without!the!presence!of!a!shortT

chain!alcohol!as!cosurfactant.!AFM,!SEM,!1HTTDTNMR!and!solid!state!13C!MAS!NMR!showed!the!

biphasic! nature! of! the! sample! with! a! strong! phase! separation! between! PBA! and! PS!

nanodomains.!Particularly!AFM!force!spectroscopy!allowed!to!monitor!in!situ!the!breakdown!

dynamics! of! the! nanoparticle,! showing! behaviour! according! to! a! pressureTinduced! partial!

intermixing!of! the!different!nanophases!associated!with!baroplasticity.!Representative! force!

vs! distance! curves! shows! that! this! baroplastic! mixture! still! has! adhesive! properties.! The!

results!can!be!potentially!interesting!in!manufacturing!a!new!class!of!polymer!nanoparticles!

acting! as! capsuleTbased! sealing! additives! to! be! delivered! as! smart! aqueous! inks! or! dry!

powder.!!

Other! application! we! tested! for! such! PBA@PS! nanoparticles! were! based! on! the! good!

optical!properties!and!the!PBA!permeability!to!molecules! in!the!4!to!8!nm!range.!This!gives!

the!PBA@PS!NP!the!possibility!to!act!as!nanocontainers,!where!PBA!acts!as!the!payload!tank!

and! PS! as! the! structural! external! shell.! In! detail,! we! loaded! the! PBA! core! with! lipophilic!

derivatives!of!carminic!acid!(see!section!4.5.2)!and!with!a!sensitized!upTconversion!mixture!of!

dyes!(see!section!4.5.1).!!

!

Figure(1.5:(Photograph(of(PBA:EGDMA((4.5%(v/V(EGDMA(content)(selfPstanding(bulkPsamples.(On(the(left(the(yellow(

sample(loaded(with(the(pivaloylPderivative;(on(the(right(the(orange(sample(loaded(with(the(acetylatedPderivative.(
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The!lipophilic!derivatives!of!carminic!acid!can!be!very!interesting!since!few!carminic!acid!

derivatives! are! known.!The!main!drawback!of! Carminic!Acid! (widely!used! in! food! industry!

thanks!to!its!biocompatibility)!stands!in!its!insolubility!in!polymer!matrix,!strongly!limiting!its!

application! in! the! polymerTindustry.! In! section! 4.5.2!we! demonstrated! that! the! derivatives!

synthesized! by! our! partner! group! (UniMIB! –! Prof.! Dr.! Laura! Cipolla)! are! soluble! in! crossT

linked!poly(nTbutyl!acrylate)!bulk!selfTstanding!samples! (see!Figure!1.3!and!section!4.5.2.1)!

and!in!PBA@PS!core@shell!NPs!(section!4.5.2.2),!thus!proposing!an!effective!way!to!introduce!

lipophilic!derivatives!of!biocompatible!dyes!in!everydayTlife!applications.!!!

Moving! to! sensitized! upTconversion! (SUC)! nanoemitters! in! section! 4.5.1,! the! interest!

around! this! topic! is! triggered! by! the! fact! that! SUC! is! widely! considered! among! the! most!

promising!approach! for!photon!energy!managing!processes,!being!efficient!also!at! the!solar!

irradiance.!However,!applications!of!SUC!on!real!devices!have!not!been!yet!fully!accomplished!

because!its!conversion!yield!usually!drops!dramatically!in!the!solid!state,!where!the!low!dye!

mobility! inhibits! the! diffusionTcontrolled!mechanisms! ruling! SUC! photophysics.! In! 2013! A.!

Monguzzi! et! al.153! demonstrated! that! a! singleTphase! elastomer! like! poly(nTbutyl! acrylate)!

(PBA)! doped! with! proper! dyes! (platinum! (II)! octaetylTporphyrin! and! 9,10T

diphenylanthracene)! can! be! used! to! fabricate! an! efficient! photon! upTconverting! material.!

Thanks! to! the! residual! molecular! diffusion! provided! by! the! soft! PBA! host! matrix,! they!

obtained!a!record!SUC!yield!of!17%!at!the!solid!state.!!

On!the!basis!of!these!results,! in!collaboration!with!Dr.!Angelo!Monguzzi!and!Prof.!Franco!

Meinardi,! we! decided! to! use! the! PBA@PS! core@shell! PNPs! as! aqueous! SUC! nanoemitters,!

with! potential! applications! in! imaging! and! proofTofTconcept! systems! for! SUC! mechanism!

study!under!spatial!confinement.!Even!if!we!successfully!obtained!an!energy!transfer!yield!of!

more! than! 50%! in! PBA@PS! in! aqueous! emulsion,! we! were! not! able! to! reach! the! same!

efficiency! measured! in! bulkTPBA! probably! because! of! i)! columbic! attractions! between! the!

donor!dye!and!the!surfactant,!ii)!detrimental!effect!of!freeTpropagating!radicals!on!conjugated!

acceptor!dye!and!iii)!migration!of!the!acceptor!dye!into!the!shell.!!

In! order! to! overcome! this! problem,! we! decided! to! widen! our! core@shell! sample!

composition! by! the! preparation! of! liquidTcore! nanocapsules! (sections! 2.2.1.4.1,! 2.2.1.4.2,!

2.2.1.4.3! and! chapter! 5).! The! coreTforming!medium! is! nThexadecane! (HD),! while! the! shellT

forming! monomer! is! methyl! methacrylate! (MMA).! In! fact! MMA! and! HD! are! completely!

miscible,!but!phase!separation!occurs!during!the!emulsion!polymerization!process,!due!to!the!

immiscibility!of!HD!and!polyTMMA.!Lastly!PMMA!has!a!glass! transition! temperature!(~118°!

C),! compatible!with! the! structural! demand! of! a! plastomer! shell! sequestrating! a! liquid.! The!
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synthesis! protocol! was! further! optimized! in! order! either! to! embed! TiO2! (anatase)!

nanocrystals!capped!with!oleic!acid!within!the!HD!and!to!have!a!liquidTcore!deliverable!SUC!

nanoemitters!(section!2.2.1.4.2).!!

The! main! motivation! of! embedding! TiO2! (anatase)! nanocrystals! within! the! liquidTcore!

nanocapsules! stands! in! the! fact! that! specific! applications! T! such! as! high! refractive! index!

devices,!biomedical! contrast!enhanced! imaging,! colloidal! crystals!delivery! T!often! require! to!

exploit! inorganic!particles!with!peculiar!properties!and!integrate!them!into!deliverable,!bioT

friendly! and! easyTtoThandle! nanocontainers.! With! this! regard,! a! single! step! emulsion!

polymerization! for! the! in! situ! encapsulation! of! inorganic! nanocrystals! into! polymeric!

nanocapsules! preserving! their! intrinsic! properties! is! proposed! in! section! 5.1.2.! As! a! case!

study,!we!nanoencapsulate!colloidalTsynthesized!oleic!acid!capped!anatase!TiO2!nanocrystals!

into! a! biphasic! (liquidTsolid)! HD@PMMA! nanocapsule.! The! presence! of! nanocrystals! was!

confirmed!by!optical!measurements,!TEM!micrographics!and!TGA!analysis.!Both!DSC!and!1HT

TDTNMR!show!that!HD!crystallization!takes!place!only!in!TiO2Tfree!nanocapsules!(synthesized!

as! blank! reference! in! section! 5.1.1),! leading! to! potential! applications! in! the! field! of! latent!

thermal!energy!systems.!In!TiO2Tloaded!NPs!HD!crystallization!is!inhibited!probably!because!

of! crowding! phenomena.! Only! with! cryoTTEM! was! possible! to! collect! the! damage! image!

related! to! the! presence! of! HD! in! the! TiO2Tloaded! sample.! Lastly,! TiO2Tloaded! nanocapsules!

were! precipitated,! dried! and! used! as! additives! for! the! formulation! of! a! tuneable! refractive!

index!bulk!PMMA!(section!5.2),!with!an! increase! in!the!refractive! index!of!1.35%!respect! to!

pure!PMMA!and!maintaining!a!nakedTeye!transparency.!!

The! synthesis! protocol! was! further! adapted! for! the! preparation! of! a! liquidTcore! SUC!

nanoemitters! (section! 2.2.1.4.3! and! chapter! 5.3).! In! order! either! not! to! generate! O2Trich!

radicals! T! passivizing! the! dyes! involved! in! the! sensitized! upTconversion! process! T! nor! to!

activate! propagating! radicals! within! the! oil! phase,! the! water! soluble! 2,2'TAzobis(2T

methylpropionamidine)!dihydrochloride!(AMPDC)!radical! initiator!was!used.!In!this!way!we!

minimize!the!probability!that!a!free!radical!detrimentally!interacts!with!the!dyes.!In!fact!the!

dyes!are!dissolved!in!the!HD!(i.e.!paraffin!unreactive!in!presence!of!radicals)!core.!In!this!way!

we! obtained! liquidTcore! nanocapsules! acting! as! sensitized! upTconversion! nanoemitters! of!

characteristic! dimension! around! 40! nm,! according! to! DLS! measurements! and! SEM!

micrographics.!The! freshly!prepared!nanoemitters! emulsion!was! then!used!as! a! solvent! for!

poly(vinyl!alcohol),!PVA.!The!obtained!solution!(2.5%!w/W!PVA!content)!was!deposited!on!a!

glass!substrate!and!let!dry!in!order!to!obtain!a!selfTstanding!PVA!film!(section!5.3.2).!The!bulk!

PVA!film!was!then!observed!with!confocal!optical!microscope:!all!the!images!present!a!signal!
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associated! with! sensitized! upTconversion.! It! is! worth! noticing! that! all! the! images! were!

recorded! in! air,! namely! in! presence! of! oxygen.! The! fact! that! the! upTconversion! signal! is!

detectable!in!presence!of!oxygen!demonstrates!that!the!dyes!are!effectively!sequestrated!and!

protected!within!the!nanocapsule.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

The! last! part! of! this!work! is! related! on! a! pioneering! study! of! solvent! evaporation! from!

emulsion!droplets!mechanism!(section!2.2.2)!involving!a!combined!approach!of!Fluorescence!

Correlation!Spectroscopy!(FCS,!section!2.3.5)!and!TRFS!of!molecular!rotors!(section!2.2.1.2.1!

and!chapter!6),!developed!in!collaboration!with!Dr.!Kaloian!Koynov!and!Dr.!Daniel!Crespy!at!

the! MaxTPlanck! Institut! für! Polymerforschung! in! Mainz.! The! preparation! of! polymer!

nanoparticles!with! solvent! evaporation! from!emulsion!droplets! is!one!of! the!most! common!

approaches!for!nanoparticles!preparation!starting!from!preformed!polymer!chains!based!on!

liquidTsolid! nucleation! in! confined! environment.! A! polymer! organic! solution! is!mixed! in! an!

aqueous!solution!of!surfactant,! thus!forming!an!emulsion.!The!emulsion!is! further!stabilized!

by!ultrasonication!and!stirring.!At!this!stage!a!droplet!emulsion!of!polymer,!organic!solvent,!

surfactant!and!water!is!formed.!The!droplet!emulsion!is!then!mildly!heated,!in!order!to!drive!

the!evaporation!of!the!organic!solvent!and!obtain!dry!PNPs.!It!offers!indeed!many!possibilities!

such!as!control!over!nanoparticle!size,!encapsulation!of!various!compounds,!or!fabrication!of!

complex! morphologies.! This! procedure! is! having! a! relevant! success! in! fields! such! organic!

electronics!and!bioapplications,!where!the!absence!of!impurities!(i.e.!unreacted!monomer)!is!

a!must.! ! !However,! little! is!known!for! the!details!of!particle! formation,! i.e.! for! the! transition!

from!the!initial!liquid!droplet!emulsion!to!the!final!particle!dispersion,!especially!in!the!case!of!

particles!with!complex!morphologies.!A!major!reason!is!the!lack!of!experimental!techniques!

providing! information! on! the! internal! morphology! of! very! small! nanodroplets! and!

nanoparticles!moving!fast!in!a!continuous!liquid!phase.!In!this!respect,!the!very!sensitive!and!

selective!technique!of!FCS!(section!2.3.5.1)!offers!an!interesting!alternative!and!was!already!

successfully!used! to!quantify! the!evolution!of!nanodroplet/nanoparticle! size,! the!process!of!

droplet!coalescence,!or!the!amount!of!encapsulated!compounds20.!In!this!contribution,!we!will!

consider! the! use! of! tailored! molecular! rotors! as! fluorescent! tracers! within!

nanodroplets/nanoparticles!in!a!FCS!experiment!as!a!way!to!obtain!unique!information!on!the!

kinetics!of!the!particle!formation.!We!demonstrated!that!the!combining!of!FCS!with!molecular!

rotors!opens!the!possibility!to!monitor!simultaneously!the!overall!droplet/particle!dynamics!

(in! terms! of! diffusivity! and! size)! and! the! inner! morphology! of! the! droplets/particles! (i.e.!

remaining! solvent! content! or! eventual! phase! separation),! thus! widening! the! range! of!

parameters!accessible!in!a!single!FCS!experiment.!
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2 Experimental(

2.1 Materials(
nTbutyl! acrylate! (BA,! >99%! containing! 10T60! ppm! monomethyl! ether! hydroquinone! as!

inhibitor)!and!Styrene!(STY,!>99%!ReagentPlus®(4TtertTbutylcatechol!as!stabilizer)!monomers!

were!purified!through!distillation!on!aluminium!oxide!(activated,!basic,!Brockmann!I)!column.!

2,2’TAzobis(2Tmethylpropionitrile)! (AIBN,! Sigma! Aldrich,! purum! >98%)! was! recrystallized!

from!methanol!before!usage.!Dioctyl! sulfosuccinate! sodium!salt! (AOT,! Sigma!Aldrich,!98%),!

Chromasolv! Water,! 2,2'TAzobis(2Tmethylpropionamidine)! dihydrochloride! (AMPDC,! Sigma!

Aldrich,!purum!>98%),!sodium!dodecyl!sulphate! (SDS,!Sigma!Aldrich,!99%),! toluene!(Sigma!

Aldrich,! 99.7%),!divinylbenzene! (DVB,! Sigma!Aldrich,! technical! grade!80%!containing!1000!

ppm!p7tertTbutylcatechol!as!inhibitor)!and!hexadecane!(HD,!Sigma!Aldrich,!99%)!were!used!as!

received!without!further!purification.!!!

2.2 Synthetic(Methods(
Polymer!nanoparticles! (PNPs)! are! spreading! in! several! areas! (i.e.! electronics,! photonics,!

medicine,! environmental! technology,! etc.)! thanks! to! their!unique!properties,! able! to!meet! a!

wide! range! of! applications! and! market! needs1.! Generally,! PNPs! can! be! obtained! from! the!

dispersion! of! preformed! polymers! (solvent! evaporation 21 ,! saltingTout 22 ,! dialysis 23 ,!

supercritical! fluid! technology24)! or! the! polymerization! of! monomers! (emulsion25,! miniT

emulsion26,! microTemulsion27,! surfactantTfree! emulsion28,! and! interfacial! polymerization29).!

The! choice! of! method! depends! on! factors! such! as! particle! size! and! distribution,! area! of!

application,!tolerance!to!residual!solvents!or!radicals,!etc.! ! In!the!next!sections!the!emulsion!

polymerization! protocols! developed! for! PNPs! preparation! are! presented! (sections! 2.2.1,!

2.2.1.2,!2.2.1.3!and!2.2.1.4),!together!with!an!overview!of!solvent!evaporation!from!emulsion!

droplets!(section!2.2.2).!

2.2.1 Emulsion(Polymerization(
Emulsion!polymerization!is!a!chemical!process!for!producing!waterborne!PNPs!and!PNCs!

with! various! colloidal! and! physicochemical! properties.30 !According! to! IUPAC! definition,!

emulsion!polymerization!(EP)!is!a!heterophase!radical!“polymerization(whereby(monomer(s),(

initiator,( dispersion( medium,( and( possibly( colloid( stabilizer( constitute( initially( an(

inhomogeneous( system( resulting( in( particles( of( colloidal( dimensions( containing( the( formed(
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polymer”.!This!heterogeneous! free! radical!polymerization!process! involves!emulsification!of!

relatively! hydrophobic! monomers! (such! as! butadiene,! styrene,! acrylonitrile,! acrylate! ester!

and!methacrylate! ester!monomers,! vinyl! acetate,! and! vinyl! chloride)! in!water! by! an! oilTinT

water! emulsifier,! followed!by! the! initiation! reaction!with! either! a!waterT! insoluble! initiator!

(e.g.! sodium!persulfate)! or! an!oilTsoluble! initiator! (e.g.! 2T2Tazobisisobutyronitrile! (AIBN))31.!

EP! is! among! the! most! common! methods! used! for! the! production! of! several! specialty!

polymers.! The! use! of!water! as! the! dispersion!medium! is! environmentally! friendly! and! also!

allows!excellent!heat!dissipation!during! the!polymerization.!Depending!on! the!utilization!of!

surfactant,!it!can!be!classified!as!conventional!and!surfactantTfree!emulsion!polymerization32.!

In! this! PhD! thesis! only! conventional! (i.e.! involving! the! presence! of! surfactant)! emulsion!

polymerization! was! used,! therefore! the! description! of! the! fundamental! mechanism! of!

surfactantTfree!emulsion!will!be!skipped.!

!

!

2.2.1.1 Conventional(emulsion(polymerization(
The! majority! of! the! world’s! production! by! emulsion! polymerization! is! obtained! with!

conventional!EP.!A!typical!conventional!EP!formulation!is!comprised!of!water,!a!monomer!of!

low!water!solubility,!waterTsoluble!or!oilTsoluble!radical!initiator!and!a!surfactant.!At!the!end!

of! the! reaction,! PNPs! are! typically! ∼102! nm! in! size.! Initiation! occurs! when! a! monomer!

molecule! collides! with! an! initiator! molecule! that! may! be! either! an! ion! or! a! free! radical,!

depending!on!the!nature!of!the!initiator!involved!in!the!reaction.!Alternatively,!the!monomer!

molecule!can!be!transformed!into!an!initiating!radical!by!highTenergy!radiation!(i.e.!ultraviolet!

or!strong!visible!light).!Phase!separation!triggering!the!formation!of!stable!solid!particles!can!

take!place!before!or!after!the!termination!of!the!polymerization!reaction.!

!
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!

2.2.1.1.1 Emulsion(Polymerization(general(mechanism(features(

The!reaction!system!during!EP!is!characterized!by!the!emulsified!monomer!droplets!(ca.!

1012–1014! dmT3! in! volume)! dispersed! in! a! continuous! phase! aqueous! solution! of! an! oilTinT

water!surfactant.!MonomerTswollen!micelles!(ca.!5–10nm!in!diameter!and!1019–!1021!dmT3!in!

volume)!may! also! exist! in! the! reaction! system,! once! the! concentration! of! surfactant! in! the!

aqueous! phase! is! higher! than! its! critical! micelle! concentration! (CMC).! The! hydrophobic!

monomer!is!present!either!in!some!of!the!surfactant!micelles!or!even!dissolved!in!traces!in!the!

aqueous!phase!(depending!on!its!water!solubility).!Most!of!the!monomer!molecules!dwell!in!

the!giant!monomer!reservoirs!(i.e.!monomer!droplets).!The!polymerization!is!initiated!by!the!

addition!of!initiator.!According!to!the!micelle!nucleation!model!T!proposed!by!Harkins33,!Smith!

and!Ewart34!and!later!modified!by!Gardon35!T!submicron!latex!particles!are!generated!via!the!

capture!of!free!radicals!by!micelles,!having!extremely!large!oil–water!interfacial!area.!A!very!

clear!description!of!this!process!was!proposed!by!Y.!Luo!and!F.J.!Schork!in!200236!for!the!case!

of! a! waterTsoluble! initiator.! According! to! their! description,! “free( radicals( originate( in( the(

aqueous( phase( by( decomposition( of( the( initiator.( Monomer( dissolved( in( the( aqueous( phase( is(

polymerized( by( these( radicals,( forming( oligomers.( When( the( oligomers( contain( only( a( few(

monomer( units,( they( are( captured( by(micelles( or( existing( polymer( particles,( and( propagation(

continues( in( the( oil( phase”,! driving! to! PNPs! nucleation! (Interval! I! in! Figure! 2.1).( As! a!

consequence,!monomerTswollen!micelles!are!successfully!transformed!into!primary!particles. 
In! 1978,! F.K.! Hansen! and! J.! Ugelstad37!proposed! that! the! nucleation! of! a! primary! particle!

occurs! when! the! chain! length! of! an! oligomer! radical! reaches! a! critical! value! (n*)! and! the!

number! of! primary! particles! per! unit! volume! of! water! originating! from! homogeneous!

nucleation!(N1)!can!be!calculated!as!

!

!

where!ρi!is!the!rate!of!generation!of!free!radicals!in!the!aqueous!phase,!kc!is!the!average!rate!

constant!for!the!capture!of!free!radicals!by!the!particles,!kp!is!the!propagation!rate!constant,!

ktw!the!termination!rate!constant!in!water!and![M]w!the!concentration!of!monomer!in!water.!!

!

originating from homogeneous nucleation (N1)

N1ðtÞZ 1=k1f½k1rin$tðk2 C1Þn$ %1=n$Kðk2 C1Þg (3)

k1 Z kc=ðkp½M%wÞ (4)

k2 Z ðktwriÞ1=2=ðkp½M%wÞ (5)

where kc is the average rate constant for the capture of
free radicals by the particles, ktw the termination rate
constant in water, and [M]w the concentration of
monomer in water.

To gain a better understanding of the emulsion
polymerization kinetics is essential in the process
development and reactor design. Among the kinetic
parameters, the most difficult ones to predict are the
number of latex particles per unit volume of water (Np)
and average number of free radicals per particle (n) in
Eq. (1). It should be noted that derivation of Eq. (1) was
based on the assumption that the propagation reaction

between polymeric radicals and monomer molecules
takes place only in monomer-swollen particles. Polymer-
ization in the continuous aqueous phase is insignificant.
As discussed above, particle nucleation controls the
particle size and particle size distribution of latex
products. It is the transport of free radicals between the
continuous aqueous phase and particles that determines
the average number of free radicals per particle during
polymerization (Fig. 4). Free radicals generated in the
aqueous phase can be absorbed by the particles during
Interval II. For example, an idle particle becomes active in
the propagation reaction immediately after the capture of
one free radical from the aqueous phase. In addition to the
major propagation reaction, one free radicalmay undergo
the bimolecular termination reaction with another free
radical if there are twoormore free radicals in the particle.
Desorption of free radicals out of the particles may also
take place during polymerization. This process begins
with the chain transfer reaction of a polymeric radical to
monomer or chain transfer agent (if present). As a result, a
rather mobile monomeric radical or chain transfer agent
radical is produced. This is followed by the molecular
diffusion of this free radical from the interior of the

Fig. 4. A schematic representation of the transport of free radicals
between the continuous aqueous phase and the particle phase.

Fig. 3. A schematic representation of the homogeneous nucleation

mechanism.
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!

Figure(2.1:(Schematic(representation(of(the(PNPs(formation(mechanism(in(an(emulsion(polymerization(with(waterP

soluble(initiator.(After(C.S.(Chern(/(Prog.(Polym.(Sci.(31((2006)(443–486.(Copyright(©(Elsevier(B.V.(

These!earlyTstage!particles!keep!growing!by!acquiring!the!reactant!species!from!monomer!

droplets! and! monomerTswollen! micelles! (Interval! II! in! Figure! 2.1).! In! order! to! maintain!

adequate!colloidal!stability!of! the!growing!particle!nuclei,!micelles! that!do!not!contribute!to!

particle!nucleation!disband! to! supply! the! increasing!demand! for! surfactant.! In!addition,! the!

surfactant! molecules! adsorbed! on! monomer! droplets! may! also! desorbs! out! of! the! droplet!

surface,! diffuse! across! the! continuous! aqueous! phase! and! then! adsorb! on! the! expanding!

particle!surface.!When!all!the!monomer!droplets!disappear,!the!consumption!of!the!residual!

monomer!within!the!same!particle!takes!place!(Interval!III! in!Figure!2.1)!and!latex!particles!

become! monomerTstarved,! triggering! the! continuous! decrease! in! the! concentration! of!

monomer!in!the!reaction!loci!toward!the!end!of!polymerization.!!

This! description! of! the! EP! mechanism! (reported! more! extensively! in! C.S.! Chern,! Prog.(

Polym.(Sci.(2006,!31,!443T486,!where!the!images!and!the!main!ideas!were!taken)!gathers!the!

Emulsion polymerization proceeds from Interval II
to III when all the monomer droplets disappear. In
Interval III, latex particles become monomer-starved
and the concentration of monomer in the reaction loci
continues to decrease toward the end of polymerization.
Thus, the steady polymerization rate observed in
Interval II cannot be maintained any more and the
polymerization rate decreases during Interval III. On
the other hand, the polymerization rate may increase
rapidly with increasing monomer conversion. This is
attributed to the greatly reduced bimolecular termin-
ation reaction between two polymeric radicals within
the very viscous particle provided that polymerization
is carried out at a temperature below the glass transition
temperature of the monomer-starved polymer solution.
This phenomenon is termed the gel effect [48,49]. To
minimize residual monomer in latex products is
essential for the successful product development
because of the potential hazard to end-users. Schematic
representations of the micelle nucleation model and the
rate of polymerization as a function of monomer
conversion are shown in Figs. 1 and 2, respectively.

It should be noted that some mechanisms other than
micelle nucleation must be responsible for the particle
formation process when the surfactant concentration is
below the CMC. Priest [50], Roe [51] and Fitch and
Tsai [52–54] proposed the homogeneous nucleation

mechanism for the formation of particle nuclei in the
continuous aqueous phase, as shown schematically in
Fig. 3. First, waterborne initiator radicals are generated
by the thermal decomposition of initiator and they can
grow in size via the propagation reaction with those
monomer molecules dissolved in the aqueous phase.
The oligomeric radicals then become water-insoluble
when a critical chain length is reached. The hydro-
phobic oligomeric radical may thus coil up and form a
particle nucleus in the aqueous phase. This is followed
by formation of stable primary particles via the limited
flocculation of the relatively unstable particle nuclei
and adsorption of surfactant molecules on their particle
surfaces. The surfactant species required to stabilize
these primary particles come from those dissolved in
the aqueous phase and those adsorbed on the monomer
droplet surfaces. The above ideas were incorporated
into the following kinetic model developed by Fitch
and Tsai [52–54]

dNp=dtZ briKRcKRf (2)

where t is the reaction time, ri the rate of generation of
free radicals in the aqueous phase, b a parameter that
takes into account the aggregation of oligomeric
radicals, Rc the rate of capture of free radicals by the
particles, and Rf the rate of flocculation of the particles.

Hansen and Ugelstad [55] proposed that a primary
particle is nucleated when the chain length of an
oligomeric radical reach a critical value (n*) and then
derived the following equations for calculating the
number of primary particles per unit volume of waterFig. 1. A schematic representation of the micelle nucleation model.

Fig. 2. Typical rate of polymerization as a function of the monomer

conversion. The three distinct intervals of the polymerization process

are also indicated in the plot.
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fundamental! polymerizations! steps!when! a!waterTsoluble! initiator! is! implied! (i.e.!when! the!

initiating!radicals!are!mostly!generated!in!the!aqueous!phase).!!!

However,!still!in!the!early!2000s,!the!scientific!community!was!not!able!to!draw!a!common!

picture! of! the! EP! mechanism! when! an! oilTsoluble! initiator! is! used,! fuelling! a! long! lasting!

debate! about! the! origin! of! the! free! radicals! initiating! polymerization! in! case! of! oilTsoluble!

initiators.!Two!main!different!interpretations!were!proposed.!!

On!one!hand!some!researchers!speculate!that,!since!micelles!and!particles!are!quite!small,!

once! the! oilTsoluble! initiator! decomposes! in! a!micelle! or! particle,! the! two! newly! born! free!

radicals!will!terminate!with!each!other!before!any!other!events!(i.e.!monomer!propagation!or!

freeTradical!exit)!can!occur.! It! is!believed!that! the! free!radicals! initiating! the!polymerization!

actually!originate! in! the! aqueous!phase,! from! the! small! fraction!of! the! total! initiator! that! is!

dissolved!in!the!aqueous!phase.38!!

On!the!other!hand!researchers!assume!that!one!of! the!two!newly!born! free!radicals! in!a!

micelle!or!particle! can!desorb! from! the!micelle!or!particle!before!mutual! termination! takes!

place.39!The!remaining!free!radical!is!then!free!to!propagate!within!the!embryo!particle.!!

Their!own!mathematical!models!and!experimental!data!support!both!hypotheses.!Only!in!

2002! Y.! Luo! and! F.J.! Schork! T! in! their! study! of! butyl! acrylate! conventional! emulsion!

(macroemulsion)!and!miniemulsion!polymerizations!carried!out!with!an!oilTsoluble!initiator!

(2T2'! azobisisobutyronitrile)! in! the! presence! or! absence! of! an! aqueousTphase! radical!

scavenger! T! concluded! that! for! macroemulsion! polymerization,! the! contribution! from! free!

radicals! originating! in! the! aqueous! phase! is! predominant! in! the! micellar! nucleation! of!

particles.!On!the!other!hand,! free!radicals!originating! in!the!particle!phase!contribute!to!the!

rate!of!polymerization,!and!the!contribution!increases!with!an!increase!in!particle!size.!Lastly,!

for! polymer! particles! with! diameters! of! up! to! approximately! 100! nm,! polymerization! is!

initiated!from!free!radicals!originating!in!the!aqueous!phase.!

Notwithstanding!such!a!fundamental!debate,!some!general!features!can!be!drawn!to!get!a!

sketch!of!the!general!mechanism!of!a!radical!emulsion!polymerization.!Once!the!initiator!I2!is!

activated!either!in!the!aqueous!or!oilTphase,!it!will!form!a!couple!of!free!radicals!(2I•)!able!to!

react!with!a!monomer!molecule!(M)!and!to!start!a!radical!polymerization.!The!activation!of!

the!initiator!can!be!triggered!via!thermal!energy,!light!or!catalyst.!

I2!→!2I•!

!
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Since! the! radical! I•! can! be! extremely! reactive,! it! can! drive! to! the! formation! of! a! primary!

radical!(P1•):!

I•!+!M!→!P1•!

The!primary!radical!can!further!react!with!other!monomer!molecules!(nM),!increasing!the!

molecular!weight!of!the!growing!chain:!

P1•!+!nM!→!Pn•!

where!n!is!the!number!of!monomer!molecules!added!to!the!growing!chain!and!Pn•!represents!

the!growing!polymer!chain!composed!by!n!monomer!units.!

During! the! chain! growth! a! second! event! could! occur:! chain! transfer.! Chain! transfer! is! a!

polymerization! reaction! by!which! the! activity! of! a! growing!polymer! chain! is! transferred! to!

another!molecule40.!Chain!transfer!can!be!either!introduced!deliberately!into!a!polymerization!

(by! use! of! a! chain( transfer( agent)! or! it! may! be! an! unavoidable! sideTreaction! with! various!

components!of!the!polymerization,!such!as!monomer,!polymer!or!solvent!(generally!labelled!

as! X! in! the! following).! Chain! transfer!most! likely! lowers! the!molecular! weight! of! the! final!

polymer.!

!

RMn•!+!X! ! RMn!+!X•!

M!+!X•!! !XM•!!

!

Lastly,! the! termination!of! the!radical! is! to!be!expected.!The! termination!can!occur!either!by!

disproportionation! reaction! or! radical! coupling.! When! disproportionation! takes! place,! two!

growing!polymer!chains!will!react!via!a!redox!reaction!in!which!two!chains!are!reduced!and!

oxidised! to! form! two! different! products.! In! polymers! it! will! mostly! lead! to! two! inactive!

polymer!chains:!one!with!a!saturated!terminal!and!the!other!with!a!not!saturated!terminal.!!

!

RTCH2TCH2•!+!R'TCH2TCH2•!→!RTCH2TCH3!+!R'TCH=CH2!

!

On!the!other!hand,!radical!coupling!termination!occurs!when!two!growing!chains,!Pn•!with!n!

monomers! and! Pm•! with! m! monomers! react! and! lead! to! an! inactive! polymer! chain! P!

composed!of!m+n!monomers!with!higher!molecular!weight.!
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Pn•!+!Pm•!→!P!

!

Radical!polymerization!is!quite!attractive!in!applicationToriented!research!since!it!is!easy!

to! trigger! and! a!wide! variety! of!monomers! can! be! polymerized!with! this! procedure.! Some!

drawbacks! must! be! mentioned:! i)! latent! heat! of! reaction! (easily! dissipated! when! radical!

polymerization!is!performed!in!emulsion)!and!ii)!relatively!broad!mass!polydispersity!mainly!

due!to!intrachain!reaction!(i.e.!backbiting)!or!interchain!reaction!(ramifications). 

It!is!worth!pointing!out!that!the!definition!of!the!actual!reaction!EP!mechanism!in!presence!

of!an!oilTsoluble!initiator!is!not!the!main!aim!of!this!PhD!thesis.!On!the!other!hand,!the!main!

aim! is! to! give! the! reader! some! general! guidelines! for! the! preparation! of! EP! formulations!

leading!to!the!formation!of!interesting!multiphase!polymer!nanostructures.!

!
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2.2.1.2 Protocol(for(the(preparation(of(polystyrene(nanoparticles(loaded(with(the(
molecular(rotor(AzeNaph1(

For!the!preparation!of!the!156!nm!polystyrene!NPs!40!ml!of!aqueous!solution!of!sodium!

dodecylbenzene! sulfate! 0.1! g/L! was! prepared! and! degassed! at! 35°C! bubbling! N2! for! 60!

minutes! under!magnetic! stirring.! 360!ppm!of!AzeNaph1!were!dissolved! in! 3!ml! of! styrene,!

together!with! 10!mg! of! AIBN! as! radical! initiator.! The! organic! solution!was! then! put! in! the!

aqueous!phase!drop!wise.!After!30!minutes!of!homogenization!the!emulsion!was!found!to!be!

stable! and! the! temperature! of! the! system! was! raised! from! 35°C! to! 80°C,! so! to! start! the!

polymerization.!After!11!hours!the!reaction!was!quenched!at!0°C.!DLS!and!TRFS!experiment!

were!performed!without!further!purification.!DSC!was!performed!on!dry!NP!powder!obtained!

by!a!precipitation!of! the!aqueous!emulsion! in!methanol.!The!precipitated!was! then!dried! in!

vacuum!at!room!temperature!overnight!in!order!to!avoid!NPs!syntherization.!The!powder!was!

then!characterized!by!Gel!Permeation!Chromatography:!Mn!=!112!kDa,!Mw!=!213!kDa!and!PDI!

=1.90.!

For! the! preparation! of! the! 60! nm! in! diameter! NPs! the! concentration! of! sodium!

dodecylbenzene! sulphate! was! increased! to! 15! g/L.! All! the! other! reactants,! reaction! and!

purification!steps!remained!the!same.!Mn!=!265!kDa,!Mw!=!394!kDa!and!PDI!=!1.49.!

!

2.2.1.2.1 Protocol(for(the(preparation(of(reference(bulk(polymeric(samples(loaded(with(the(

molecular(rotor(AzeNaph1(

Beside!of!the!two!PS!nanoparticles!batches,!several!bulk!polymers!loaded!with!AzeNaph1!

were! prepared! in! order! to! calibrate! the! measurement! of! Tg! with! TRPL.! The! bulk! polymer!

sample! used! for! AzeNaph1! TRFS! calibration! (see! Figure! 3.5! and! 3.6)! were! synthesized!

following!two!different!procedures:!

i) by! bulk! polymerization! (in! the! case! of! poly(nTbutyl! acrylate)! and! poly(ethyl!

acrylate));!

ii) by! solvent! swelling! of! polymer! chips! (in! the! case! of! the! sample! prepared! from!

commercial!bulk!polystyrene,!Paraloid!B72®!and!polypropylene).!

For!all!bulk!polymerization,!3!ml!of!monomer!purified!on!activated!alumina!were!used!for!

the! preparation! of! a! 10T4! M! solution! of! AzeNaph1! and! 67! ppm! of! AIBN.! The! solution! was!



! 27!

polymerized!and!annealed!for!three!days!at!80°C.!The!samples!were!bubbleTfree,!transparent!

and!with!good!optical!quality.!

(545+40)!mg! of! industrial! polymer! chips!were! swelled!with! 1!ml! of! a! CHCl3!solution! of!

AzeNaph1!10T4!M.!The! sample!were!put! for! two!days! at! room! temperature!under! the! fume!

hood! so! to! mildly! remove! the! excess! of! CHCl3.! Lastly! the! sample! were! annealed! at! 80°C!

overnight.!

!

!

! !



! 28!

!

2.2.1.3 Protocol(for(the(preparation(of(poly(nIbutyl(acrylate)@polystyrene(nanoparticles(
The! experimental! procedure! for! the! preparation! of! poly(nTbutyl! acrylate)@polystyrene!

nanoparticles! is! reported! in! reference! 19,! S.! Bonetti! et! al.!Macromol.(Rapid(Commun.!2016,!

DOI:! 10.1002/marc.201500625.! All! the! related! contents! must! be! handled! according! to! ©!

2016!WILEYTVCH!Verlag!GmbH!&!Co.!KGaA,!Weinheim.!

2.2.1.3.1 Synthesis(of(poly(nIbutyl(acrylate)(core(

60!mL!of!Chromasolv!water!were!put!in!a!four!necks!flask!and!degassed!with!bubbling!N2!at!

35°C!for!an!hour,!under!stirring.!

Meanwhile,! in! a! second! flask,! 3! ml! (21! mmol)! of! BA! were! added! to! AOT! and! AIBN!

(quantities! reported! in!Table!1).!The! feeding! solution!was!degassed!with! freeze,! pump!and!

thaw!(FPT)!and!added!to!the!water!with!a!flux!of!3ml/h.!The!dripping!was!stopped!after!one!

hour!and!temperature!was!set!at!70°C!for!three!hours.!!

!

!

Table(1.!Sample!nomenclature!and!core!synthesis!conditions.!Error!AOT!=!+!2.2•10T3!mmol,!

Error!AIBN!=!+!6.1! •10T3!mmol.!After!S.!Bonetti! et! al.!Macromol.(Rapid(Commun.(2016,!DOI:!

10.1002/marc.201500625.!©!2016!WILEYTVCH!Verlag!GmbH!&!Co.!KGaA,!Weinheim.!

Core(

Hyd.(Diameter(

[nm](

PdI(b)(
Initiator(

[mmol](

Surfactant(

[mmol](

115.2! 0.04! 4.23·10T2! 1.24·10T1!

a)!DLS!core!size!distribution!is!reported!in!Figure!2.2!dotted!line.!

b)! The! polydispersity! index! measures! the! width! of! the! particle! size! distribution! and! is!

defined!as!PdI=(σ/<D>)2,!where!σ!is!the!standard!deviation!and!<D>!is!the!mean!value!of!the!

hydrodynamic!diameter.!

!

2.2.1.3.2 Polystyrene(crossIlinked(shell(growth(

During! the! polymerization! of! BA,! a! third! flask!was! prepared!with! a! solution! of! 9!ml! (78!

mmol)!of!STY,!added!with!AIBN,!AOT!and!DVB!in!the!amounts!reported!in!tab.2.!The!solution!
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was!degassed!via!FPT!and!dripped! into! the! !pristine!O/W!emulsion!at!3!ml/h.!The!reaction!

was!allowed!to!proceed!for!8!hours,!then!cooled!to!room!temperature!and!homogenized!for!

the!next!8!hours.!

!

Table(2.!Hydrodynamic! diameter! and! shell! synthesis! conditions.! Error!AOT!=! +! 2,2•10T3!

mmol,!Error!AIBN!=!+!6,1•10T3!mmol!and!Error!DVB!=!+!5,00•10T2!!!mmol.!After!S.!Bonetti!et!al.!

Macromol.(Rapid(Commun.!2016,!DOI:!10.1002/marc.201500625.!©!2016!WILEYTVCH!Verlag!

GmbH!&!Co.!KGaA,!Weinheim.!

Core@shell(

Hyd.(Diameter(

[nm](a)(

PdI(b)(

(

Initiator((

[mmol](

(

Surfactant(

[mmol](

CrossPlinker(

[mmol](

184.6! 0.01! 1.79·10T1! 5.46·10T2! 8.30·10T1!

!

a)!DLS!core@shell!size!distribution!reported!in!Figure!2.2!continuous!line.!

b)!The!polydispersity!index!measures!the!width!of!the!particle!size!distribution!and!is!defined!

as! PdI=(σ/<D>)2,! where! σ! is! the! standard! deviation! and! <D>! is! the! mean! value! of! the!

hydrodynamic!diameter.!
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Figure( 2.2:( DLS( diameter( distributions( by( intensity( for( the( PBA( core( (dotted( line)( and( PBA@PS( core@shell( final(

nanoparticle( (continuous( line).( After( S.( Bonetti( et( al.( Macromol.( Rapid( Commun.( 2016,( DOI:(

10.1002/marc.201500625.(©(2016(WILEYPVCH(Verlag(GmbH(&(Co.(KGaA,(Weinheim.(

Molecular!weights!and!molecular!weight!distribution!were!determined!using!a!WATERS!1515!

equipped! with! a! HPLC! isocratic! pump,! WATERS! 2414! refractive! index! detector! and! four!

Styragel!columns!(HR2,!HR3,!HR4!and!HR5).!GPC!system!has!been!calibrated!with!Polystyrene!

SigmaTAldrich!Standards.!All!measurements!has!been!recorded!in!THF!at!1.0!mL/min,!35°C.!

!
Figure( 2.3:( ( GPC( chromatogram( of( PBA@PS( core@shell( nanoparticles.( After( S.( Bonetti( et( al.(Macromol.(Rapid(

Commun.(2016,(DOI:(10.1002/marc.201500625.(©(2016(WILEYPVCH(Verlag(GmbH(&(Co.(KGaA,(Weinheim.(

Typical! molecular! weights! (polystyrene! equivalent)! of! Mn=128! kDa,! Mw=230! kDa! and! a!

polydispersity!of!1.58!were!calculated!for!coreTshell!NPs!(Figure!2.3).!

!

!

!
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2.2.1.4 Protocols(for(the(preparation(liquidIcore(Nanocapsules(
LiquidTcore! nanocapsules! were! prepared! starting! from! nThexadecane! (HD)! and! methyl!

methacrylate! (MMA)! monomer! in! order! to! synthesize! three! different! batches! of!

nanocontainers:!i)!reference!blank!nanocapsules!sample,!ii)! liquidTcore!nanocapsules!loaded!

with!TiO2!nanocrystals!and!iii)!sensitized!photon!upTconversion!liquidTcore!nanoemitters.! In!

the!following!sections!the!synthesis!procedures!are!described!in!detail.!

2.2.1.4.1 Hexadecane@poly(methyl(methacrylate)(Nanocapsules(

This!protocol!is!taken!from!the!work!of!S.!Khoee!et!al.41!and!further!adapted!modifying!the!

purification!steps! to!our!purpose.!20!mmol!MMA!and!26!mmol!of!HD! !were!mixed!with!0.2!

mmol!of!benzoyl!peroxide!as!a!radical! initiator.!This!formulation!was!added!to!a!solution!of!

surfactants! (150!mg! of! TWEEN! 20! and! 135!mg! of! sodium! dodecyl! sulphate)! in! 32! g! of! DI!

water.!After!being!preTemulsified!under!magnetic!stirring!at!a!rate!of!1000!rpm!for!30!min.!

Miniemulsification!and!homogenization!were!continued!by!ultrasonicating!the!mixture!for!10!

min! at! 30%!amplitude.! To! avoid! prepolymerization,! the!mixture!was! cooled! in! a!water/ice!

bath!during!sonication.!The!obtained!miniemulsion!was!poured!into!a!singleTnecked!reactor!

equipped!with! a!magnetic! stirrer,! condenser,! and! inlet! for!nitrogen!gas.!Before! starting! the!

reaction,! the! reactor!was!purged!with!nitrogen! for! 40!min! to! remove! oxygen.! The! reaction!

was!carried!out!for!72!hours!under!a!nitrogen!atmosphere!at!80°C!and!stirred!at!700!rpm.!The!

final! latex! was! cooled! down! to! room! temperature! for! purification.! Latex! purification! was!

firstly! performed! via! a! centrifugation! in!methanol! for! 60!minutes! at! 6000! rpm,! in! order! to!

precipitate! the! polymerized! nanocapsules.! Secondly,! for! the! removal! of! the! superficially!

adsorbed!HD,!the!latex!has!been!centrifuged!three!times!with!a!fresh!hexane!solution!for!30!

minutes!at!6000!rpm.!The!final!precipitated!was!then!dried!in!vacuum!(10T2Torr)!for!further!

analysis.!Typical!molecular!weight!of!Mn!=!126!kDa,!Mw!=!218!kDa!and!polydispersity!value!

of!1.70!were!calculated!for!this!synthesis!by!GPC.!
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!

2.2.1.4.2 Hexadecane@poly(methyl(methacrylate)(nanocapsules(filled(with(TiO2(Anatase(

nanocrystals(

For!the!synthesis!of!the!nanocapsules!loaded!with!anatase!TiO2!nanocrystals!2ml!of!MMA!

and!a!dispersion!of!TiO2!in!6!ml!of!HD!were!mixed!with!51!mg!of!AIBN!as!a!radical!initiator.!

Synthesis!procedure!and!purification!steps!follow!from!section!2.2.1.4.1.!!

!

2.2.1.4.3 Hexadecane@poly(methyl(methacrylate)(nanocapsules(as(sensitized(upIconversion(

nanoemitters(

In!order! to!prepare!Hexadecane@poly(methyl!methacrylate)!nanocapsules! as! sensitized!

upTconversion! (SUC)! nanoemitters,! the! synthesis! protocol! was! changed! in! order! to! use! a!

waterTsoluble!radical!initiator.!In!fact,!as!specified!in!section!4.5.1,!it!seems!that!the!presence!

of! an! oilTsoluble! initiator! within! the! droplets! can! be! somehow! detrimental! regarding! the!

ultimate! efficiency! of! the! energy! transfer! process! involved! in! the! SUC.! Moreover,! an! azo!

waterTsoluble! initiator! was! needed! in! order! not! to! evolve! oxygen! during! the! initiator!

activation.!Traces!of!oxygen!(in!the!order!of!some!%)!can!indeed!inhibit!the!SUC!process.!!In!

this! regard! we! decided! to! use! the! waterTsoluble! azo! initiator! 2,2'TAzobis(2T

methylpropionamidine)dihydrochloride! (Figure! 2.4).! All! the! solutions! used! in! this! reaction!

were! degased! via! freezeTpumpTthaw! and! stored! under! inert! atmosphere! (N2! with! O2!

concentration<0.1!ppm).!The!reaction!was!driven!under!nitrogen!as!well! inside!a!glove!box!

(O2!concentration<0.1!ppm).!

!

Figure( 2.4:( Structural( formula( of( the( waterPsoluble( azo( initiator( 2,2'PAzobis(2Pmethylpropionamidine)(

dihydrochloride.(

The! formulation! used! for! the! synthesis! of! the! nanoparticles! is! reported! in! table! 3.! The!

organic!solution!was!made!of!1.2!ml!(4.08!mmol)!of!hexadecane!solution!containing!the!two!

dyes! involved! in! the!SUC!process,!namely!Platinum!octaethylporphyrin! (10T4!M!PtOEP)!and!

9,10TDiphenylanthracene!(10T3!M!DPA).!!
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Table(3.(Shell!synthesis!conditions!for!liquidTcore!HD@PMMA!SUC!nanoemitters.!

Hexadecane(

[mmol](

MMA((

[mmol](

(

Initiator((

[mmol](

(

Surfactant(

[mmol](

4.08! 3.10! 2.89·10T2! 6.50·10T2!

!

The!organic!solution!was!added!in!5!ml!of!an!aqueous!solution!of!waterTsoluble!initiator!

(2,2'TAzobis(2Tmethylpropionamidine)dihydrochloride,!6.50·10T2!mmol)!and!surfactant!(3.75!

g/L)!under!magnetic!stirring!at!700!rpm.!The!obtained!emulsion!was!then!homogenized!for!1!

hour! under! stirring! (1500! rpm)! at! room! temperature.! After! the! homogenization! the!

temperature!was!set!at!80°C!and!let!run!for!24!hours!under!magnetic!stirring!at!700!rpm.!The!

reaction!was!done!under!inert!atmosphere!(N2,!oxygen!concentration!<!0.1!ppm)!in!glove!box.!

The! pristine! polymer! nanocapsules! dispersion! was! then! characterized! in! terms! of!

photophysics!(lifetime!and!SUC!parameters)!and!Dynamic!Light!Scattering.!A!small!amount!of!

emulsion! was! then! diluted! for! SEM! micrographics.! Moreover,! the! emulsion! was! then!

precipitated!and!for!further!solidTstate!characterization.!Firstly,!1!ml!of!emulsion!was!added!

in! 1.2! ml! of! MeOH! and! centrifuged! at! 6000! rpm! for! 15! minutes.! After! this! step! a! white!

precipitate!appeared!on!the!bottom!of!the!vial.!The!precipitate!was!then!rinsed!with!2!ml!of!

hexane!and!centrifuged!at!6000!rpm!for!15!minutes.!The!hexadecane!rinse!and!centrifugation!

must!be! repeated! twice! (i.e.! three!hexadecaneTstage!overall).!The! final!precipitate!was! then!

dried! at! room! temperature! in! vacuum! (10T2! Torr).! The! obtained! dried! powder! was! then!

characterized!with!DSC.!

!

!

!

!
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2.2.2 Solvent(Evaporation(from(Emulsion(Droplets(
Polymer! nanoparticles! and! nanocapsules! are! playing! a! pivotal! role! in! different! fields,!

ranging! from! basic! research42!to! therapeutics43,! from! energy! conversion! and! storage44!to!

organic!electronics45.!For!applications!in!pharmacy!and!electronics!the!absence!of!impurities!

(i.e.! toxic! monomer,! unreacted! transfer! agents,! catalyst)! in! the! final! colloids! is! a! severe!

request.! Polymer! nanoparticles! obtained! by! solvent! evaporation! from! emulsion! droplets!

(SEED)!–!developed!by!G.W.!Burton!and!C.P.!O’Farrel!in!197746!–!have!been!found!to!fulfil!this!

demand.!SEED!is!indeed!based!on!liquidTsolid!nucleation!under!confinement:!preformed!and!

purified! polymers! are! dissolved! in! a! good! organic! solvent! and! emulsified! in! an! aqueous!

solution!of!stabilizer,!thus!forming!a!droplet!emulsion.!The!organic!solvent!is!then!evaporated!

through! the! continuous! aqueous! phase,! driving! the! polymer! precipitation! within! the!

nanoparticles.! Thanks! to! the! absence! of! contaminants,! SEED! process! is! used! for! the!

preparation! of! biodegradable! particles47!and! redoxTresponsive! nanocapsules48.! ! SEED!main!

drawback!lies!in!the!fact!that!the!colloidal!stability!of!the!emulsion!is!still!the!main!issue!when!

using!emulsion!droplets!as!templates!for!polymer!nanoparticles!preparation.!The!dimensional!

nonuniformity!of! the! final! SEED!nanoparticles!has!been!historically!ascribed! to! coalescence!

between!droplets!and/or!Ostwald!ripening49.!Dynamic!light!scattering!(DLS)!is!regularly!used!

at!different!stage!of!the!SEED!process!to!monitor!the!size!of!the!scatterer.!Unfortunately,!the!

coalescence!measured!by!DLS! is! questionable!because!phenomena!with!opposite! effects! on!

droplet/particle!size!cannot!be!easily!decoupled.!Particularly,!the!solvent!evaporation!in!the!

SEED!process! leads! indeed! to! a!decrease! in!droplet/particle!dimension!whereas!dimension!

can!increase!at!the!same!time!due!to!coalescence!between!droplets.!!Only!in!2012!D.!Schäffel!

et! al.50!developed! a!method! for! the! in! situ! quantitative!monitoring! of! coalescence!based!on!

Dual! Colour! Fluorescence! Cross! Correlation! Spectroscopy! (DCTFCCS),! providing! direct!

information! about! the! extent! of! coalescence! during! the! preparation! of! nanoparticles.! They!

unambiguously!show!that!coalescence!does!not!play!an!important!role!in!the!preparation!of!

polystyrene!nanoparticles!by!SEED!process!and!MiEP!as!well.!!

!

!

!

!

!
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2.2.2.1 SEED(protocol(for(the(preparation(of(polystyrene(nanoparticles(loaded(with(ASBI
158(molecular(rotor(to(be(analysed(by(Fluorescence(Correlation(Spectroscopy(

!

For!the!preparation!of!the!SEED!formulation!and!FCS!analysis,!the!procedure!developed!in!

Max!Planck!Institut!für!Polymerforschung!was!used50!(see!sketch!in!Figure!2.5).!Particularly,!

100!mg!of!Polystyrene!were!dissolved!in!2.5!g!toluene!(4%!w/W!of!solid!content!and!10T9M!of!

ASB158! molecular! rotor)! and! added! to! 20! g! of! an! aqueous! solution! of! SDS! (1! g/L).! A!

macroemulsion!was!obtained!by!stirring!the!mixture!at!1250!rpm!for!1!h.!The!macroemulsion!

was! sonicated! using! a! Branson! W450TD! sonicator! with! a! 1/2''Ttip! at! 70%! amplitude! in! a!

pulsed!regime!(30!s!sonication,!10!s!pause)!under!ice!cooling.!The!obtained!emulsions!were!

then!either!directly!analysed!via!FCS!or! transferred! in!a!50!mL!reaction! flask!and!stirred!at!

500!rpm!and!40!°C!for!12!h.!!

!

Figure(2.5:(Sketch(of(the(polystyrene(nanoparticles(preparation(from(solvent(evaporation(from(emulsion(droplets.(

Readapted(from(R.H.(Staff(et(al.(Small(2013,(9,(3514P3522.!

Fluorescence! Correlation! Spectroscopy! measurements! (see! section! 2.4.5! for! detailed!

description)! were! conducted! with! a! commercially! available! inverted! microscope! Olympus!

IX70!putting!the!sample!into!Attofluor!chambers!(see!instrument!details!in!section!2.3.5.3).!!

2.3 !Characterization(Methods(

2.3.1 TimeIResolved(Fluorescence(Spectroscopy(of(molecular(rotors,(TRFS(
TimeTresolved!measurements!are!widely!used! in! fluorescence!spectroscopy!(also!named!

time!resolved!fluorescence!spectroscopy,!TRFS),!since!they!contain!more!information!than!the!

ones!available! from!steady!state!data.! !Focusing!the! interest! in!polymer!and!colloid!science,!

TRFS!of!suitable!fluorescent!probes!gives!a!direct!and!fast!access!to!the!polymer!aggregation!

states! under! various! experimental! conditions51.! In! 1980! K.Y.! Law52!showed! that! polymer!

aggregation! state! can! be! monitored! –! without! need! for! chemical! functionalization! and!
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covalent!bonding!T!by!using!molecular!rotors.!Molecular!rotors!are!a!class!of!donorTacceptor!

organic!fluorophores,!where!the!electron!rich!fraction!is!connected!by!a!sigma!CTC!bond!to!the!

electron!poor!fraction.!The!rotation!and!banding!of!the!two!fractions!around!the!sigma!bond!

gives! the! molecule! a! high! degree! intramolecular! rotational! freedom.! This! feature! strongly!

affects! the! emission! intensity! and! lifetime! of! molecular! rotor,! strongly! depending! on! local!

viscosity53.! For! this! reason! molecular! rotors! were! found! a! good! local! probe! for! the! local!

aggregation! state! in! different! experimental! conditions54.! For! instance! rotors! are! used! to!

monitor! bulk! polymerization! dynamics 55 !as! well! as! aggregation! of! amyloid! fibres! in!

biomedical!assays56.!!

In!this!manuscript!the!use!of!TRFS!of!specifically!designed!molecular!rotors!as!a!fast!and!

versatile! method! for! monitoring! bulk! and! nanoscale! polymer! processes! is! reported.!

Particularly,!the!fluorescence!lifetime!of!the!rotors!is!a!sensitive!gauge!for!detecting!Tg!in!bulk!

polymers!as!well!as!in!EP!nanoparticles!(sections!3.2!and!3.3)!and!monitoring!SEED!process!

when!coupled!with!Fluorescence!Correlation!Spectroscopy!(section!2.4.6!and!Chapter!6).!

2.3.1.1 General(meaning(of(the(Lifetime(
!Prior! to! further! discussion!on! lifetime!measurements,! understanding! of! the!meaning! of!

the! lifetime! τ! is! mandatory.! When! a! sample! containing! a! fluorophore! is! excited! with! an!

infinitely! sharp! (δTfunction)! laser! light,! an! initial! population! (!!)!of! fluorophores! in! the!
excited!state!is!obtained.!!!

The!excitedTstate!population!decays!with!a!rate! Γ+ !!" !according!to!
!"(!)
!" = ! Γ + !!" !(!)!! ! ! ! ! ! ! (1)!

Where!!(!)!is! the! number! of! excited! molecules! at! time!!!following! excitation.!Γ!is! the!
emissive! rate! and!!!" !is! the!nonTradiative!decay! rate.!Emission! is! a! random!event! and!each!
excited!fluorophore!has!the!same!probability!of!emitting!in!a!given!period!of!time.!This!results!

in!an!exponential!decay!of!the!excited!state!population,!! ! = !!exp − ! ! .!!
The!direct!physical!observable!in!a!fluorescent!experiment!is!not!the!number!of!molecules!

!(!),!but!rather!the!fluorescent!intensity.!The!fluorescent!intensity!is!proportional!to!!(!)!and!
can!thus!be!written!in!terms!of!the!time!dependent!intensity!!(!).!Integration!of!eq.!(1),!with!
the! intensity! substituting! the! numbers! of! molecules,! yields! to! the! expression! for! a! single!

exponential!decay:!!

! ! = !!exp −! ! !! ! ! ! ! ! ! ! (2)!



! 37!

where!!!!is! the! intesity! at! time! 0.! The! lifetime!!!is! the! inverse! of! the! total! decay! rate,!
! = Γ+ !!" !! .! The! fluorescent! lifetime! can! be! determined! from! the! slope! of! the! plot!

!Log!(!)!versus!!!and! fitting! the!data! to! assumed!decay!models! (single! exponential!decay!or!
multiexponential!decay).!!

The! lifetime! is! the! average! amount! of! time! a! fluorophore! remains! in! the! excited! state!

following!excitation.!This!can!be!seen!by!calculating!the!average!time!in!the!excited!state! ! .!
This!value!is!obtained!by!averaging!!!over!intensity!decay!of!the!fluorophore:!

!

! = Γ+ !!" !! = !!
! !(!)!"

!(!)!
! !" =

!!
! !"# !! ! !"

!"# !! !!
! !" = ! !! ! ! ! (3)!

!

Lifetime!is!thus!a!statistical!average!and!fluorophore!emit!randomly!throughout!the!decay.!!

!

!

2.3.1.2 Molecular(rotors(lifetime,(FörsterIHoffmann(model((
Molecular! rotors! are! fluorescent! molecules! able! to! form! twisted! states! through! the!

rotation! of! one! segment! of! the! structure! with! respect! to! the! rest! of! the! molecule.!

Intramolecular!rotation!is!strongly!dependent!on!the!environment!(polarity,!hydrogen!bond!

formation,!isomerization!and!steric!hindrance)57.!!

Of! highest! importance! for! our! aim! is! steric! hindrance,! because! it! links! the! solvent’s!

microviscosity!to!the!formation!rate!of!twisted!intramolecular!charge!transfer!(TICT)!states,!

which,!in!turn,!determines!the!lifetime!of!the!process58.!For!this!reason,!molecular!rotors!have!

found!a!wide!range!of!applications!as!fluorescent!sensors!of!microviscosity!and!solvent!free!

volume59,!beyond!the!spatial!and!temporal!resolution!typical!of!mechanical!devices60.!

Such!a!microviscosityTdependent!lifetime!is!described!by!FörsterTHoffmann!equation61:!

Log! = ! + !Log!(! ! ! ! ! ! ! ! ! (4)(

Where!!!is! the! lifetime,!!!is! solvent! viscosity,!!!is! a! dyeTdependent! constant! and!!!is! a!
concentration!and!temperature!constant.!An!example!is!given!in!Fig.!2.662.!!!

Together!with!G.!Vaccaro!et!al.17,!we!developed!a!FCS!procedure!for!the!use!of!TRFS!of!a!

specifically!designed!molecular!rotor!as!a!method!for!monitoring!of!the!selfTassembly!of!block(

copolymers! in! solution! into! coreTcorona! micelles.! Particularly! the! sensitivity! to! the! molar!

fraction!of!disorganized!vs.!selfTassembled!copolymer!chains!of!the!molecular!rotor!was!!

!
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!

Figure(2.6:(Lifetime(behaviour(of(Bodipy(homopolymer(in(an(ethanolPglycerol(mixture.(Left(extreme(is(pure(ethanol(

(! = !.!"!!",! = !.!!!"),( right( extreme( is( pure( glycerol( (! = !.!"!!",! = !"#$!!").( After( S.( Rau( et( al.( Phys.(
Chem.(Chem.(Phys.(2014,(16,(27037.(Copyright(©(Royal(Society(of(Chemistry.(

reported.! On! top! we! showed! that! the! core! of! the! coreTcorona! micelles! is! below! its! Tg!

temperature,!irrespective!to!its!nanometric!diameter.!!

Several!independent!works!suggest!the!robustness!of!molecular!rotors!as!local!probes!in!

polymer!science.!Indeed!in!Chapter!3!we!describe!their!usage!as!a!Tg!probe!for!glass!transition!

in!bulk!and!nano!polymer!materials,!while!in!Chapter!6!we!performed!e!test!experiment!about!

the!usage!of!molecular! rotor!as!microviscosityTsensitive! fluorescent! tracers! in!Fluorescence!

Correlation!Spectroscopy.!

!

2.3.2 Dynamic(Light(Scattering(
It!is!well!known!that!when!laser!photons!collide!with!colloid!particles!with!solvodynamic!

dimension! far! less! than! incident! wavelength! undergoing! Brownian! motion,! the! scattering!

intensity!fluctuates!over!time.!Within!this!intensity!fluctuation,!information!is!contained!about!

the!time!scale!of!movement!of!the!scatterers63.!Quantitative!information!about!the!scatterers!

size! is! gained! through! the! analysis! of! the! field! autocorrelation! function!!!(!, !)!and! of! the!
measured! intensity! autocorrelation! function!!!(!, !).!!!is! the! scattered!wave! vector! and!!!is!
the!delay!time.!
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!!! !, ! !is!measured!through!the!electronic!hardware!and!software!analysis!of!the!photon!
statistics!by!Cumulants!fit.!Then,!!!(!, !)!can!be!calculated!from!through!Siegert’s!equation64:!

!
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! = !!!
3!"#!

!
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2.3.2.2 DLS(Instrument(
Dynamic! Light! Scattering! measurements! were! performed! at! 25°C! on! a! Malvern!

Instruments! Nano! Series! Zetasizer! optical! unit! (Continuous! Wave! 4! mW! HeTNe! class! 1!

internal! laser! operating! at! 632.8! nm,!measurement! angles! at! 13°! and! 175°! and! Avalanche!

photodiode!detector!with!Q.E.>50%!at!633!nm).!

!

!

2.3.3 1HITDINMR(
TimeTDomain! NMR! (TDTNMR)! is! an! alternative! to! classical! NMR,! widely! used! for! the!

structural! characterization! of! chemical! compounds.! Since! TDTNMR! works! at! low! magnetic!

fields!(typically!~0.5!T)!with!permanent!magnets,!the!system!is!far!less!expensive!but!much!

simpler!and!easierTtoTcooled!(i.e.!without!cryogenic!gasses)!in!comparison!to!traditional!ones.!

On! the! other! hand,! the! low! magnetic! field! leads! to! a! resolution! insufficient! for! obtaining!

FourierTTransform!spectra.!!

TDTNMR!obtains! information! from! the! analysis! of! the!dependence!of! signal! intensity!on!

time!(i.e.!from!the!raw!free!induction!decay!of!the!induced!magnetization).!

!

2.3.3.1 Magic(Sandwich(Echo(sequence,(MSE(
In!2006!K.! Saalwächter! and! coTworkers!proposed!an! improved!proton!NMR!method! for!

the! realTtime!measurement! of! the! hard/soft! ratio,! the! crystallinity! and! the!mobileTfraction!

dynamics!in!polymers65.!Their!MSETrefocused!FID!traces!with!CPMGTdetected!longTtime!decay!

(Fig.2.2)! allows! the! simultaneous! measurement! of! both! the! NMR! crystallinity! and! the!

relaxation! function! for! the! mobile! fraction,! together! with! solving! the! receiver! dead! time!

problem.!A!significant!part!of!the!rigid!fraction!signal,!usually!decaying!within!20!ms,!vanishes!

during! the! receiver! dead! time! (~! 30! ms).! The! overall! decay! of! the! mobile! signal,! far! less!

demanding!from!a!technical!point!of!view,!is!monitored!by!a!CarrTPurcellTMeiboomTGills!pulse!

train!(Fig.2.2).!!

!
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!

Figure( 2.7:( MSEPCPMG( pulsed( sequence( (up)( monitoring( of( the( Isothermal( crystallization( (down)( of( syndiotactic(

Polypropylene.(After(A.(Maus,(C.(Hertlein,(K.(Saalwächter,(Macromol.(Chem.(Phys.(2006,(207,(1150P1158.(Copyright(©(

John(Wiley(&(Sons,(Inc.(

Experimentally,! the! FID! is! recorded! as! function! of! time! (Fig.2.6)! and! fitted! with! the!

function!below.!!

!

Figure(2.8:(Representative(normalized(FID(curve(recorded(with(MSEPCPMG(sequence.(

!
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The! function! f(t)! is! a! linear! combination! of! a! Gaussian! decay! fitting! the! proton! decay!

associated!with! nuclei! embedded! in! a! low!mobility! domain! and! of! a! stretched! exponential!

decay!associated!to!the!behaviour!of!protons!in!a!high!mobility!!domain.!

!

2.3.3.2 1HITDINMR(Instrument(
TDT1HTNMR!measurements!were! performed! on! a! 0.5! T! Bruker!Minispec,! a! low! resolution! NMR!

spectrometer!with!proton!Larmor!frequency!of!19.9!MHz,!equipped!with!a!static!probe!and!a!BVT3000!

heater!temperature!control!unit!working!with!nitrogen!gas.!The!temperature!was!calibrated!using!an!

external! thermometer!with!an!accuracy!of!1!K.!The!precision! is!0.1!K!and! the! temperature! is! stable!

within!that!range!during!the!measurement.!The!samples!were!left!around!ten!minutes!in!the!magnet!to!

ensure!thermal!equilibration!before!starting!the!experiments.!

2.3.4 !Atomic(Force(Microscopy,(AFM(
AFM!allows!the! imaging!of! the!topography!of!conducting!and!insulating!(i.e.!not!suitable!

for!scanning!tunnelling!microscope)!surfaces,! in!some!cases!with!atomic!resolution66.! In!the!

pioneering!work!of!G.!Binning,!C.F.!Quate!and!C.!Gerber!published!in!1986!the!main!outcome!

was!the!possibility!of!imaging!insulators!surface!in(air(with!a!lateral!resolution!of!30!Å!and!a!

vertical!resolution!less!than!1!Å.!Such!an!ability!of!AFM!to!generate!image!contrast,!thanks!to!

its! unique! contact! probe!methodology,! and! to!work! even! in! liquid! environment67!has! been!

driving!its!popularity!as!an!established!method!in!cell!biology68,!drug!deliver69,!food!science70!

and!polymer!science71.!!

! In!the!next!chapter!we!would!like!to!point!out!that!AFM!is!not!only!a!tool!to!image!the!

topography! of! solid! surfaces! at! high! resolution! but! it! can! also! be! used! to! measure! forceT

versusTdistance! curves,! providing! information! on! local! material! properties! (i.e.! elasticity,!

hardness,! Hamaker! constant,! adhesion! and! surface! charge! densities).! For! this! reason! the!

measurement!of! force!curves!has!become!essential! in! the!over!mentioned!different! fields!of!

research,!form!surface!science!to!materials!engineering!and!biology.!

!

!

!

!
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2.3.4.1 Force(spectroscopy(
This!chapter!was!inspired!from!the!extensive!review!of!H.TJ.!Butt,!D.!Cappella!and!M.!Kappl!

in!Surf.(Sci.(Rep.(2005,!59,!1T152.!!

During!an!AFM!topography!experiment!(Fig.!1)!the!sample!is!scanned!in!the!plane!(i.e.!x,!y!

directions)!by!a!tip,!mounted!to!a!cantilever!spring.!The!force!between!the!tip!and!the!sample!

is! measured! by! monitoring! the! deflection! of! the! cantilever! during! the! scanning.! The!

topography!of!the!sample!is!obtained!by!plotting!the!deflection!of!the!cantilever!versus!its!(x,!

y)! position! on! the! sample.! Alternatively,! it! is! possible! to! plot! the! height! position! (i.e.! z!

direction)! of! the! translation! stage.! This! height! is! controlled! by! the! feedback! loop,! which!

maintains!a!constant!force!between!tip!and!sample.!!

!

Figure( 2.9:( Schematic( of( an(Atomic( Force(Microscope.( After( pharm.virginia.edu.( Copyright(©(Rector( and(Board( of(

Visitors.(

Image!contrast!arises!because!the!force!between!the!tip!and!sample!is!a!function!of!both!

tip–sample! separation!and!of! the!of! tip! and! sample! composition! (i.e.! the!materials! they!are!
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made!of).!To!date,!H.TJ.!Butt!et!al.66a!reported!that!image!contrast!is!mostly!obtained!from!the!

soTcalled!Born!repulsion!triggered!by!the!very!short!range!repulsion,!which!occurs!when!the!

electron!orbitals!of! tip!and! sample!overlap.! !However,! further! interactions!between! tip!and!

sample!can!be!used!to!characterize!the!properties!of!the!sample,!of!the!tip,!or!of!the!medium!

in! between.! These!measurements! are! usually! known! as! ‘‘force!measurements’’.! In! an! AFM!

force!measurement! the! tip! attached! to! a! cantilever! spring! is!moved! towards! the! sample! in!

normal!direction!(Figure!2.10).!Vertical!position!of!the!tip!and!deflection!of!the!cantilever!are!

recorded!and!converted!to!forceTversusTdistance!curves,!briefly!called!‘‘force!curves’’.!!

!

Figure(2.10:(Schematic(of(a(typical(cantilever(deflectionPvs.Ppiezo(height((ZcPvs.PZp)(curve((left)(and(corresponding(

ZcPvs.PD(plot,(with(D(=(Zc(+(Zp(during(a(force(measurement.(After(H.PJ.(Butt(et(al.(/(Surface(Science(Reports(59((2005)(

1–152.(Copyright(©(Elsevier(B.V.(

In!a! force!measurement! the! sample! is!moved!up!and!down!by!applying!a!voltage! to! the!

piezoelectric! translator,! onto!which! the! sample! is!mounted,!while!measuring! the! cantilever!

deflection! (Figure! 2.10).! The! sample! is! one! of! the! two! interacting! solid! surfaces.! The! other!

solid!surface!is!usually!a!microfabricated!tip.!!

The! result! of! a! force!measurement! is! a!measure! of! the! cantilever! deflection,! Zc,! versus!

position!of! the!piezo,!Zp,! normal! to! the! surface.!To!obtain! a! forceTversusTdistance! curve,!Zc!

and!Zp!have!to!be!converted!into!force!and!distance.!The!force!F!is!obtained!by!multiplying!the!

deflection!of!the!cantilever!with!its!spring!constant!kc:!F(=(kcZc.!The!tip–sample!separation!D!

is!calculated!by!adding!the!deflection!to!the!position:!D(=(Zp(+(Zc.!D!is!now!called!tip–sample!

separation!‘‘distance’’.!!

The!deflection!of!the!cantilever!is!usually!measured!using!the!optical!lever!technique72.!A!

laser!diode!beam! is! focused!onto! the!end!of! the!cantilever!and! the!position!of! the! reflected!

The aim of this review is to provide the reader with a comprehensive description of how to measure
and analyze AFM force experiments. It is written for researchers who intend to use the AFM or already
use it for measure forces. These can bemicroscopists with a background in imaging who intend to expand
their possibilities by taking force curves. It also concerns colloidal and interface scientists who want to
use the AFM to study interparticle and surface forces. The review highlights the contribution the AFM
made to our knowledge of surface forces. We describe the technique and analysis, the advantages and
scientific achievements but also the problems, limits, and pitfalls. We believe that AFM force
experiments have reached such a maturity, that a comprehensive review is helpful.

2. The technique of AFM force measurements

2.1. Overview

In a force measurement the sample is moved up and down by applying a voltage to the piezoelectric
translator, onto which the sample is mounted, while measuring the cantilever deflection (Fig. 2). In some
AFMs the chip to which the cantilever is attached is moved by the piezoelectric translator rather than the
sample. This does not change the description at all, for simplicity we assume that the sample is moved.
The sample is usually a material with a planar, smooth surface. It is one of the two interacting solid
surfaces. The other solid surface is usually a microfabricated tip or a microsphere. For simplicity we call
this ‘‘tip’’. If we explicitly refer to one of the two we mention it as ‘‘microfabricated tip’’ or
‘‘microsphere’’.

The counterpart of the tip is the sample. The most convenient geometry is a planar surface. Problems
due to sample roughness are greatly reduced in the AFM compared to other surface force techniques
since the sample only needs to be smooth on a scale comparable to the radius of curvature at the end of the
tip. Several materials such as mica, a silicon wafer or graphite (HOPG) are available with sufficient
smoothness over the required areas. In addition, the surface of many materials can be smoothened by
template stripping. Therefore the material, say a polymer, is melted on a smooth surface [25]. This can be
a mica or a silicon wafer surface. After cooling and right before an experiment the surface is peeled off

H.-J. Butt et al. / Surface Science Reports 59 (2005) 1–15210

Fig. 2. Schematic of a typical cantilever deflection-vs.-piezo height (Zc-vs.-Zp) curve (left) and corresponding Zc-vs.-D plot,
with D = Zc + Zp.
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beam!is!monitored!by!a!position!sensitive!detector!(PSD).!To!enhance!the!reflectivity!of! the!

cantilever,!its!backside!is!often!covered!with!a!thin!gold!layer.!When!a!force!is!applied!to!the!

probe,! the! cantilever! bends! and! the! reflected! lightTbeam!moves! through! an! angle! equal! to!

twice!the!change!of!the!end!slope!dZc/dX.!!

!

Figure(2.11:(Schematic(side(view(of(a(cantilever(with(a(force(at(its(end.(X(is(the(horizontal(coordinate(originating(at(

the(basis(of(the(cantilever,(Z(X)(is(the(cantilever(deflection(at(a(the(position(X,(Zc(being(the(cantilever(deflection(at(its(

end.(After(H.PJ.(Butt(et(al.(/(Surface(Science(Reports(59((2005)(1–152.(Copyright(©(Elsevier(B.V.(

For!a!cantilever!with!a!rectangular!crossTsection!of!width!w,!length!L,!and!thickness!tc,!the!

change!dZc/dX!(Figure!2.11)!is!given!by!

d!"
d! = 6 !!!

!"!!!
!

Here,!E!is!the!Young’s!modulus!of!the!cantilever!material!and!F!is!the!force!applied!to!the!

end!of!the!cantilever!in!normal!direction.!The!signal!detected!with!the!optical!lever!technique!

is!proportional!to!the!end!slope!(dZc/dX)!of!the!cantilever.!The!deflection!of!the!cantilever!is!

given!by!

!! = 4 !!!
!"!!!

= 2
3 !

d!!
d! !

Hence,! the!deflection! is!proportional! to! the!signal.!Anyway,! it! is!worth!noticing!that! that!

these!relations!only!hold!under!equilibrium!condition.!!

The!direct!physical!observables!measured!during!a!force!measurement!are!the!photodiode!

current! IPSD! versus! height! position! of! the! piezoelectric! translator! Zp.! To! obtain! a! forceT

versusTdistance!curve,!IPSD!and!Zp!have!to!be!converted!into!force!and!distance73.!Therefore!

sensitivity!and!zero!distance!need!to!be!known.!Both!parameters!must!be! inferred!from!the!

force! curve! itself! and! not! through! an! independent!method.! The! linear! part! of! the! ‘‘contact!

regime’’! in! Figure! 2.10! is! assumed! to! be! zero! distance! and! its! slope! is! the! sensitivity.! The!

and the freshly exposed polymer surface is used for the force measurement. The same technique can also
be used for gold or other materials which can be sputtered or evaporated [26,27]. First the material is
deposited onto mica or a silicon wafer. Then a steel plate is glued on top. Finally the steel plate with the
deposited material is cleaved off the substrate surface. The now exposed surface of the deposited material
can then be used in a force experiment.

Atomic force microscopes can be operated in air, different gases, vacuum, or liquid. Different
environmental cells, in which the kind of gas and the temperature can be adjusted, are commercially
available. To acquire force curves in liquid different types of liquid cells are employed. Typically liquid
cells consist of a special cantilever holder and an O-ring sealing the cell.

The result of a force measurement is a measure of the cantilever deflection, Zc, versus position of the
piezo, Zp, normal to the surface. To obtain a force-versus-distance curve, Zc and Zp have to be converted
into force and distance. The force F is obtained by multiplying the deflection of the cantilever with its
spring constant kc: F = kcZc. The tip–sample separation D is calculated by adding the deflection to the
position: D = Zp + Zc. We call this tip–sample separation ‘‘distance’’. For details see Section 3.1.

The deflection of the cantilever is usually measured using the optical lever technique [28,29]. A beam
from a laser diode is focused onto the end of the cantilever and the position of the reflected beam is
monitored by a position sensitive detector (PSD). Often the backside of the cantilever is covered with a
thin gold layer to enhance its reflectivity. When a force is applied to the probe, the cantilever bends and
the reflected light-beam moves through an angle equal to twice the change of the endslope dZc/dX. For a
cantilever with a rectangular cross-section of width w, length L, and thickness tc, the change of the
endslope (Fig. 3) is given by

dZc
dX

¼ 6FL2

Ewt3c
: (2.1)

Here, E is the Young’s modulus of the cantilever material. F is the force applied to the end of the
cantilever in normal direction. The signal detected with the optical lever technique is proportional to the
endslope of the cantilever. The deflection of the cantilever is given by

Zc ¼
4FL3

Ewt3c
¼ 2

3
L
dZc
dX

: (2.2)

Hence, the deflection is proportional to the signal. One should, however, keep in mind that these
relations only hold under equilibrium condition. If the movement of the cantilever is significantly faster

H.-J. Butt et al. / Surface Science Reports 59 (2005) 1–152 11

Fig. 3. Schematic side view of a cantilever with a force at its end. X is the horizontal coordinate originating at the basis of the
cantilever, Z(X) is the cantilever deflection at a the position X, Zc being the cantilever deflection at its end.
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method! is! usually! valid! and! reliable.!However,! in! the! case!of! highly!deformable! surfaces!or!

layered!structures,!where!strong!repulsive!forces!may!lead!to!false!interpretations74.!!

︎ !The!force!measurement!AFM!procedure!has!reached!a!state!of!maturity,!since!the!basic!

mathematics!describing!the!cantileverTtipTsample!interaction!has!been!developed.!!

2.3.4.2 AFM(Instrument(

AFM! imaging! and! force! spectroscopy! were! carried! out! with! a! JPK! NanoWizard! (JPK!

Instruments,!Berlin,!Germany)!with! closed! loop! scanner!using! silicon! cantilevers! (Olympus,!

Tokyo,! Japan).! Spring! constants! of! cantilevers! were! determined! using! the! thermal! noise!

method.!

2.3.5 Fluorescence(Correlation(Spectroscopy,(FCS(
In!the!early!1970s!Fluorescence!correlation!spectroscopy!was!developed!by!D.!Madge,!E.L.!

Elson!and!W.W.!Webb75!together!with!M.!Ehrenberg!and!R.!Rigler76,!with!the!aim!of!drawing!

information! about! kinetic! coefficients! from! the! way! a! molecular! system! relaxes! back! to!

equilibrium!after!a!perturbation77.! !As!nicely!described!in!Petra!Schwille’s!2001!review81,! in!

FCS!the!perturbation!is!not!induced!by!the!experimentalist!(as!in!other!relaxation!techniques),!

but! is! taken! of! minute! spontaneous! temporal! fluorescence! intensity! fluctuations! due! to!

diffusive!dynamics!of!fluorescent!species!(small!molecules,!macromolecules,!nanoparticles)78,!

always!occurring!on!a!microscopic!scale!at!room!temperature.!!!



! 47!

!

Figure( 2.12:( Fluorescence( Correlation( Spectroscopy( confocal( setup.( Courtesy( of( Dr.( Kaloian( Koynov,( Max( Planck(

Institut(für(Polymerforschung.(

Such! intensity! fluctuations! can! be! better! resolved! the! smaller! the! system! under!

observation!is,! ideally!on!the! level!of!single!molecule.!Using! laser!sources!and!ultrasensitive!

avalanche!photodiode!detectors! (APD),! fluorescence!based!detection! and! analysis! on! single!

molecule!scale!has!been!accomplished79.!The!first!setup!allowing!the!spatial!restriction!of!the!

system! under! investigation! to! very! small! molecular! numbers! scale! (i.e.! close! to! the! single!

molecule!regime)!was!developed!by!R.!Riegler!et!al.80!and!is!based!on!a!confocal!scheme!(in!

Figure!2.12).!A!small!probing!volume!(an!ellipsoid!in!the!fL!range,!named!confocal!volume)!is!

achieved!by!focusing!the!laser!beam!down!to!the!resolution!limit!with!an!objective!with!high!

numerical!aperture!(usually!N.A.>0.9).!Fluorescence! is! thus!excited!only!within! the!confocal!

volume,! because! only! the!molecules! dwelling! in! this! focal! spot! contribute! to! the!measured!

signal.!Only!photons!coming!from!the!confocal!volume!are!collected!onto!the!photodiode!via!a!

pinhole!positioned!in!the!image!plane,!allowing!the!axial!resolution!modulation.!

2.3.5.1 Theoretical(framework(of(fluctuation(analysis(

An!upTtoTdate!comprehensive!review!about!FCS!was!given!by!K.!Koynov!and!H.TJ!Butt! in!

201381.!The!temporal!fluctuations!in!the!detected!fluorescence!intensity!!" ! !(Figure!2.13Ta),!
caused!by!the!diffusion!of!fluorescent!species!through!the!confocal!volume,!are!recorded!and!

analysed!by!an!autocorrelation!function:!
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! ! = 1 + !" ! ! !!!
!" ! ! ! (1)! !

In! case! of! fluorescence! fluctuations! caused! only! by! 3D! diffusion! of! identical! fluorescent!

species! in! and! out! the! confocal! volume,! the! autocorrelation! function! has! the! form! (Figure!

2.13Tb):!

! ! = 1 + !
! 1 + !

!!
1 + !

!!!

!!!! (2)!

!

Here,!!!is! the! average! number! of! fluorescent! species! in! the! observation! volume! and!
! = !! !!!is!the!axial!to!radial!dimensions!of!the!confocal!volume.!The!diffusion!time!!!!of!the!
species!is!related!to!their!diffusion!coefficient!!,!!! = !!! 4!.!!

In!a!typical!experiment!the!measured!autoTcorrelation!function!(eqn.!1)!is!fitted!with!the!

analytical!expression!(eqn.!2),!thus!obtaining!the!diffusion!time,!the!diffusion!coefficient!and!

the!concentration!of! the! fluorescent!species.!On!top,! if! the!measurement!are!performed!in!a!

diluted!system,!the!hydrodynamic!radius!of!the!species!is!related!to!their!diffusion!coefficient!

through! the! StokesTEinstein! relation:!!! = !!! 6!"# !(!! !is! Boltzmann’s! constant,!! !the!
temperature!and!!!the!solution!viscosity).!
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!

Figure( 2.13:( a)( Temporal( fluorescence( intensity( fluctuations( due( to( scatterers( Brownian( diffusion( in( the( confocal(

volume.(b)(Autocorrelation(curve(obtained(from(the(correlation(analysis(of(I(t).(

Since! !!!!depends!strongly!on! the!geometrical! characterisics!of! the!optical! setup!and! the!
refractive! index! of! the! sampe!media,! a! suitable! calibration! is! performed! by!measuring! the!

diffusion! time!of! a! tracer!with!known!diffusion!coefficient,! in! solution!with! refractive! index!

similar!to!that!of!the!sample!media.!

2.3.5.2 Coupling(FCS(with(TRFS(of(a(tailored(molecular(rotor(

In!the!recent!years,!FCS!has!emerged!as!a!powerful!method!for!investigating!the!diffusion!

of!fluorescent!small!molecules,!macromolecules!or!nanoparticles!in!various!environments82.!If!

the!application! field!of!FCS! started! from!biology83,!nowadays! it! is! a!wellTestablished! tool! in!

polymer84!and!colloid!science85!as!well.!Particularly!FCS!allows!the!study!of!surface!diffusion!

of!adsorbed!polymers86,!of! tracer!diffusion! in! in!undiluted!polymer!solutions87,! crossTlinked!

networks88!and! polymer! melts89.! Moreover! the! formation! of! amphiphilic! block! copolymer!

micelles! and! vesicles! and! their! interaction! with! small! molecules! or! nanoparticles! was!

investigated90.!FCS!is!then!a!powerful!tool! for!the!quantitative!characterization!of!molecular!

transport! at! different! length! scales,! as! well! as! for! the! analysis! of! effective! viscosity! of! the!

medium!with!micrometre!resolution.!!
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Notwithstanding,!particularly!in!the!field!of!submicrometric!colloids,!FCS!still!lacks!of!the!

ability! of! “looking! inside”! the! particle,! giving! thus! direct! feedback! of! the! polymer! chains!

aggregation!within!the!particle!(i.e.!solvent!residuals!in!SEED!process,!local!viscosity!kinetic!in!

MiEP,! hardness! of! lipophilic! core! in! amphphilic! block! copolymer!micelles! etc.).! In! order! to!

shed! new! light! on! this! topic,! the! direct! coupling! of! FCS! and! timeTresolved! fluorescence!

spectroscopy!of! a! tailored! rotor,! developed! in! collaboration!with!Dr.!Kaloian!Koynov!at! the!

Department! of! physics! at! interfaces! at!Max!Planck! Institute! for!Polymer!Research! in!Mainz!

(Germany),!is!here!described.!

The! soTcalled! timeTresolved! FCS! (i.e.! the! combination! of! timeTresolved! fluorescence!

detection!with!FCS)!has!been!already!described! in! literature.!D.C.!Lamb!et!al.91!reported!the!

timeTgating! of! the! fluorescent! signal! in! the! nanosecond! range! for! suppressing! the! light!

scattering!or! the! fluorescence!of!a! fast! fluorescence!decay!dye!respect! to!a!second!dye!with!

longer!fluorescence!decay.!Indeed!all!photons!arriving!outside!the!timeTgate!were!ignored!and!

not! included!in!the!analysis.!This! idea!of!setting!a!timeTgate! for!the!selective!suppression!of!

unwanted! signal! in! ultrasensitive! fluorescence! and! luminescence! detection! is! reported! in!

literature! by! several! authors92.! This! is! the! timeTresolved! equivalent! of! the! use! of! spectral!

filters!for!blocking!unwanted!signals!outside!the!spectral!window!of!interest.!

Böhmer! et! al.93!reported! a! strategy! based! on! the! use! of! lifetime! information! of! the!

measured!fluorescence!signal! for!extracting!two!independent!FCS!traces!from!the!measured!

signal,!without!discarding!any!of!the!detected!photons.!In!this!way!the!complete!time!resolved!

spectrum! is! recorded! and! deconvoluted! into! the! different! contributions! from! the! various!

emitting!species.!

! The! ASB158! molecular! rotor! in! Figure! 2.14! was! used! either! as! a! microviscosityT

sensitive! or! as! a! fluorescent! tracer! within! the! FCS! experiment.! We! already! demonstrated!

TRFS! of! molecular! rotors! is! a! suitable! method! to! probe! the! relevant! features! of! the! selfT

assembly! of! amphiphilic! block! copolymers! in! aqueous! solution17! (i.e.! minimum! amount! of!

water! required! to! obtain! complete! selfTassembly,! minimum! equilibration! time! of! the!

dispersion!after!changing!the!composition,!aggregation!state!of!the!nanoparticle!core).!
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!

Figure(2.14:(ASB158(Molecular(Rotor(used(as(FCS(tracer(in(this(work.(Courtesy(of(Prof.(Dr.(Luca(Beverina,(UniMIB.(

On!top!this!kind!of!analysis!is!simple,!quantitative!and!nonTdestructive.!!

The!aim! is!now!coupling! in! situ! the!FCS!ability! in!monitoring!nanostructure!dimensions!

with! the! TRFS! of! a! rotor,! enabling! the! characterization! of! the! local! mobility! within! the!

nanostructure.!Finally!these!quantity!can!be!measured!in!the!same!sample,!at!the!same!time!

and!in!the!same!fL!focal!volume.!!

!

2.3.5.3 FCS(Instrument(
In!this!work,!Fluorescence!Correlation!Spectroscopy!measurements!!were!conducted!with!

a!commercially!available!inverted!microscope!Olympus!IX70,!combined!with!a!FluoView300!

confocal! laser! scanning! setup! (Olympus)! and! a! PicoQuant! FCS! upgrade!with! single! photon!

counting!avalanche!photodiode!τTSPAD!(PicoQuant).!A!water! immersion!objective!(Olympus!

UPLSAPO! 60XW! 60x/1.2)! was! used.! The!molecular! rotor! was! excited! with! a! pulsed! diode!

laser! (λ! =! 470! nm,! Power! ≈! 0.3! mW! and! pulse! length! <! 90! ps).! Size! and! shape! of! the!

observation! volumes! were! calculated! by! reference! measurements! conducted! using! Alexa!

Fluor! 488®! dye.! This! dye! is! appropriately! excitable!with! the! laser! used! and! it! has! a!wellT

known!diffusion!coefficients94.!Throughout!all!measurements,!an!Attofluor!chamber!(25!mm!

round! coverslip! holder! with! fluorinated! OTring! seal! design! and! standard! 35! mm! diameter!

stage!holder!with!0.5!mm!base!dimension!allowing!clearance!for!the!objective!when!focusing)!

was!used!as!sample!cell.!Typical!penetration!depths!used!during!the!experiments!were!5!µm!

from!the!coverslip/emulsion!interphase,!in!order!to!minimize!focal!volume!shape!distortions.!

! (
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Results(and(Discussion(

3 Retention(of(Bulk(GlassITransition(Temperature(in(Polystyrene(

nanoparticles(
!

3.1 Introduction(
“The(origins(of(the(glass(transition,(despite(its(ubiquity(in(technology(and(everyday(life,(still(

remain(mysterious”.!Shin!Kawana!and!Richard!A.L.!Jones!chose!this!opening!sentence!for!their!

2001!article!on!Phys.!Rev.!E.95!!

It!has!been!cited!more!than!240!times.!

!

Large! shifts! in! the! glass! transition! temperature! respect! to! bulk! values! were! firstly!

observed! in! small! systems,! such! as! thin! films,! either! supported! on! substrates96!or! freely!

standing97,! or! glassTforming! liquids! confined! in! nanoscopic! pores98!in! the! 1990s.! When!

polymer!chains!are!confined!in!geometries!with!size! in!the!order!of!tens!of!nanometres!(i.e.!

very!close!to!the!bulk!radius!of!gyration!of!polymer!chains),!the!fraction!of!chains!in!contact!

with!the!surface!increases,!leading!to!a!grater!contribution!of!size!and!interfacial!effects.!Size!

effects!are!expected!to!occur!when!the!length!scale!of!the!confining!dimension!(i.e.!thickness!

in! thin! films)! and! the! length! scale! governing! Tg! (i.e.! a! cooperatively! rearranging! region)!

coincide99.!Interfacial!effects!dominate!when!the!ratio!of!interfacial!surface!area!to!volume!is!

increased100 .! This! interplay! between! size! and! interfacial! effects! drives! to! controversial!

observations!including!either!substantial!increases101!or!decreases102!in!Tg.!!

Measurement!of!glass! transition! temperature! (Tg)!with!differential! scanning!calorimetry!

(DSC)! is!well! established! in!bulk!materials!but!becomes!elusive! in!nanostructured! systems.!

DSC! T! patent! by! E.S.! Watson! and! M.J.! O'Neill! in! 1962103!T! is! a! thermo! analytical! technique!

where!the!difference!in!the!amount!of!heat!required!to!increase/decrease!the!temperature!of!

a! sample! and! reference! is! measured! as! a! function! of! temperature.! Both! the! sample! and!

reference!are!maintained!at!the!same!temperature!throughout!the!experiment104.!Since!then!

DSC! has! been!widely! used! for! the! determination! of! thermal! transitions! (i.e.! melting! point,!

glass!transition!temperature,!degradation!temperature!etc.)!in!polymeric!materials105.!!
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In!2011!R.D.!Priestley!et!al.13!decided!to!move!from!twoTdimensional!spatial!confinement!

in!polymer! thin! films! to! threeTdimensional! confinement!on!polystyrene!nanoparticles.!They!

investigated! the! Tg! of! polymer! nanoparticles! under! soft! and! hard! confinement! directly! in!

aqueous! emulsion! via! modulated! differential! scanning! calorimetry! (MTDSC).! Conventional!

DSC!becomes!elusive!in!nanostructured!systems,!since!it!measures!“only”!the!sum!or!average!

value!of!the!heat!flow!from!overlapping!processes.!The!two!overlapping!processes!in!this!case!

are!the!polystyrene!glass!transition!(Tg,bulk~90÷110°C)!and!water!evaporation!(Tevap~100°C)!

where!the!NPs!are!dispersed.!This!makes!simultaneous,!quantitative!and!separate!analysis!of!

the! individual! reversible! nanoparticle! softening! due! to! Tg! and! the! irreversible! water!

evaporation!thermal!processes!impossible!to!detect!and!decouple!with!conventional!DSC.!On!

the!other!hand!MTDSC!uses!two!simultaneous!heating!rates:!i)!a!linear!heating!rate!providing!

information! similar! to! standard! DSC! and! ! ii)! a! sinusoidal! or! modulated! heating! rate! that!

permits!the!simultaneous!measurement!of!the!sample's!heat!capacity.!Among!the!pioneers!in!

this!field,!in!1993!P.S.!Gill,!S.R.!Sauerbrunn!and!M.!Reading!from!TA!instruments!defined!!MT

DSC!as!an! “extension(to(conventional(DSC(which(provides(information(about(the(reversing(and(

nonreversing( characteristic( of( thermal( events,( as( well( as( the( ability( to( directly(measure( heat(

capacity”106.!!

It!must!be!noticed!that!TA!Instruments!(producer!of!the!instrument!used!by!R.D.!Priestley!

et!al.!in!reference!13)!stresses!that!“M7DSC(measures(neither(reversibility(nor(non7reversibility(

of( transitions.( The( term( "reversing"( was( chosen( because( true( heat( capacity( (heat( associated(

with(increasing(or(decreasing(a(materials(temperature)(is(reversible.(However,(a(heat(capacity(

change(during(a(transition(is(almost(never(reversible.(While(a(transition(in(the(reversing(signal(is(

associated(with(a(heat(capacity(change,(it(may(or!may!not(be(reversible”107.!In!our!opinion!this!

considerations! could! open! some! reliability! issues! about! the! general! meaning! on! the! study!

proposed!by!Priestley!et!al13.!

Moreover,!Martin!Tress!et!al.15!showed!in!2013!that!glassy!dynamics!can!be!detected!even!

in! condensed! isolated! poly(2Tvinylpiridine)! (P2VP)! polymer! chains.! This! message! collides!

with!the!picture!proposed!by!Priestley!et!al.13,!giving!an!idea!of!how!contradictory!can!be!the!

results!in!this!field!of!Tg!at!the!nanoscale.!The!procedure!proposed!by!Tress!et!al.15!is!based!on!

the! use! of! Broadband! Dielectric! Spectroscopy! (BDS)! combined! with! a! nanostructured!

electrode! arrangement! enabling! the!measurement! of! samples!without! a! continuous! surface!

coverage.! Hence,! for! the! first! time,! the! dynamic! glass! transition! (i.e.! the! glass! transition!

measured! in! terms! of!αTrelaxation!with! BSD108)! of! condensed! isolated! polymer! chains!was!

directly!measured!and!found!to!be!bulkTlike.!Measurements!show!that!this!relaxation!process!
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is! still! present! in! samples! containing! only! isolated! condensed! polymer! chains! and! similar!

semiTisolated! agglomerates! consisting! of! ~5! to! 10! chains! (estimation! based! on! AFM!

measurements!of!condensed!coil,!on!the!molecular!weight!and!bulk!density).!

!In! addition,! these! results! and! considerations! completely! agree!with! the! length! scale! on!

which!the!dynamic!glass!transition!was!to!be!expected!according!to!E.!Fischer!et!al.!in!199216.!

Standing! on! this! state! of! the! art! overview,! the! main! issue! is! clear:! even! if! results! are!

contradictory,! the! scientific! community! is! still! thinking! on! how! and! to! what! extent! the!

properties!of!polymer!are!changed!at!the!nanoscale?!

In! order! to! give! an! original! answer! to! this! question,! a!method! based! on! the! TRFS! of! a!

tailored!molecular!rotor!for!the!measurement!of!glass!transition!temperature!is!proposed.!We!

decided!to!calibrate!this!method!with!standard!DSC,!in!order!to!have!an!easyTtoTreplicate!and!

robust!calibration!standard.!Moreover!the!responsiveness!of!molecular!rotor! lifetime!due!to!

local!viscosity!variations!is!known!since!the!early!1970s!for!the!FörsterTHoffmann!model61.!In!

our!opinion!this!could!give!our!message!a!good!degree!of!generality!and!reliability!within!the!

scientific!community.!

!

3.2 TRFS(of(AzeNaph1(for(glass(transition(detection(in(bulk(polymers(
Since,!to!the!best!of!our!knowledge,!the!literature!in!the!field!of!glass!transition!in!polymer!

nanoparticles!is!still!controversial,!in!this!section!we!propose!a!method!based!on!the!TRFS!of!

a! tailored!molecular! rotor! for! the!measurement! of! glass! transition! temperature! in! polymer!

samples!and!polymer!nanoparticles! (section!2.2.1.2!and!2.2.1.2.1).!The! fluorescent!probe!of!

choice! is! the!donor–acceptor!derivative!AzeNaph1! (Figure!3.1)!whose! fluorescence! lifetime!

strongly! depends! on! the! rotation! of! its! electron!donating! and! rigid! dibenzoazepine! residue!

with!respect!to!the!electron!deficient!naphthalene!imide!residue17.!!

!

Figure(3.1:(AzeNaph1(structure( formula( (LEFT)(and(3D(structure( (RIGHT).( (After(G.(Vaccaro(et(al.( Chem.(Commun.(
2013,(49,(8474.(Copyright(©(Royal(Society(of(Chemistry.(
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!

Its!fluorescence!lifetime!is!extremely!sensitive!to!the!environment,!ranging!from!hundred!

ps! for! liquids! and! polymers! above! Tg! to! 6–8! ns! for! glassy! polymers,! with! a! lifetime!

characteristic!of!the!employed!polymer.!

Just!by!recording!the!rotor!luminescence!lifetime!as!a!function!of!the!polymerization!time,!it!is!

possible! to!easily! follow!the!bulk!polymerization!kinetics!of!styrene! into!polystyrene!Figure!

3.2.!

!

Figure( 3.2:( Time( decay( profile( of( AzeNaph1( acquired( before,( during( and( after( the( polymerization( a( T=55°C( in( a(

styrene(solution(containing(100(ppm(of( lauryl(peroxide(as(radical( initiator.(After(G.(Vaccaro(et(al.( Chem.(Commun.(
2013,(49,(8474.(Copyright(©(Royal(Society(of(Chemistry.(

The!emission!decay!of!AzeNaph1!behaves!as!a!perfect!single!exponential!in!homogeneous!

samples.! The! decay! is! fast! in! liquid! samples,! slow! in! solid! ones! but! always! well! fitting! a!

monoexponential!law.!This!is!not!a!common!characteristic!of!standard!molecular!rotors.!This!

is!the!reason!why!in!all!previous!studies!of!polymerization!kinetics!based!on!the!luminescence!

of!a!probe,!authors!mainly!focused!on!the!luminescence!intensity!instead!of!lifetime109,!110.!The!

process!of!the!fluorescence!decay!for!a!AzeNaph1!involves!radiative!and!nonTradiative!decay!

channels,! in! which! the! radiative! decay! is! reasonably! assumed! to! be! unrelated! with! the!

relaxation! process! of! the! host! matrix! and! independent! of! temperature,! while! the! nonT

radiative!decay! is! strongly!affected!by! the! surrounding!solvent!or!host!matrix!molecules111.!

Then! molecular! rotors! TRPL! lifetime! can! be! interpreted! with! FörsterTHoffmann! model61,!

linking!the!measured!lifetime!τ!with!the!local!viscosity!of!the!host!matrix.!
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!

Log! = ! + !Log!!
!

Where!C!and!x!are!host/rotor!dependent!constants!(0≤x≤1).!

In!principle,!TRPL!of!molecular! rotors! can!be!very! sensitive! to! the!variation! in! the! local!

viscosity!due!to!the!onset!of!polymer!chains!reptation!(i.e.!the!occurrence!of!glass!transition).!!

!

Figure( 3.3:( Representative( series( of( time(decay( profile( of( AzeNaph1( embedded( in( a( commercial( polystyrene(bulk(

sample(at(different(temperature.(From(280(K((T<<Tg)(to(443(K((T>Tg)(a(monotonic(decrease(in(lifetime(is(detected,(

coherent(with(the(FörsterPHoffmann(model.(

In!fact!in!Figure!3.3!a!series!of!representative!time!decay!profile!of!AzeNaph1!embedded!in!

a!commercial!polystyrene!bulk!sample!as!function!of!temperature.!From!280!K!(T<<Tg)!to!443!

K! (T>Tg)! a!monotonic!decrease! in! lifetime! is! detected,! coherent!with! the!FörsterTHoffmann!

model61.!The!slope!of!the!decay!curve!is!the!inverse!of!the!lifetime.!Therefore!it!is!possible!to!

normalize!the!measured!lifetime!(polymer!matrix!dependent!in!absolute!value)!respect!to!the!

low! temperature! plateau! value! and! plotting! this! lifetime! variation! as! a! function! of!

temperature,!obtaining!the!master!curve!in!Figure!3.4!where!AzeNaph1!lifetime!variation!as!

function!of!temperature!in!various!polymers!with!different!Tg!is!reported.!!
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!

Figure( 3.4:( Lifetime( variation( of( the(molecular( rotor( AzeNaph1( embedded( in( different( bulk( polymer(matrix( as( a(

function(of(temperature(variation.(A(variation(in(slope(is(detected(at(temperature(close(to(the(Tg(measured(with(DSC.((

It! is! worth! noticing! that! the! change! in! slope! in! the! rotor! lifetime! variation! can! be!

interpreted!as!the!point!where!reptation!starts.!In!fact!the!extrapolated!Tg!values!with!TRFS!

are!in!good!agreement!with!Tg!values!measured!by!Differential!Scanning!calorimetry!shown!in!

Figure!3.5.!

!

Figure( 3.5:( DSC( traces( (first( scan( only)( for( the( bulk( polymers( sample( where( the( molecular( rotor( AzeNaph1( was(

embedded.(Note(the(DSC(trace(of(polypropylene((green(line):(the(endothermic(phenomena(occurring(at(T>313K(are(

due(to(the(melting(of(low(molecular(weight(fractions(always(present(in(commercial(chips,( like(the(one(used(in(this(

study.(
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(

In!Figure!3.6!Tg!values!measured!with!TRFS!with! the!ones!measured!with!standard!DSC!

are!compared.!The!dashed!line!with!slope!one!is!meant!to!show!the!limiting!case!where!TRFS!

values!perfectly!coincides!with!the!values!measured!with!standard!DSC.!All!the!experimental!

values! shows! a! good! correlation! with! DSCTmeasured! ones,! underlying! the! potentialities! of!

such!the!TRFS!method.!

!

Figure(3.6:(Tg(values(measured(with(TRFS(are(compared(with(the(ones(measured(with(standard(DSC.(The(dashed(line(

with( slope( one( is( meant( to( show( the( limiting( case( where( TRFS( values( correlates( with( the( one( measured( with(

standard(DSC.((

In!the!next!section!we!will!show!how!AzeNAph1!TRL!analysis!can!be!of!strategic!interest!

in!the!study!of!glass!transition!in!polymer!emulsions.!Particularly,!the!measurement!of!the!Tg!

of!polystyrene!NPs!in!aqueous!emulsion!is!commented.!

!

!

3.3 TRFS(of(the(molecular(rotor(AzeNaph1(embedded(in(PS(NPs(
In! Figure! 3.7! the! DLS! size! distribution! by! intensity! for! the! freshly! prepared! PS! NPs!

emulsions! of! 60! nm! and! 156! nm! in! average! diameter! are! proposed.! Both! samples! show! a!

monodisperse! size! distribution!with! PdI! values! of! 0.074! and! 0.098! respectively.! After! DLS!

measurement!the!aqueous!emulsion!were!both!precipitated!in!excess!of!methanol,!obtaining!a!

white!precipitate.!The!white!precipitate!was!then!filtered!and!dried!overnight!in!vacuum!(10T2!
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Torr)!at!room!temperature.!The!dry!powder!was!characterized!with!DSC!(heating!from!273!K!

to! 473! K,! cooling! to! 273! K! and! back! to! 473! K! at! 20! K/min)! in! order! to! detect! Tg! (cycles!

performed!under!inert!N2!atmosphere,!80!ml/min!flow).!

!

Figure(3.7:(DLS(hydrodynamic(diameter(distributions(by(intensity(for(the(60(nm(PS(NPs((black(line)(and(156(nm(PS(

NPs((red(line)(loaded(with(AzeNaph1.(Both(the(distribution(are(monodisperse(and(monomodal.(

In!Figure!3.8!the!first!and!second!scan!of!both!emulsion!samples!are!shown.!Either!in!the!

156!nm!sample!and!in!the!60!nm!one!during!the!first!scan!a!Tg!of!(375+5)!K!is!detected.!This!

value! is! compatible!with! the!bulk!Tg!value!of!PS.! In! the! first! scan,! after! the!Tg!detection,! an!

exothermic!peak!is!detected!due!to!NPs!syntherization.!This! is!confirmed!from!the!fact!that,!

after! DSC! measurement,! the! sample! is! no! more! a! white! powder! but! as! a! single! piece! of!

polymer!(see!representative!photograph!in!Figure!3.9).!!!
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!

Figure(3.8:(DSC(traces(of(the(first((continuous(line)(and(second((dotted(line)(scan(for(the(60(nm(in(diameter((black(

line)( and( 156( nm( in( diameter( (orange( line)( PS( NPs.( Prior( to( measurements( all( the( sample( were( precipitated( in(

methanol(and(dried(in(vacuum.((

It!is!worth!noticing!that!the!exothermic!peak!is!more!intense!in!the!60!nm!PS!NPs!batch.!

This!is!coherent!with!the!higher!surface/volume!ratio!in!the!60!nm!sample!with!respect!to!the!

156!nm!PS!NPs!one.!

Even!after!NPs!syntherization!the!Tg!value!does!not!vary,!thus!confirming!that!the!PS!bulk!

Tg!value!is!representative!to!the!one!measured!in!both!the!precipitated!NPs!samples.!

!

Figure( 3.9:( Representative( photograph( of( the( 156( nm( NPs( samples( after( the( first( DSC( cycle( from( 273( K( to( 473K(

confirming( that( the( exothermic( peak( in( figure( 3.7( is( due( to( NPs( syntherization.( Signs( of( melting( and( powder(

syntherization(are(clearly(visible(particularly(at(the(borders.(

The!key!point!is!now!using!the!TRFS!method!in!order!to!measure!the!PS!NPs!Tg!directly!in!

the!emulsion!state.!In!our!opinion!this!measurement!will!report!the!actual!Tg!value!due!to!the!

aggregation! state! of! PS! chains! within! the! emulsion! of! nanoparticles! (i.e.! in! their! “native”!

state).!!

All! the! timeTresolved! PL! measurements! were! performed! with! excitation! at! 405!nm!

(3.06!eV),!using!a!pulsed!diode!laser!with!a!repetition!rate!of!2!MHz!(Edinburgh!EPL405),!and!
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detection!in!photonTcounting!mode,!using!a!Hamamatsu!R943T02!photomultiplier!connected!

to! an! Ortec! 9353! multichannel! scaler.! Overall,! the! time! resolution! was! about! 1!ns.! Each!

measurement!was!done!on!a!freshly!prepared!PS!NPs!aqueous!emulsion!sealed!in!a!glass!vial,!

in!order! to!prevent!water! evaporation!along! the!measurement.! For! the!TRFS!measurement!

reported!in!Figure!3.10,!the!abrupt!change!in!slope!occurs!at!380!K!and!374!K!for!the!160!nm!

and!60!nm!PS!NPs,!respectively.!!

The!values!in!Figure!3.10!(measured!directly!in!emulsion)!are!in!agreement!with!the!ones!

measured! on! dry! PS! NPs! powder! with! DSC! in! Figure! 3.8.! In! our! opinion,! this! is! a! strong!

evidence!of!the!fact!that!PS!NPs!either!directly!in!emulsion!and!in!the!dry!powder!state!retain!

a!Tg!value!comparable!with!the!one!of!bulk!PS.!!

The!retention!of!the!PS!bulk!Tg!value!even!in!nanoparticles!with!dimension!from!60!nm!to!

160!nm! can!offer! a! general! design!paradigm! for! the!preparation!of!more! complex!polymer!

nanostructures.! In! the! following! chapters! (4! and! 5)! examples! of! multiphase! polymer!

nanostructures!to!be!used!as!proofTofTconcept!application!test!field!are!proposed.!

!

!

Figure(3.10:(Lifetime(variation(of(the(molecular(rotor(AzeNaph1(embedded(in(different(bulk(polymer(PS(NPs(((60nm(

and( 160( nm)( as( a( function( of( temperature( variation( measured( DIRECTLY( IN( EMULSION.( A( variation( in( slope( is(

detected( at( temperature( close( to( the( Tg( measured( with( DSC.( PS( commercial( bulk( sample( loaded( with( AzeNaph1(

showing(is(reported(as(reference.(

!
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4 Poly(nIbutyl(acrylate)@Polystyrene(NPs:(morphology(and(

collateral(applications(

4.1 Introduction(
Advances!in!the!field!of!nanotechnologies!have!fuelled!the!need!for!design!and!synthesis!of!

multicomponent! nanoparticles!with! defined! internal! structures112.! The! idea! is! to! tailor! the!

composition,!structure!and!functionalities!with!nanometric!control,!leading!to!new!properties!

and! applications 113 .! Particularly,! the! combination! of! two! polymers! with! contrasted!

characteristics! (soft/hard,! hydrophilicity/hydrophobicity,! etc.)! at! the! nanoscale! makes! the!

design!of!materials!with!unique!combinations!of!antagonistic!properties!possible114.!Emulsion!

Polymerization! (EP)! has! been! found! to! be! a! strategic! tool! for! preparation! of! multiphase!

latex115.!Compared!to!polymerization!processes! in!organic!solvents,!EP!can!be!performed! in!

green! and! biologically! friendly! solvents! such! as! water116.! Hence! EP! has! been! playing! an!

important! role! as! suitable! tool! for! the! synthesis! of! multiphase! nanoparticles! for! selective!

encapsulation! of! active! molecules! for! bioimaging! and! drugTdelivery117 .! Mostly,! for! the!

preparation! of! such! biphasic! nanoparticles! a! twoTstage! process! is! applied118:! coreTforming!

monomer! is! firstly! emulsified! in! a! continuous! phase,! then! the! polymerization! of! the!

nanodroplets!is!initiated.!Then!the!enthalpy!driven!seeded!EP!of!the!shellTforming!monomer!

is! performed.! Depending! on! monomers/water! ratio! and! postTpolymerization! treatments,!

emulsion!particles!with!different!core@shell!morphologies!can!be!achieved119.!!

An! idealized! core@shell! structure! shows! a! complete! phase! separation! between! the! two!

chemically!distinct!components.!A!situation!widely!reported!in!literature!shows!the!presence!

of! an! interphase120,! sometimes! strengthening! the! connection! between! the! core! and! the!

shell121.! About! the! actual! morphology! and! the! extent! of! such! an! interphase! there! is! not! a!

unique!interpretation.!The!debate!around!the!PBA@PS!nanoparticles!morphology!is!still!very!

vivid:! examples! of! phase! inversion122,! occluded123!and! notTideal124!structures! are! widely!

report!in!literature!in!the!case!of!PBA@PS!nanoparticles.!

Our! method! for! obtaining! nanoparticles! poly(nTbutyl! acrylate)@polystyrene! (PBA@PS)!

with!ideal!core@shell!structure19!is!based!on!a!semicontinuous!EP!protocol!(section!2.2.1.3).!

A! two! stage! process! is! applied,! in! order! to! emulsify! and! polymerize! the! coreTforming!

monomer! and! to! force! the! enthalpyTdriven! shell! growth.! A! key! improvement! is! the!

replacement! of! the! commonly! used! surfactant,! linear! sodium! dodecyl! sulfonate! (SDS)!with!
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dioctyl! sodium! sulfosuccinate! (AOT),! a! branched! surfactant,! generally! more! soluble! in!

hydrophobic! monomers! than! in! water125.! AOT! and! other! branched! sulfosuccinates! are!

extensively!used!in!the!formation!of!microemulsions126!and!in!medical!formulations127,!due!to!

their! ability! to! form! microemulsions! without! the! presence! of! a! shortTchain! alcohol! as!

cosurfactant128.!!!!

!

!

About! the! effectiveness! of! AOT,! we! performed! a! shelfTlife! experiment! on! five! control!

samples!of!a!PBA!emulsion!prepared!with!the!same!amount!of! five!different!surfactant!(see!

Figure! 4.1).! Namely! we! used! 0.072! mmol! of! nonTionic! surfactants! (Brij! L4,! Brij! C10)! and!

anionic!surfactants!(SDS!and!AOT).!The!emulsion!were!prepared!by!dropping!3!ml!(21!mmol)!

of!a!BA!monomer!solution!containing!the!surfactant!and!the!AIBN!initiator!(0.042!mmol)!into!

160!ml!of!water!under!mechanical!stirring.!Four!of!the!five!reactions!were!thermally!initiated!

at!70°C!(3!hours!reaction! time)!and!one!was! initiated!with!UV!radiation!(24!hours!reaction!

time).! In!between! the!different!DLS!measurements,! the! samples!were! stored! in! the!dark! at!

room!temperature.!As!you!can!see!from!Figure!4.1,!the!average!particle!DLS!diameter!of!the!

polymer! nanoparticles! obtained! using! nonTionic! surfactants! fluctuates! over! a! some! weeks!

Figure(4.1:( Average(DLS(hydrodynamic( diameter( of( five( batches(of(PBA( nanoparticles( synthesized(
with(different(surfactants(as(function(of(the(final(emulsion(shelfPlife((line(is(meant(to(guide(the(eye).(
Time(O(weeks(stands(for(measurement(performed(on(fresh(emulsion.(
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time!scale.!On!the!other!hand,!the!average!particle!DLS!diameter!of!the!polymer!nanoparticles!

obtained! using! anionic! surfactants! remains! constant! for! seven! weeks! even! with! a! low! Tg!

polymer!like!PBA.!Particularly,!when!AOT!and!SDS!are!used!in!the!same!concentration,!our!set!

of!data!suggests! that!AOT!allows!to!reach!slightly!smaller! final!size!of! the!nanoparticles.!On!

the! basis! of! the! effectiveness! of! AOT! in! tuning! the! final! PNPs! dimensions! without! coT

surfactant! (simplifying! thus! the! emulsion! formulation)! and! on! its! usage! in! medical!

formulation! as!well,! we! decided! to! use! it! in! our! synthesis! protocol.! In! this!way!we! aim! to!

propose! a! more! sustainable! emulsion! synthesis! protocol! for! the! preparation! of! biphasic!

polymer!nanoparticles.!

However,!to!the!best!of!our!knowledge,!there!are!only!two!reports!about!the!use!of!AOT!in!

EP,!no!one!of!them!reporting!core@shell!structures129.!

Here! the! study! of! PBA@PS! NPs,! a! potentially! interesting! sealing! system! merging! the!

adhesive! PBA! properties! with! the! renowned! PS! shape! stability,! is! proposed.! Previous!

literature!underlines!that!the!effective!sequestration!of!PBA!within!a!PS!shell!is!a!critical!issue!

due!to!the!higher!PBA!hydrophilicity!respect!to!PS,!leading!to!phase!inversion!phenomena122.!

Our!DLS,!AFM!and!SEM!measurements!clearly!show!that!the!outer!shell!of!the!nanoparticles!

we!obtained! is! compatible!with! the!presence!of! glassy!PS.!Moreover,! the!DSC! thermograms!

and!solid!state!(TDT1HTNMR,!CPTMAS!and!SPE!13CTNMR)!NMR!spectra!we!recorded!shows!that!

there! is! no! intermixing! between! the! two! phases.! The! peculiar! mobility! of! each! phases! is!

indeed!preserved.!AFM,!SEM,!1HTTDTNMR!and!solid!state!13CTMASTNMR!showed!the!biphasic!

nature!of!the!sample!either!with!Cross!Polarization!and!Single!Pulse!Experiment.!Particularly!

AFM! force! spectroscopy! allowed! to! monitor! in! situ! the! breakdown! dynamics! of! the!

nanoparticle,!showing!a!behaviour!according!to!a!pressureTinduced!partial!intermixing!of!the!

different!nanophases!associated!with!baroplasticity.!The!results!can!be!potentially!interesting!

in! manufacturing! a! new! class! of! polymer! nanoparticles! acting! as! capsuleTbased! sealing!

nanoadditives!to!be!delivered!as!smart!aqueous!inks.!Moreover!we!propose!two!alternatives!

application!of!these!core@shell!nanoparticles!for!the!encapsulation!of!lipophilic!derivatives!of!

carminic! acid! (a! biocompatible! dye)! and! for! the! encapsulation! of! sensitized! upTconversion!

dyes.!

!

!

!

!

!
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4.2 Compositional(characterization(
Dried! latex! powder! of! PBA@PS! has! been! characterized! with! ATRTFTIR! (Figure! 4.2),!

providing!chemical! information!averaged!over!a!depth!from!approximately!500!nm!to!2000!

nm! in! the! 3000! cmT1! to! 600! cmT1!wavenumber! region130!of! the! diamond!probe! used! in! this!

work.!Since!our!core@shell!nanostructures!has!184!nm!in!average!DLS!diameter!range,!ATRT

FTIR!is!able!to!scan!either!the!PS!crossTlinked!shell!and!the!nTPBA!core,!thus!giving!an!overall!

compositional! characterization! of! the! nanoparticles! (Figure! 7).! The! ATRTFTIR! spectra!

interpretation!is!given!in!table!3.131!

!

Figure(4.2:(ATRPFTIR(transmitted(spectra(of(PBA@PS(nanoparticles.(

Table(3.!ATRTFTIR!peak!labelling!based!on!Reference![131].!

Wavenumber((cmP1)( Vibrational(mode(

3100T3000!! Aromatic!ring!stretching!

3000T2850! Aliphatic!chain!stretching!

1735! C=O!Stretch!

1600T1585!and!1500T1400! Aromatic!CTC!in!ring!stretch!

1300T1100! Asymmetrical!CTCOTO!stretching!

860T680! Aromatic!CTH!bending!

!
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!

Thermal!characterization!of!the!whole!nanoparticle!was!performed!with!DSC!(Figure!4.3),!

revealing!the!presence!of!two!distinct!glass!transitions!at!temperatures!expected!for!PBA!and!

PS! respectively! (220! K! and! 380K).! This! confirm! that! phase! separation! is! strong! enough! to!

allow!at!least!part!of!the!PS!and!PBA!to!evolve!independently!as!the!homopolymer,!but!does!

not!exclude!the!presence!of!an!interphase!with!peculiar!behaviour.!!

!

Figure(4.3:((DSC(trace(of(the(sample((first(scan(+(exo(up).(Two(distinct(glass(transitions(at(temperatures(expected(for(

PBA(and(PS(respectively((220(K(and(380K)(are(detected.((After S.Bonetti, M. Farina, M. Mauri, K. Koynov, H.-J. Butt, M. 

Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH &  

Co.  KGaA, Weinheim.(

DSC!measurements!were!performed!on!a!Mettler!Toledo!DSC!1!Stare!System.!The!samples!

were!characterized!with! the! following!method:!1)!30!min! isotherm!123K! ;!2)! from!123K!to!

423K!@!20K/min;! 3)! 5!min! isotherm!423K;! 4)! from!423K! to! 123K!@! T20K/min;! 5)! 5!min!

isotherm!123K;!6)!from!123K!to!473K!@!20K/min.!All!segments!were!driven!under!80ml/min!

N2!flux.!

Since!DSC!characterization!does!not!exclude!the!presence!of!an! interphase!with!peculiar!

behaviour,!a!more!detailed!analysis!of!polymer!dynamics!over!a!wide!range!of! temperature!

(from! 203! K! to! 443! K)! was! provided! by! studying! proton! relaxation! through! 1HTTDTNMR!

(Figure!4.4).!Compared!to!other!1HTNMR!techniques!concentrating!on!the!analysis!of!proton!

relaxations!in!terms!of!chemical!shift,!this!technique!involves!a!time!resolved!analysis!of!the!

free! induction! decay! (FID)! after! a! π/2! pulse! (see! section! 2.3.3),! where! contributions! with!

different! relaxation! times! are! associated! to! populations! of! polymer! chains! with! different!

mobility.!Even!if!glassy!and!crystalline!fractions!display!such!a!short!relaxation!time!that!their!
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signal!decays!completely!during!instrumental!dead!time,!by!implementing!a!Magic!Sandwich!

Echo!(MSE,!section!2.3.3.1)!refocusing!block!it!is!possible!to!ensure!quantitative!detection132!

of!all!protons!in!the!sample.!!

!

Figure(4.4:(Temperature(trend(of(PBA@PS(core@shell(nanoparticles(rigid(fraction((line(is(meant(to(guide(the(eye).(

Error(bars((+0.02)(are(smaller(than(the(point(size.(The(inset(shows(the(region(close(to(room(temperature:(the(line(

represents(the(expected(composition(for(ideal(corePshell(structure.((After S.Bonetti, M. Farina, M. Mauri, K. Koynov, H.-

J. Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 10.1002/marc.201500625. © 2016 WILEY-VCH Verlag 

GmbH &  Co.  KGaA, Weinheim.(

In!PBA@PS!NPs,!a!fraction!(R)!of!protons!with!very!restricted!mobility!was!isolated,!with!a!

temperature! dependence! shown! in! Figure! 4.4.! The! fraction! R,! associated! to! glassy! phases,!

approaches!unity!when! temperature! is! below!PBA!Tg! (~220!K).!When!T<Tg,PBA! the!protons!

relaxation!of!all!components!is!indicative!of!polymer!chains!without!significant!mobility!in!the!

NMR!timescale.!Conversely,!R!decreases!to!zero!when!T>Tg,PS! (~380!K):!polymer!chains!are!

reptating133!and!the!whole!system!is!eventually!mobilized.!!

In!correspondence!of!DSC!measured!glass!transition,!R!value!can!vary!in!a!complex!way,!

but!if!pristine!NPs!are!measured!in!the!region!close!to!room!temperature!(see!inset!in!Figure!

4.4),!which! is! far!away!from!both!transitions,!R!measured!value! is!quantitatively!dependent!

on! the! proton! weighted! fraction! of! each! polymer134.! In! particular,! the! observed! measured!

value! corresponds! to! the! theoretical! (73+2)%! value! for! ideal! core@shell! nanoparticles!

expected! by! the! synthesis! feed! conditions! (see! section! 2.2.1.3),! suggesting! full! phase!

separation!and!very!weak!interphase!contribution.!

!
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!

Further! proof! of! the! phase! separation! within! PBA@PS! nanoparticles! and! thus! of!

coexistence! in! the!same!particle!of!a!hard!shell!and!soft! core! is!provided!by!solid!state! 13CT

Magic! Angle! Spinning! (MAS)! NMR! performed! on! precipitated! NPs.! Solid! state! Cross!

Polarization!(CP)!13CTMAS!and!Single!Pulse!Experiment!(SPE)!sequences!were!applied.!

13CTMASTNMR!experiments!were! recorded! on! a! solid! state!magic! angle! spinning!Bruker!

Avance!300!at!298K.!Sample!was!heavily!packed!in!a!4mm!ZrO2!rotor.!Spinning!rate!was!set!to!

9000!Hz!for!both!experiments.!SPE!was!recorded!with!4096!scans!using!a!recycle!delay!of!2s.!

For!CPTMAS,!1024!scans!were!acquired!and!a!contact!time!of!1.5!ms!and!a!recycle!delay!of!4!s!

were!used.!The!usage!of!short!contact!time!(1.5!ms)!in!CPTMAS!experiment135!allows!selecting!

the! rigid! components! of! the! NPs.! Indeed! the! 13C! CPTMAS! NMR! spectrum! in! Figure! 4.5! is!

dominated! by! the! characteristic! PS! peaks! (40! ppm,! 42ppm,! 47! ppm,! 130! ppm! ! and! 147!

ppm)137.!

!

Figure(4.5:(13C(CPPMAS(NMR(spectrum(of(PBA@PS(NPs(dominated(by(the(peaks(of(glassy(PS((40(ppm,(42ppm,(47(ppm,(

130(ppm(and(147(ppm).((*)(Indicates(a(spinning(sideband.(After(S.(Bonetti(et(al.(Macromol.(Rapid(Commun.(2016,(DOI:(

10.1002/marc.201500625.(©(2016(WILEYPVCH(Verlag(GmbH(&(Co.(KGaA,(Weinheim.((
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Conversely! to! 13C! CPTMAS! NMR! with! short! contact! time! mainly! selecting! the! rigid!

components,!!SPE!MAS!13C!NMR!spectrum!(Figure!4.6)!acquired!with!2!s!recycle!delay!selects!

the! mobile! components! endowed! with! fast! 13C! relaxation! times136.! In! this! latter! case,! the!

characteristic! PBA! peaks! (at! 16! ppm,! 21! ppm,! 30! ppm,! 33! ppm,! 40! ppm,! 66! ppm! and! 176!

ppm)!appear!in!addition!to!the!PS!peaks137.!

!

Figure(4.6:(13C(SPEPMAS(NMR(spectrum(of(PBA@PS(NPs,(where(the(characteristic(PBA(peaks((at(16(ppm,(21(ppm,(30(

ppm,( 33( ppm,( 40( ppm,( 66( ppm( and( 176( ppm)( appear( in( addition( to( the( PS( peaks,( suggesting( a( strong( phase(

separation.(After(S.(Bonetti(et(al.(Macromol.(Rapid(Commun.(2016,(DOI:(10.1002/marc.201500625.(©(2016(WILEYP

VCH(Verlag(GmbH(&(Co.(KGaA,(Weinheim.((

The! comparison! of! the! two! spectra! provides! the! picture! of! a! phase! separated! system!

where!PBA!shows!an!higher!mobility!compared!to!PS!(Figure!4.7).!This!view!is!also!confirmed!

by!the!line!width!(LWHM)!of!PBA!resonances!ranging!from!130!Hz!to!60!Hz,!much!narrower!

than!the!PS!values!of!over!300!Hz.!In!fact!13C!resonances!of!amorphous!polymers!acquired!at!

temperature! T>>Tg! present! quite! narrow! LWHM! due! to! high! frequency! of! local! motions,!
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approaching! the! extreme! narrowing! regime.! Instead! in! glassy! polymers! (T<<Tg),! strong!

proton!carbon!dipolar!couplings!not!reduced!by!molecular!motions!lead!to!wide!resonances.!

!

Figure( 4.7:( SPE( and( 13CPMAS(NMR( spectra( of( PBA@PS(NPs.(After S.Bonetti, M. Farina, M. Mauri, K. Koynov, H.-J. 

Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 10.1002/marc.201500625. © 2016 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.(

Thus!13C!MAS!NMR!confirms!an!almost!complete!phase!separation!between!PBA!and!PS!

and!that!the!two!polymers!at!room!temperature!present!a!mobility!quite!similar!to!that!of!the!

respective!bulk!phases.!

(
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4.3 Morphological(Characterization(
PBA@PS!NPs! dimensions!were!measured! by! AFM,! DLS! and! SEM! (Figure! 4.8).! The! AFM!

image!was!collected!at!ambient!condition!in!intermittent!contact!mode!on!a!sample!deposited!

on! freshly! cleaved! mica! and! dried! in! a! vacuum! oven! at! 75°C! for! 16! hours! before!

thermalization!at!room!temperature!(Figure!4.8Ta).!!

!

Figure( 4.8:( a)( AFM( image( (4( μm( x( 4( μm( x( 200( nm),( b)( DLS( hydrodynamic( diameter( distribution( and( c)( SEM(

micrography(of(PBA@PS(corePshell(nanoparticles.(After S.Bonetti, M. Farina, M. Mauri, K. Koynov, H.-J. Butt, M. Kappl, 

R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim.(

The!shape!and!height!of!particles!extracted!from!the!image!indicate!monodisperse!spheres!

with!diameters!of!164±11!nm!(calculated!averaging!N=100!NPs,!Figure!a.1!in!Appendix).!This!

result! is! in! good! agreement! with! both! the! SEM! image! (Figure! 4.8Tc,! average! diameter! of!

168±11! calculated! over! N=100! NPs! in! Figure! a.2! in! Appendix)! recorded! without! thermal!

treatment! and! with! DLS! measurement! (Figure! 4.8Tb,! average! diameter! of! 184! nm! and!

PDI=0.01)!performed!on!the!freshly!prepared!emulsion.!This!remarkable!shape!persistence!T!

even! in! presence! of! the! strong! capillary! and! surface! forces! associated! to! drying! and!

adsorption!on!the!mica!substrate!T!suggests!that!the!outer!part!of!the!nanostructure!is!purely!

PS,!a!polymer!that!can!be!shaped!at!the!nanoscale!into!highly!stable!forms138.!!

The! mechanical! characterization! on! singleTparticle! scale! can! be! of! strategic! interest! in!

order!to!gather!a!deeper!insight!on!the!inner!morphology!of!the!nanostructure.!Particularly,!

AFM! forceTversusTdistances! curves,! soTcalled! force! spectroscopy! measurements139,! can! be!



! 72!

used! to!characterize! the!mechanical!properties!of!polymer!vesicles140!and!polymer!granular!

nanoparticles42.!During!our!experiments,!in!between!of!force!curve!recording!(see!Figure!4.9!

and!4.10!for!representative!curves),!AFM!was!switched!back!to!intermittent!contact!mode!in!

order! to! image! the! nanoparticle! for! detection! of! eventual! damage! or! indentation! and! to!

reposition!the!tip!over!the!centre!of!the!particle.!!

In! Figure! 4.9! a! representative! force! versus! distance! curve! of! an! intact! NP! is! presented.!

From! either! the! approach! and! retraction! curve! it! is! clear! that! no! adhesive! force! are!

experimented! by! the! tip,! suggesting! an! elastic! glassy! contact! with! the! PS! surface! without!

indentation! (as! confirmed! by! the! retraction! curve).! It! is! worth! noticing! that! the! distance!

where!the!PS!surface!properties!are!probed!is!zero!in!Figure!4.9,!even!if!we!are!on!the!top!of!

the! PBA@PS! nanoparticles! and! not! on! the!mica! substrate.! This! is! due! to! the! fact! that! the!

feedback!loop!of!the!AFM!operating!in!Force!Spectroscopy!stops!the!cantilever!at!“zero”!when!

it!detects!a!force!value!according!to!the!load!set!by!the!user.!Among!the!series!of!experiment!

we!performed,!we!set!the!applied!force!value!in!order!to!detect!the!surface!properties!of!the!

intact!PBA@PS!NP.!Namely!a!force!value!<!250!nN!is!needed.!

!

!

Figure(4.9:(Representative(force(vs(distance(curve(recorded(on(the(top(of(the(PBA@PS(NP(with(increasing(load(up(to(

250(nN((cantilever(with(a(nominal(spring(constant(of(42(N/m).(Up(to(this(limit(the(NP(is(still(intact.!!After S.Bonetti, M. 

Farina, M. Mauri, K. Koynov, H.-J. Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 

10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.(

This!set!of!data!agrees!with!all!the!previous!evidences!underlying!that!the!outer!phase!of!

the!core@shell!NPs!is!glassyTlike.!
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In!Figure!4.10!a! representative! forceTdistance! curve! recorded!on! the! top!of! a! collapsing!

PBA@PS!NP!is!proposed.!During!the!approach,!a!first!abrupt!increase!in!the!measured!force!is!

detected,!due!to!the!contact!between!the!tip!and!the!PS!glassy!shell.! In!some!tens!of!nm!the!

indentation!of!the!glassy!shell!occurs.!Then!the!tip!reaches!a!second!contact!regime.!Adhesion!

force! in!the!order!of!several! tens!of!nN!is!observed!upon!retraction!and!the!collapsed!NP!is!

stretched! out! by! 130! nm! before! it! detaches! from! the! AFM! tip.! This! is! an! evidence! of! the!

adhesive!properties!of!the!collapsed!NP.!

!

!

Figure(4.10:(Representative(force(vs(distance(curve(recorded(on(the(top(of(the(PBA@PS(NP(with(load(over(the(force(

threshold(of(250(nN((cantilever(with(a(nominal(spring(constant(of(42(N/m),(showing(the(NP(collapse.(After S.Bonetti, 

M. Farina, M. Mauri, K. Koynov, H.-J. Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 

10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.(

AFM! topography! image! in! Figure! 4.11!were! performed!using! a! cantilever!with! a! spring!

constant! of! k! =! 1.38! N! m−1,! applying! loads! in! the! range! between! 15! nN! and! 500! nN.! The!

particle! was! not! chemically! fixed! on! the! surface,! not! to! vary! its! mechanical! properties.! In!

Figure! 4.11Ta! the! image! of! a! typical! isolated! nanoparticle! is! acquired! using! intermittent!

contact! mode.! The! 3D! representation! clearly! defines! a! spherical! shape,! with! dimension!

compatible!with!the!average!diameter!obtained!via!SEM!and!the!NPs!DLS!size!distribution!in!

solution.! Similar! images! were! recorded! upon! increasing! the! load! up! to! 150! nN,! when! the!

plastic!deformation!of!the!external!shell!was!detected!(Figure!4.11Tb).!

A.!Solmaz!et!al.141!showed!that! in!the!case!of!a!glassy!polymer,!such!as!PS,!at!sufficiently!

high! loads! a! permanent! indentation! can! be! induced! even! on! polymersomes.!When! the! tip!
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radius! is! significantly! smaller! than! the! nanoparticle! radius,! the! tip! will! penetrate! into! it!

generating!an!indentation.!Since!the!radius!of!the!tip!used!in!this!experiment!is!around!10!nm!

(according! to! manufacturer! specification),! thus! significantly! smaller! than! the! PBA@PS!

nanoparticle,! indentation! is! expected.! The! image! in! Figure! 4.11Tb! supports! this! behaviour,!

showing! a! glassy! external! fracture! on! the! surface! of! the! particle! compatible! with! a! PS!

plastomer! shell.! Only!when! the! external! load! is! set! to! 500! nN! the!NPs! collapses! and! flows!

(Figure!4.11Tc!and!4.11Td).!Note!that! in!Figure!4.11Tc! the!scale!bar! is!now!18!nm!instead!of!

200!nm,!underlying!the!NP!exhibits!an!overall!meltTlike!flow.!

!

!

Figure( 4.11:( a)( AFM( image( of( a( PBA@PS( nanoparticle( prior( to( load( application.( b)( AFM( image( of( a( PBA@PS(

nanoparticle(after(an(applied(load(of(150(nN.(c)(AFM(image(of(a(PBA@PS(nanoparticle(after(an(applied(load(of(500(

nN.(d)(AFM(image(of(another(PBA@PS(nanoparticle(after(an(applied(load(of(150(nN.(White(bars(are(100(nm((a,(b,(c(

images(were(recorded(on(the(same(particle(using(a(Si(cantilever(of(k=1.38(N(m−1(while(d(image(was(recorded(on(a(

second( particle( using( a( Si( cantilever( of( k=1.52(N(m−1).(After S.Bonetti, M. Farina, M. Mauri, K. Koynov, H.-J. Butt, M. 

Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH &  

Co. KGaA, Weinheim.(

Polymeric! systems! comprising! one! glassy! and! one! rubbery! component! able! to! flow! at!

room! temperature! under! external! applied! pressure! are! already! known! in! literature! as!

baroplastics142.!Particularly!A.!Mayes!et!al.!demonstrated!that!block!copolymers143!and!coreT

shell!NPs144!consisting!of!low!Tg!core!(poly(2Tethylhexyl!acrylate)!or!PBA)!and!a!high!Tg!(PS)!

shell! can! be! compression!moulded! at! 25°C! under! 34.5! MPa! for! 5! min.! This! unusual! room!

temperature! baroplastic! processing! (which! normal! wise! occurs! at! T>200°C! for! plastomers!

like!PS)!is!due!to!a!partial!mixing!of!the!two!components!under!pressure.!A!similar!behaviour!
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was!reported!by!K.H.!Lee!et!al.!on!PBATPS!nanoblends145.!In!our!opinion!the!NP!breakdowns!in!

Figure! 4.11Tc! and! Figure! 4.11Td! can! be! interpreted! assuming! a! pressureTinduced! partial!

intermixing! of! dissimilar! nanophase! domains,! resulting! in! a! semiTsolid! state! that! facilitates!

flows.!!

In! order! to! gather! a! deeper! understanding! on! the! PBA@PS! breakdown,! a! control!

experiment! probing! the!mechanical! response! of! pure! PBA!NPs!was! performed! (see! Figure!

4.12).!A!droplet!of!aqueous!dispersion!of!pure!PBA!NPs!(synthesized!with!the!same!procedure!

used!for!the!synthesis!of!the!PBA!core!of!the!PBA@PS!NPs!in!section!2.2.1.3.1)!was!cast!onto!a!

freshly!cleaved!mica!substrate.!After!water!evaporation,!imaging!with!tapping!mode!revealed!

that!the!PBA!NPs!had!spread!on!the!mica,!with!a!consequent!partial!coverage!of!the!substrate!

itself! by! a! PBA! film! (thickness! up! to! several! hundred! nanometres).! In! order! to! study! the!

mechanical!properties!of!PBA!by!Force! Spectroscopy,! a! cantilever!with!74.2!kHz! resonance!

frequency!and!a!spring!constant!value!of!1.2!N/m!was!used!and!the!representative!measured!

forceTcurve!is!shown!in!Figure!4.12.!

(

!

Figure( 4.12:( Representative( force( curve( recorded( on( the( top( of( a( PBA( film( obtained( from( the( deposition( of( an(

aqueous( solution( of( PBA(nanoparticles( onto( freshly( cleaved(mica( substrate.(After S.Bonetti, M. Farina, M. Mauri, K. 

Koynov, H.-J. Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 10.1002/marc.201500625. © 2016 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.(

In!Figure!4.12!a!representative!force!curve!recorded!on!the!top!of!the!PBA!film!obtained!

by!dropTcasting!of!pure!PBA!NPs!is!presented.!It!is!worth!noticing!that,!during!the!approach,!

the!tip!is!pulled!into!the!PBA!film!as!soon!as!the!tip!touches!the!film!surface!(~500nm).!Only!

by!applying!a!compressive!force!of!some!tens!of!nN!it! is!possible!to!penetrate!the!PBA!film.!
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The! film! thickness! extracted! from! the! distance! between! the! onset! of! attraction! and! the!

transition! to! hard! wall! repulsion! is! 460! nm.! Significant! adhesion! of! several! tens! of! nN! is!

observed!upon! retraction! and! the!PBA! film! is! stretched! out! by!more! than!1.5!µm!before! it!

ruptures! from! the! AFM! tip.! This! confirms! the! adhesive! nature! of! pure! PBA! but! points! out!

some!difference!between!the!force!curve!recorded!on!the!collapsing!NP!(Figure!4.10).!Even!if!

both!the!forceTcurves!shows!an!adhesive!regime,!the!pureTadhesive!behaviour!of!PBA!film!is!

not!fully!recall!in!PBA@PS!NPs.!In!our!opinion!this!is!a!further!control!evidence!that!the!outer!

shell!of!the!PBA@PS!is!glassy!and!that!the!PBA@PS!collapse!is!associated!with!a!“simple”!shell!

plastic!rupture,!triggering!PBA!release.!

Standing!on!the!difference!between!the!force!curves!of!the!damaged!NP!and!of!the!pure!

PBA!NPs!film,!the!assumption!of!a!baroplastic!collapse!of!the!PBA@PS!NP!can!explain!either!

the!overall!meltTlike! flow! in!Figure!4.11Tc!of! the!NP!and! the!absence!of! sharp!edges!due! to!

glassy!fracture!in!Figure!4.11Td.!

Concluding,! an! effective! synthetic! strategy! for! the!preparation! of! PBA@PS! coreTshell!

NPs!is!presented!together!with!a!comprehensive!characterization!of!the!NPs.!AFM,!SEM,!1HT

TDTNMR!and!solid!state!13C!MAS!NMR!showed!the!biphasic!nature!of!the!sample.!Particularly,!

AFM! force! spectroscopy! allowed! to! monitor! in! situ! the! breakdown! characteristic! of! the!

nanoparticle,!showing!a!behaviour!compatible!with!a!pressureTinduced!intermixing!of!the!two!

different! nanophase! domains! associated!with! baroplasticity.! To! the! best! of! our! knowledge,!

this! is! the! first! report!of! a!baroplastic! collapse!on!a! singleTparticle! scale.!Together!with! the!

AFM!imaging!of!baroplasticity,!force!spectroscopy!allows!the!estimation!of!the!forces!involved!

in!the!process.!Such!evidences!can!be!interested!in!selfThealing!application!field!as!well,!since!

the! baroplastic! NP! collapse! is! a! forceTtriggered! release! of! a! semiTsolid! flowing! glue! from! a!

capsuleTbased!nanocontainer.!In!our!opinion!our!findings!are!likely!to!be!of!great!interest!to!

polymer!scientists!and!researchers!working!on!polymer!nanoparticles!as!well!as!for!material!

scientists!working!on!sealing!nanoadditives!to!be!applied!in!extrinsic!selfThealing!materials.!!

!

4.4 Perspective(test:(how(small(can(we(go(preserving(the(PBA@PS(strong(

phase(separation?
!

The!characterization!of!poly(nTbutyl!acrylate)@polystyrene!(PBA@PS)!nanoparticles!(NPs)!of!

different!dimensions!(184!nm,!127!nm,!90!nm!and!45!nm!in!average!DLS!diameter)!obtained!

via!the!semicontinuous!emulsion!polymerization!protocol!(section!2.2.1.3)!is!here!presented.!
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In!this!section!we!want!to!understand!whether!the!strong!phase!separation!observed!on!the!

184! nm! sample! is! conserved! shrinking! the! dimension! of! the! final! biphasic! PBA@PS!

nanoparticle.!In!the!following,!the!four!different!samples!are!labelled!with!their!hydrodynamic!

diameters!for!the!final!core@shell!structures!obtained!from!DLS!measurements!(Figure!4.13).!!

The! dimension! was! tuned! varying! the! AOT! surfactant! content! during! the! synthesis.!

Particularly,! for!the!core!synthesis!1.24·10T1!mmol!were!used!for!the!preparation!of!the!184!

nm! sample! (115!nm!hydrodynamic! core! diameter),! 6.80·10T1!mmol! of!AOT! for! the! 127!nm!

sample!(73!nm!hydrodynamic!core!diameter),!3.49!mmol!of!AOT!for!the!90!nm!sample!(70!nm!

hydrodynamic! core! diameter)! and! 9.12! mmol! of! AOT! for! the! 45! nm! sample! (DLS!

hydrodynamic!core!diameter!not!accessible!with!DLS).!!

For!the!shellTgrowth!step!the!AOT!content!was!tuned!by!adding!5.46·10T2!mmol!(184!

nm),!4.61·10T1!mmol!(127!nm),!2.33!mmol!(90!nm)!and!5.11·10T2!mmol!(45!nm).!In!all!cases!

either!for!the!core!step!and!for!the!final!core@shell!PdI!calculated!by!DLS!were!far!below!0.1!

(real! PdI! index! are! in! the! range! from! 0.03! to! 0.09! for! all! samples),! indicating! the! sharp!

monodispersity!of!the!particle!size!distribution!in!intensity.!

!

Figure(4.13:(Particle( size(distribution(by( intensity(obtained(with(DLS(experiment( for( (redPline(184(nm,(green( line(

127( nm,( blue( line( 90( nm,( black( line( 45( nm)( PBA@PS( core@shell( samples.( In( the( caption( average( hydrodynamic(

diameters(are(reported(for(all(samples.((

In! Figure! 4.14! DSC! traces! of! all! samples! are! reported.! In! all! the! measurements,! PBA! Tg!

(220±15)!K!and!crossTlinked!PS!Tg!(375±10)!K!are!visible.!However,!a!third!Tg!value!can!be!

detected!in!the!90!nm!and!in!the!45!nm!samples.!The!measured!Tg!values!were!respectively!of!

(290±3)!K!and!of!(285±2)!K.!According!to!Mellinger!et!al.121,!the!detection!of!an!additional!Tg!

can! be! attributed! to! the! presence! of! an! interphase! between! the! two! homopolymer! phases.!!

Moreover,! since! in! Figure! 4.14! it! is! possible! to! have! the! experimental! value! of! TgINT,! it! is!

possible! to! elicit! the! interphase! composition! via! Fox! Equation146!by! knowing! the! Tg! of! the!

homopolymers! participating! at! the! interphase! formation! (i.e.! TgPS! and! TgPBA).! With! this!
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formalism!the!interphase!composition!of!the!90!nm!sample!is!PSInterphase=(52+1)%!w/W,!and!

PSInterphase! =(60+3)%!w/W! in!45!nm! sample.! PBAInterphase! =! (100! T! PSInterphase)%!w/W!values!

follow!automatically.!!

!

!

Figure(4.14:(First(scan(DSC(traces(for((a.184(nm,(b.127(nm,(c.90(nm,(d.45(nm)(PBA@PS(core@shell(samples.(ExoPUp.(

Dried! latex! powder! has! been! further! characterized! with! ATRTFTIR,! providing! chemical!

information!averaged!over!a!depth!from!approximately!500!nm!to!2000!nm!in!the!3000!cmT1!

to!600!cmT1!wavenumber!region!of!the!diamond!probe!used!in!this!work130.!Since!our!biphasic!

NPs!are!in!the!45!nm!to!184!nm!diameter!range,!ATRTFTIR!is!able!to!scan!either!the!PS!crossT

linked!shell!and!the!nTPBA!core,!thus!probing!the!whole!compositional!characterization!of!the!

nanoparticles.! In! Figure! 4.15! the! region! between! 1100! cmT1! and! 1300! cmT1! (region! of! the!

asymmetrical!CTCOTO!stretching)!is!shown.!As!one!can!see,!moving!from!the!biggest!NPs!to!the!

smallest! ones,! a! distortion! in! the! peak! shape! is! detected.! Recent! papers147!ascribe! similar!

peaks! distortion! to!Mie! scattering!when! the! NPs! radius! is! between! 242! nm! and! 2310! nm.!

However,! since! the! NPs! shown! here! are! far! smaller! than! the! resonant! Mie! size,! the!

deformation! in! the! region! of! the! asymmetrical! CTCOTO! stretching! with! dimension!must! be!

induced!by!other! factors,!such!as!a!change! in!the! inner!morphology!of! the!nanoparticles! for!

instance.!

!
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!

Figure(4.15:(ATRPFTIR(transmittance(spectra(of(PBA@PS(core@shell(nanoparticles((a.184nm,(b.127(nm,(c.90(nm,(

d.45(nm).(

Characterization! of! chain! mobility,! to! further! validate! the! presence! of! an! interphase,! is!

performed! through! 1HTTDTNMR!Magic! Sandwich! Echo! (MSE)! experiments,! as! before.! Total!

proton! rigid! fraction! temperature! dependence! is! shown! in! Figure! 4.16:! the! proton! rigid!

fraction! R! is! strictly! dependent! on! the! nanoparticles! sizes.! Particularly,! for! each! sample,! it!

approaches! to!one!when! temperature! is!below!PBA!Tg:! the!protons!decay!of! all! component!

describe! the! situation! of! frozen! polymer! chains.! R! sharply! decreases! to! zero! when! the!

temperature! is! above! PS! Tg:! polymer! chains! are! fully!mobilized.! In! the! temperature! range!

between!PBA!and!PS!Tg,!R!decreases!when!the!temperature!is!raised.!Particularly,!in!127!nm!

and! 184! nm! NPs! proton! rigid! fraction! decreases! smoothly,! while! it! shows! a! change! in!

behaviour! in! 45! nm! and! 90! nm! ones.! In! our! opinion! this! matches! with! ATRTFTIR! peak!

distortion!and!DSC!traces,!suggesting!the!presence!of!an!interphase!with!peculiar!mobility.!!
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!

!

Figure 4.16: Temperature trend of PBA@PS core@shell nanoparticles rigid fraction (a.184 nm, b.127 nm, c.90 nm, d.45 

nm). 

(

! TGA!experiments!on!all!samples!showed!that!the!former!evidences!are!not!due!to!an!

intermixing! between! the! two! homopolymers,! PBA! and! PS.! In! fact,! most! probably! due! the!

increased!AOT! content! in! the! emulsion! formulation! is! also!playing! a!pivotal! role.! Indeed! in!

Figure!4.17!the!TGA!of!all!samples!are!shown!and!two!significant!weight!losses!are!detected!in!

127! nm,! 90! nm! and! 45! nm! sample.! By! comparison!with! the! TGA! of! pure! AOT,! in! 127! nm!

sample!the!peak!can!be!due!to!small!traces!of!superficial!AOT.!Anyway!such!a!weight!loss!in!

the!order!of!~!4%!w/W!does!not!affect!neither!the!DSC!scan!nor!ATRTFTIR!and!TDT1HTNMR!

spectra,!suggesting!no!perturbation!in!the!core@shell!phaseTseparated!morphology.!!

Far! more! detrimental! in! terms! of! morphology! is! the! weight! loss! recorded! in! the!

temperature!range!between!276!°C!and!286°C!in!the!smallest!samples!of!90!nm!and!45!nm.!

Taking! into! account! that! AOT! degrades! at! 285°C,! this! weight! loss! can! be! ascribed! to! AOT!

presence! within! the! sample.! Moreover! the! measured! weight! loss! for! the! 90! nm! sample! is!

14.7%!w/W!and!31.2!%!w/W!for!the!45!nm!sample.!This!values!is!coherent!with!the!amount!

of!surfactant!used!during!the!synthesis.!!

In!order!to!validate!our!vision,!a!check!experiment!was!performed:!the!45!nm!sample!was!

rinsed! in! MeOH! at! room! temperature! overnight! under! constant! magnetic! stirring,! so! to!
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extract! the! free!AOT!within! the!sample.!After! this!step!a!white!precipitate!was!still!present.!

This!white!precipitate!was!then!analysed!with!TGA!(Figure!4.18).!!

!

Figure(4.17:(TGA(curves(on(PBA@PS(samples(recorded( in(air.(TGA(of(pure(PS,(pure(PBA(and(AOT(are(reported( for(

comparison.(In(the(90(nm(and(45(nm(samples(a(significant(weight(loss(of(14.7%(and(31.2%(due(to(the(presence(of(

AOT(is(recorded.(

In!Figure!4.18!TGA! traces!of! the!pristine!45!nm!PBA@PS!sample! (black! line)!and!of! the!

rinsed!45!nm!PBA@PS!(red!line)!are!reported.!The!weight!loss!recorded!in!the!temperature!

range!between!276!°C!and!286°C!(i.e.!the!same!range!of!the!thermal!decomposition!of!AOT)!in!

the!pristine!sample!decreases!dramatically!in!the!rinsed!one.!!

Standing! on! these! evidences,! we! can! speculate! that! the! surfactant! is! playing! a! crucial!

active! role! during! the! synthesis! of! the! 90! nm! and! 45! nm! sample.! The! over! mentioned!

interphase! effect! are! most! probably! due! to! phenomena! connected! to! the! high! quantity! of!

surfactant!necessary!to!shrink!the!dimensions!of!the!final!nanoparticles.!!
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!

Figure(4.18:(TGA(curves(of(the(PBA@PS(sample(of(45(nm(pristine((black(line)(and(on(after(rinsing(in(MeoH((red(line)(

recorded(in(air.(The(AOT(weight(loss(drops(from(31.2%(to(traces(in(the(order(some(percent.(

Moreover,!according!to!the!AOT!IR!spectrum!in!Figure!4.19,!the!distortion!of!the!peak!in!

the! region! between! 1100! cmT1! and! 1300! cmT1! (i.e.! region! of! the! asymmetrical! CTCOTO!

stretching)! is! not! induced! by! a! change! in! the! inner! morphology! of! the! nanoparticles,! but!

probably!from!the!presence!of!AOT!surfactantTrich!interphase.!!

!

!

Figure( 4.19:( AOT( IR( spectra.( The( peak( shape( in( the( region( between( 1100( cmP1( and( 1300( cmP1( (i.e.( region( of( the(

asymmetrical(CPCOPO(stretching)(mimics(the(distortion(detected(in(Figure(4.15.((

!
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Lastly! the! third!Tg!detected!with!DSC!and! the!drop! in! the!proton!rigid! fraction!detected!

with!TDT1HTNMR! cannot! be! univocally! ascribed! to! an! intermixing! between! the! PBA! and!PS!

domains!to!be!described!with!Flory!Equation.!Indeed!the!results!strongly!suggest!that!AOT!is!

not!playing!as!a!passive!template!agent,!but!contributes!to!form!a!notTdefined!mesophase!in!

the! 90! nm! and! 45! nm! sample.! Even! if! this! can! be! really! fascinating! for! the! study! of!

fundamental!properties,! this!could!dramatically! limit! the!application!of!such!nanostructures!

as!wellTdefined,!structured!nanocontainers.!!

Concluding,!standing!on!the!evidence!and!control!experiments!we!collected,!the!emulsion!

polymerization! protocol! here! proposed! is! replicable! and! effective! for! the! preparation! of!

core@shell!PBA@PS!nanoparticles!with!a!wellTdefined!compartmentalized!internal!structure!

only! for!hydrodynamic!diameter!of! the!PBA!core!higher! than!70!nm!and! for!hydrodynamic!

diameter!of!the!final!core@shell!nanoparticle!higher!than!90!nm.!All! the!features!have!been!

taken!into!account!in!the!following!sections!in!order!to!give!some!proofTofTconcept!examples!

of!potential!application!fields!of!such!PBA@PS!NPs.!
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4.5 Poly(nIbutyl(acrylate)@Polystyrene(nanoparticles(acting(as(functional(

nanocontainers(
Selective!loading!of!active!molecule!in!nanocontainers!has!been!gaining!a!growing!interest!

recently148.!Polymer!nanoparticles!obtained!via!Emulsion!Polymerization! (EP)!are!playing!a!

pivotal! role! in! the! field! of! selective! encapsulation! of! guest! molecules 149 .! Polymer!

nanoparticles! and! nanocapsules! have! indeed! the! capability! of! either! protecting! the!

environment!from!their!content!and!the!content!from!the!environment!(i.e.!oxidation!of!guest!

molecule,!aggregation!for!nanocrystals).!!

In! our! opinion! PBA@PS! core@shell! Nanoparticles! can! act! as! a! model! for! different!

nanocontainers!preparation.!Ideal!core@shell!PBA@PS!nanoparticles!offer!a!well!defined!and!

compartmentalized! internal! organization,! with! two! regions! defined! either! by! the! different!

chemical!composition!and!the!spatial!position!(Figure!4.20).!!

!

Figure(4.20:(Graphical(sketch(of(the(stages(involved(in(the(formation(of(the(core@shell(nanocontainers.(

Particularly! PBA! core! is! acting! as! the! inner! tank! for! the! guest! molecule,! since! it! has!

flexibility,! shape! stability! and! sufficient! permeability! to! molecules! in! the! 4T8! nm! diameter!

range150.!Moreover!PBA! is! a! lowTcost! and!easyTtoThandle! apolar! elastomer!with!a!Tg~T50°C!

belonging! to! polyacrylates.! Together! with! the! widespread! application! of! polyacrylates! in!

many!commercial!products151,!they!are!gaining!growing!interest!in!the!most!recent!photonic!

research! in! the! field! of! luminescent! solar! concentrators152!and! in! sensitized! upTconversion!

single!phase!bulk!systems153,!because!of!their!high!optical!quality.!!

Since!we!want!to!confine!functional!dyes!inside!deliverable!nanocontainers!with!PBA!core,!

a!shell!of!a!structural!(i.e.!with!high!Tg)!and!transparent!polymer!is!needed.!In!this!regard,!PS!
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is!a!thermoplastic!polymer!with!a!Tg!~!100°C!which!can!be!made!transparent.!On!top!its!chain!

mesh!properties!can!be!easily!tuned!via!the!copolymerization!with!divinylbenzene,!allowing!

the! modulation! of! the! Tg! values! together! with! the! final! bulk! properties.! Thanks! to! its!

hydrophobicity!it!can!be!either!easily!polymerized!in!emulsion!and!it!can!effectively!cover!the!

PBA!core!in!semicontinuous!twoTstep!EP!(section!2.2.1.3).!

In! the! following! sections,! two! possible! applications! ! of! the! PBA@PS! core@shell!

nanoparticles! are! proposed! (Functional! nanocontainers! for! Sensitized! UpTConversionTSUC,!

section!4.5.1,!and!for!the!encapsulation!of!modified!carbohydrateTbased!dyes,!section!4.5.2).!

4.5.1 Sensitized(UpIConversion(polymerIbased(nanocontainers(
Sensitized! UpTConversion! (SUC)! is! a! recent! photon! managing! strategy! particularly!

promising! in! the! field! of! solar! energy 154 !and! photocatalytic! water! splitting 155 .! SUC!

phenomenon! is! obtained! with! nonTcoherent! lowTintensity! sources! and! it! is! based! (Figure!

4.21)!on!the!annihilation!of!metastable!triplet!states!(TTA)!of!proper!organic!dyes!(acceptors)!

indirectly!populated!via!resonant!energy!transfer!(ET)!from!selected!sensitizers!(donors)156.!!

!

Figure(4.21:(Outline(of(the(energy(levels(involved(in(the(SUC(process(for(a(model(donor/acceptor(pair.(Solid(arrows(

indicate(transitions(in(which(a(photon(is( involved(while(dashed(arrows(indicate(radiation(less(transitions.(After(A.(

Monguzzi(et(al(Phys.(Chem.(Chem.(Phys.(2012,(14,(4322.(Copyright(©(Royal(Society(of(Chemistry.(

The!involved!photophysics!is!to!date!well!assessed!and!summarized!in!the!contribution!of!

A.!Monguzzi!et(al157.(!SUC!has!been!obtained!in!various!spectral!windows!(from!NIR!to!UV)!in!

solution! with! nonTcoherent! excitation! powers! density! around! 0.1! mW/cm2! and! overall!

quantum! yield! as! high! as! 25T30%! 158 .! ! Even! thought! J.P.! Spindler! et( al. 159 !indirectly!

demonstrate!that!the!ultimate!overall!quantum!yield!can!reach!50%,!the!use!of!high!volatile!

organic! solvents! poses! significant! issues! for! industrialization,! particularly! regarding! the!

environmental!sustainability!of!the!technology.!!
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There!is!indeed!a!strong!effort!in!building!up!a!solid!state!SUC!material.!It!is!worth!noticing!

that!SUC!performances!obtained!in!solution!have!been!only!partially!replicated!at!solid!state,!

where!SUC!lacks!of!efficiency160.!This!is!mainly!due!to!the!fact!that!SUC!is!ruled!by!short!range!

interaction! such! as! Dexter! Energy! Transfer! and! TTA.! The! latters! are! both! bimolecular!

interactions!determined!by!the!!triplet!diffusion!length,!which!can!be!expressed!as!LD:!

!! = !!! !
where!τT!is!the!triplet!lifetime!and!D!is!the!triplet!diffusion!coefficient.!D!can!be!expressed!

as!a!function!of!the!parameters!of!the!matrix!and!of!the!diffusing!species:!

! = !"
6!"#!

T!is!the!temperature,!k(is!the!Boltzmann!constant,!!!is!the!viscosity!of!the!matrix!and!R(is!
the!radius!of!the!diffusing!species!in!spherical!approximation.!!

!

!

Figure( 4.22:( Calculated( energy( transfer( efficiency( (φET)( as( a( function( of( acceptor( concentration( in( matrices( with(

different(viscosity((η).(Courtesy(of(Dr.(Angelo(Monguzzi.(

!Standing!on!this!considerations,!the!shortTrange!interactions!involved!in!both!ET!and!TTA!

steps! impose! severe! requirements! on! the! excitation!mobility161,! not! fulfilled! at! solid! state.!

Indeed! in! Figure! 4.22! one! can! see! that! T! by! keeping! constant! Donor! and! Acceptor!

concentrations!T!the!higher!the!viscosity!of!the!matrix,!the!lower!is!the!energy!transfer.!This!is!

a!semiTquantitative!demonstration!of!the!fact!that! !SUC!in!solid!matrix! is!difficult!to!achieve!

since! the!molecular!diffusion!of! the!dyes! is! limited.!However,!A.!Monguzzi!et(al.153! recently!

overcame!this!limit!and!obtained!for!the!first!time!a!SUC!yield!in!solid!comparable!with!that!of!
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the!corresponding!solution!under!excitation!of!few!times!the!solar!irradiance,!by!employing!a!

single!phase!elastomeric!material!(PBA).!!They!showed!that!the!performance!of!these!systems!

are! strictly! comparable! with! those! in! liquid! phase! since! the! low! molecular! mobility! is!

compensated!by!a!lengthening!of!the!triplet!lifetimes!which!still!allows!for!the!required!large!

diffusion!length!of!!excitation!energy.!!

Following!this!evidences!in!this!section!we!present!the!results!about!the!engineering!of!a!

nanocontainer!PBA@PS!core@shell!nanoparticle,!with!the!PBA!core!loaded!with!SUC!acceptor!

donor! pair,! in! order! to! obtain! deliverable! SUC! nanoemitters.! This! work! is! in! collaboration!

with!Prof.!Dr.!Franco!Meinardi’s!group.!

!

!

4.5.1.1 Inclusion(of(PdI!Tetrabenzotetraphenyl(porphyrin,(SUC(Donor((

In!order!to!incorporate!effectively!the!SUC!Donor!(PdTTetrabenzotetraphenyl!porphyrin/!

PdPh4TPB,! Figure! 4.23)! in! the! PBA! core! via! the! over! mentioned! EP! protocol,! a! surfactant!

acting!as!monomer!droplet!template!is!needed.!!!!

Porphyrins! are! receiving! particular! attention! thanks! to! their!wellTunderstood! rigid! and!

planar!molecular! geometry,! together!with! their! tailorable! spectroscopic! and! photochemical!

properties,! as! well! as! their! renowned! multifuncionality! and! eventual! biocompatibility.! All!

these!issues!are!boosting!the!research!on!porphyrinTbased!supramolecular!nanoarchitectures,!

which! are! supposed! to! be! very! promising! candidates! for! the! development! of! advanced!

supramolecular!nanomaterials162.!!

!

Figure(4.23:(SUC(donor,(PdPTetrabenzotetraphenyl(porphyrin((PdPh4TPB).(

! !Moreover! porphyrins! are! renowned! for! their! ability! of! form! such! supramolecular!

aggregates!in!presence!of!surfactant!such!as!sodium!dodecyl!benzene!sulphonate,!with!the!soT

called! Surfactant! Assisted! SelfTassembly! (SAS)163.! ! In! the! SAS! process! organic! molecules,!
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which! are! dissolved! in! a! guest! solvent,! are! organized! with! the! assistance! of! surfactants!

dispersed! in! a! host! solvent.! The! structure! of! porphyrins164,! concentration! of! porphyrins165!

and!concentration!of!surfactants166!are!responsible!for!SAS.!

!

Figure(4.24:(Dioctyl(sulfosuccinated(sodium(salt(molecular(structure.(

Since!in!the!present!study!we!are!interested!in!exploiting!PdPh4TPB!as!a!SUC!donor!in!a!

singleTphase! core@shell! nanoparticle! core,! porphyrin! SAS! ability! is! a! tremendous! issue! to!

solve! in! order! to! maintain! the! dynamics! of! SUC! process! and! not! spoil! or! inhibit! the! SUC!

interaction! between! PdPh4TPB! and! its! acceptor! 9,10TBisTphenelethyinilTantracene! (BPEA,!

Figure!4.27).! ! Since!porphyrin!SAS! is!most! likely!happening!with! surfactant!having!a! single!

aliphatic!chain!(i.e.!cetyltrimethylammonium!bromide167!or!sodium!dodecyl!sulphate168),!we!

decided! to! keep! using! dioctyl! sulfosuccinate! sodium! salt! (AOT,! Figure! 4.24)! as! a! branched!

surfactant! with! higher! steric! hindrance! and! less! prone! to! SAS! aggregations.! ! In! order! to!

validate! our! picture! and! verify! the! incorporation! of! PdTTBTPP! in! a! PBA@PS! core@shell!

nanoparticles,!a!solution!0.1!mM!of!PdTTBTPP!in!21!mmol!of!BA!was!polymerized!via!the!over!

mentioned!EP!protocol! (0.04!mmol!of!AIBN,!0.69!mmol!of!AOT)! in!N2!atmosphere.!Prior! to!

polymerization! the! feeding! solution! was! purified! and! degased! with! three! cycles! of!

Freeze/Pump/Thaw!(FPT).!After!three!hours!of!reaction!at!70°C,!a!solution!of!78.3!mmol!of!

STY,!89!µl!of!divinylbenzene!(DVB),!0.174!mmol!of!AIBN!and!0.464!mmol!of!AOT!was!added!to!

the! PBA! emulsion! to! grow! the! shell.! All! the! steps! of! the! reaction! were! driven! under! N2!

atmosphere.!The!final!core@shell!nanoparticles!show!a!diameter!of!110!nm!with!PdI=0.039.!It!

was!not!possible!to!measure!the!core!dimensions,!since!the!PdPh4TPB!is!adsorbing!at!λ=633!

nm! of! the! DLS! system,! spoiling! thus! the! correlation! data.! The! spherical! shape! and! the!

monodispersity!of!the!nanocontainers!are!confirmed!by!SEM!micrograph!in!Figure!4.25.!

!
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!

Figure(4.25:(Representative(SEM(micrograph(of(SUC(PBA@PS(nanocontainers.(

In!order!to!check!the!incorporation!of!PdPh4TPB!in!the!core@shell!structures,!absorption!

spectra!were!recorded!(Figure!4.26).!!!

!

In!Figure!4.26!a!comparison!between!the!spectrum!of!a!bulk!PBA!sample!loaded!with!0.1!

mM!of!PdPh4TPB!(violet!dashed! line)!and!the!spectrum!of!PdPh4TPB! inside!the!nanoparticles!

(green! line)! is! reported.! Standing! on! the! spectral! shape! and! on! the! spare! solubility! of!

PdPh4TPB!in!STY,!it!is!possible!to!say!that!the!PdPh4TPB!is!confined!in!the!PBA!core.!

Figure(4.26:(Comparison(between(absorption(spectrum(of(PdPh4TPB(in(PBA@PS(Nanoparticles((green(line)(and(in(

bulk(PBA(sample((violet(dashed(line)(under(632(nm(laser(excitation.(
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For!recording!a!SUC!signal,!the!absence!of!oxygen!is!needed!(namely!oxygen!concentration!

below! 0.1! ppm).! The! absence! of! oxygen! can! be! checked! by! TRTphotoluminescence!

experiments!in!Figure!4.27.!!

!

Figure(4.26:(LEFTP(Absorption(spectra((zoom(in( the(700(to(900(nm(region)(of(an(oxygen( free((red( line)(and(an( inP

oxygen((blue(line)(PBA@PS(PdPh4TPB(batches(under(632(nm(laser(excitation.(RIGHTP(TRPPhotoluminescence(of(an(

oxygenPfree((red(line)(and(an(in(oxygen((blue(line)(sample(under(632(nm(modulated(excitation(.(

In!Figure!4.27TRIGHT!photoluminescence!(PL)!and!Time!resolved!photoluminescence!(TRT

PL)!data! from!a!PBA@PS! core@shell! nanoparticles! synthesized!under!N2!atmosphere! (Red!

circles,!red!line!–!labelled!O2Tfree)!and!in!presence!of!oxygen!(Blue!circles,!blue!line!–!labelled!

O2)!are! reported.! Static!PL! (Figure!4.27TLEFT)! is!not! sensitive! to! the! synthesis!atmosphere,!

since!the!spectra!is!not!changing!between!the!two!samples.!On!the!other!hand!TRTPL!spectra!

(Figure!4.37TRIGHT)!shows!that!only!in!the!oxygenTfree!sample!the!PdPh4TPB!has!a!lifetime!

long!enough!to!lead!to!SUC.!!!!!!

4.5.1.2 Energy(transfer(efficiency(study(

In!order!to!study!the!energy!transfer!efficiency!of!the!process,!five!samples!with!different!

concentration! of! 9,10TBisTphenilethynilTantracene,! BPEA,! acceptor! (Figure! 4.28)! in! the! PBA!

core!were!synthesized.!A!scale!down!of! the!reaction!was!performed!by!reducing!the!overall!

amount!of!water!to!53!ml.!All!the!other!quantities!were!reduced!accordingly.!!
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!

Figure(4.27:(Molecular(structure(of(the(dyes(used(as(SUC(couple.(PdPTetraBenzoPhenilPorphyrin((PdPh4TPB,(

left)(is(the(donor(while(9,10PBisPphenilethynilPantracene((BPEA,(right)(act(as(acceptor.(

Typically!for!the!core!emulsion!polymerization!7!mmol!of!BA!were!mixed!with!(2.6+0.1)·10T2!

mmol!of!AIBN!and!2.5·10T1!mmol!of!AOT.!The!PdPh4TPB!was!added!in!order!to!obtain!a!1·10T4!

M!solution.!The!shell!growth!was!performed!by!adding!a!second!feed!solution!containing!26!

mmol!of!STY,!29.5!ml!of!DVB,!(5.8+0.2)·10T2!mmol!of!AIBN!and!1.5·10T1!mmol!of!AOT.!All!the!

remaining!reaction!parameters! (dropping,! reaction! times!and! temperature)!were!kept! from!

the!synthesis!in!section.!The!five!different!batches!of!PBA@PS!nanoparticles!synthesized!had!

an!average!hydrodynamic!diameter!of!(112+20)nm!calculated!within!the!series.!All!the!single!

average! diameters! are! monomodal! and! monodisperse! (PDI<0.1).! In! Figure! 4.29! the! PL!

intensity! upon! excitation! at! 635! nm! in! the! wavelength! region! from! 400! nm! to! 600! nm!

associated!to!SUC!signal!is!reported.!Sample!30!and!33!shows!the!best!relative!SUC!intensities!

among!the!series.!!

Reaction!Labelling! BPEATAcceptor!Concentration!

30! 5·10T4!M!

31! 2.5·10T4!M!

32! 1·10T3!M!

33! 2.5·10T3!M!

34! 5·10T3!M!

Table(4.! Reaction! labelling! and!BPEATacceptor! concentrations!used! in! the!PBA@PS! samples!

series!synthesized!for!the!study!of!the!SUC!process.!!!
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!

Figure( 4.28:( PL( intensity( in( the( wavelength( region( from( 400( nm( to( 600( nm( associated( to( SUC( signal( (excitation(

wavelength(of(635(nm).((

! However,!in!Figure!4.30!the!residual!PdPh4TPB!PL!intensity!upon!excitation!at!635!nm!

is! reported.!The! residual!PL! intensity!of! the!donor!means! that! there! is! a! fraction!of!donors!

(PdPh4TPB)! not! transferring! energy! to! the! acceptor! molecule.! This! can! be! due! to! several!

reasons:! deactivation! of! acceptor!molecules! due! to! the! confined! environment! (i.e.! droplet)!

where! the! polymerization! takes! places,! migration! to! some! of! either! the! donor! dyes! to! the!

interface!defined!by!the!anionic!surfactant!or!of!the!acceptor!molecule!to!the!PS!shell!due!to!!

π−π!interactions.!

!

Figure( 4.29:( PL( intensity( of( the( residual( PdPh4TPB( (donor)( upon( excitation( at( 635( nm( in( the(wavelength( region(

between(700(nm(and(950(nm(in(PBA@PS(samples.(
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!! In!order!to!speculate!the!motivation!of!the!residual!PdPh4TPB,!five!PBA!bulk!samples!

loaded!with!the!SUC!dyes!were!synthetized!and!characterized.!BPEA!and!PdPh4TPB!have!been!

added!to!2!mL!of!nTbutyl!acrylate!containing!10−3!M!AIBN,!changing!the!BPEA!concentration!

from!10T6M!to!5·10T3!M.!PdPh4TPB!concentration!was!kept!constant!at!1·10T4!M.!Free!radical!

bulk! polymerization! has! been! carried! out! at! RT! until! the! liquid! converted! to! self! standing!

rubber!(barely!1!week).!!

!

Figure( 4.30:( PL( intensity( of( the( residual( PdPh4TPB( (donor)( upon( excitation( at( 635( nm( in( the(wavelength( region(

between(700(nm(and(950(nm(in(bulk(PBA(samples.(

In!Figure!4.31!the!PL!intensity!of!the!residual!PdPh4TPB!(donor)!upon!excitation!at!635!

nm!in!the!wavelength!region!between!700!nm!and!950!nm!in!bulk!PBA!samples.!Differently!

from!PBA@PS!sample,!the!residual!PL!intensity!of!the!porphyrin!drops!to!zero!(i.e.!complete!

energy!transfer)!for!BPEA!concentration!around!2.5!10−3!M.!!

!

Figure(4.31:(Comparison(of(ET(yields( in(PBA@PS( core@shell(nanoparticles( (red( triangles,( 58%(record(value)( and(

PBA(bulk(samples((black(circles,(100%(record(value)(as(a(function(of(acceptor(concentration(CA.(((
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By! calculating! the! ET! yield! as! ΦET! =! 1T! (τET/τ0),! where! τ0! is! the! PdPh4TBP! lifetime! in!

PBA@PS! particles! without! BPEA! and! τET! is! the! PdPh4TPB! lifetime! in! PBA@PS! particles! in!

presence! of! a! given! amount! of! BPEA,! one! can! estimate! the! energy! transfer! efficiency! as! a!

function! of! BPEA! acceptor! concentration! (Figure! 4.32).! ! From! the!ET! yield! versus! acceptor!

concentration!in!Figure!4.32,!it!is!possible!to!see!that!PBA@PS!samples!are!not!able!to!reach!

the!100%!yield!(record!value!around!58%).!On!the!other!hand!in!PBA!bulk!samples!100%!ET!

yield!is!reached!either!in!the!2.5!10−3!M!and!5!10−3!M!BPEA!samples.!!

In! our! opinion! the! reason! for! this! inefficiency! are! manifold.! First! of! all! emulsion!

polymerization! occurs! in! a! confined! locus,! namely! the! 102! nm! droplet.! Within! the!

polymerizing!droplets!phenomena!such!as!radical!formation,!propagation!and!desorption!are!

occurring!and!could!be!potentially!detrimental!for!a!coniugate!molecule!like!BPEA.!Moreover!

the! stability! and! the! dimension! of! the! droplets! are! defined! from! the! presence! of! AOT,! an!

anionic! surfactant.! Besides,! AOT! could! thus! attract! the! PdPh4TPB! (porphyrin! enclosing! a!

metal! cation),! sequestrating! part! of! the! Donor! at! the! interface.! The! donor! trapped! at! the!

interface! is!no!more!able!either! to!diffuse!nor! interact!with! the!acceptor!and!drive! the!SUC!

process.!The!last!option!can!be!the!migration!of!the!conjugated!acceptor!BPEA!in!the!PS!shell,!

because!of!π−π!interactions.!!

Moreover,!the!scattering!is!playing!an!important!role!in!the!drop!of!the!ET!yield.!PBA@PS!

in! aqueous! solution! act! as! scatterers,! meaning! that! a! considerable! fraction! of! the! incident!

photons!is!just!scattered!away.!!

However!we!have!been!able!to!produce!different!batches!of!!PBA@PS!nanoparticles!acting!

as!SUC!nanoemitters.!The!ET!yield!of! the!PBA@PS!nanoemitters!reached! the!58%!in!water,!

opening! potential! application! in! terms! of! bioimaging! and! photodynamic! therapies! but! also!

triggering! new! idea! to! solve! the! over! mentioned! problems.! In! fact! a! possible! solution! is!

proposed!in!section!5.3.!!

! !
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!

4.5.2 Inclusion(of(hydrophobic(carminic(acid(derivatives(in(polymer(matrices(and(

nanoparticles(

Among! all! different! classes! of! natural! pigments,! carminic! acid! belongs! to! the! soTcalled!

Hydroxyanthraquinoids! (HAQN,! Figure! 4.33).! HAQN! are! widely! used! in! cosmetic!

manufacturing169,! textile!dying170,! food!biocolorants171!and!only!recently! in!other!fields!such!

as!coordination!applications172!and!dyeTsensitized!solar!cells173.!!

!

Figure(4.32:(Scaffold(of(Hydroxyanthraquinoids.(

All! HAQN! dyes! are! polar!molecules!with! extended! hydrogen! bonding! responsible! for! their!

spare! solubility! in! water! and! for! their! complete! insolubility! in! apolar! (lipophilic)! systems,!

such!as!synthetic!monomers.!!

!

Figure(4.33:(Structure(formula(of(carminic(acid.(

Namely,! carminic! acid! (Figure! 4.34)! is! a! red! dye! extracted! from! cochineal! insects!

(dactylopius! coccus)174!with! a! peculiar! resistance! to! light,! heat! and! chemical! oxidation,!

making! it!even!more!stable! then!synthetic! food!colorants.!Nevertheless! it! is!unstable!at! low!

pH.!To!date,! very! few! carminic! acid!derivatisation!have!been!proposed! in! order! to! tune! its!

hydrophilicity!and!solubility!in!organic!phases.!!!

Together! with! Prof.! Dr.! Laura! Cipolla! we! have! included! –! for! the! first! time! to! our!

knowledge!–!hydrophobic!carminic!acid!derivatives!in!organic!polymer!matrices!and!biphasic!

polymer!nanoparticles.!The!proposed!derivatisations,!modifying!the!hydroxyl!groups!present!
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in! the! molecule,! make! the! dye! more! hydrophobic! by! ester! bonds! entering! and! allowing!

industrial!applications.! !

!
Figure(4.34:(Modification(of(carminic(acid(with(acetic(anhydride(and(pyridine((A),(pivaloyl(chloride(and(pyridine.(

Courtesy(of(Davide(Origgi,(M.Sc.(synthesizing(the(derivatives.(

The!acetylation!of!carminic!acid!with!acetic!anhydride!in!pyridine!as!reaction!solvent!is!

proposed!(Figure(4.35TA).!Usually,!carbohydrates!request!4Tdimethylaminopyridine!(DMAP)!

as!catalyst!promoting!the!attack!of!the!anhydride.!The!nucleophilic!character!of!the!endocyclic!

nitrogen! within! the! aromatic! ring! of! DMAP! makes! the! attack! in! position! 4! of! the!

anthraquinone!portion!possible.!The!reaction!requires!an!excess!of!anhydride!to!promote!the!

attack!on!the!hydroxyls!present!in!the!molecular!structure!of!the!pristine!dye.!The!particular!

reactivity! of! the! hydroxyanthrapurin! portion! of! the! dye! does! not! allow! a! stoichiometric!

reaction.!The!reaction!is!quenched!in!ethanol!to!carry!out!an!extraction!with!ethyl!acetate!and!

HCl!(5!%)!to!recover!the!hydrophobic!product!obtained!from!the!reaction.!Finally,!a!mixture!

of!compounds!with!a!brilliant!orange!colour!(Figure!4.36Tcenter)!is!obtained.!We!will!refer!to!

this!mixture!as!to!first!derivative,!called!5!in!the!following.!

The! second! reaction! proposed! is! the! functionalization! of! the! hydroxyl! groups! of!

carminic!acid!with!pivaloyl! chloride! in!pyridine!solvent.!This! reaction!requires!an!excess!of!

the! acyl! chloride! to! counteract! the! reactivity! of! anthraquinone! dye! (Figure! 4.35TB).! The!

resulting!product!consists!almost!entirely!of!the!fully!esterified!compound,!showing!a!bright!
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yellow! colour! (Figure! 4.36TRIGHT).! This! pivaloyl! derivative! will! be! labelled! as! 6! in! the!

following.!

!

!

!

Figure(4.35:(LEFT:(Photograph(of(the(dry(powders(of((carminic(acid((red,(labelled(2).(CENTRE:(acetylated(derivative(

(orange,(labelled(5).(RIGHT:(pivaloylPderivative((yellow,(labelled(6).(

In!Figure!4.36,!the!photograph!of!the!dry!powders!of!the!pristine(carminic!acid!(2),!of!

the! acetylateTderivative!mixture! (5)! and!of! the!pivaloylTderivative! (6)! is! reported.!A! colour!

shift! from! red! (2)! to! orange! (5)! and! yellow! (6)! is! observed! by! naked! eye.! In! order! to!

investigate! quantitatively! the! optical! properties! of!2,!5! and!6,! absorption! and! steadyTstate!

photoluminescence!(PL)!analysis!were!performed.!!

!

!
Figure( 4.36:( Molar( extinction( coefficient( (solidPlines)( and( PL( (dashed( lines)( spectra( (dashedPlines)( acquired( for(

compounds(2,(5(and(6(in(dimethyl(sulfoxide.(
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Since!dimethyl!!sulfoxide!(DMSO)!!was!indeed!found!to!be!a!good!solvent!for!all!the!dyes,!

the!molar!extinction!coefficients!estimated! for!compounds!2,!5! and!6! in!DMSO!solution!are!

shown!in!Figure!4.37!(solid!lines).!Carminic!acid!absorption!spectrum!is!dominated!by!a!band!

peaked! at! about! 500! nm,! conferring! its! characteristic! red! colour.! It! is! worth! noticing! that!

derivatives! 5! and! 6! show! a! hypsochromic! shift! (i.e.! blue! shift)! of! the! main! peak.! Indeed,!

molecule!5!has!a!band!peaked!at!about!410!nm,!whereas!only!a!shoulder!at!360!nm!can!be!

detected! for! compound!6.!A!hypsochromic!effect! is!usually!observed!when!derivatisation! is!

performed!with!substituents!causing!a!reduction!in!conjugation!of!the!chromophore.175!!

Moreover,! in! the! same!Figure! 4.37! (dashed! lines),! the! steadyTstate! PL! spectra! of! all! the!

three!compounds!in!DMSO!solution!are!presented.!PL!spectrum!of!carminic!acid!(2)!is!peaked!

at! 610! nm,! while! the! PL! spectra! of! the! derivatives! 5! and! 6! are! dominated! by! the! same!

emission!with! the! superimposition! of! a! band! peaked! at! about! 500! nm.! This! latter! band! is!

more!intense!for!the!molecule!6!than!for!5,!in!qualitative!agreement!with!the!more!blueTshift!

observed!in!the!absorption!spectra!(continuous!line!in!Figure!4.37).!

!

4.5.2.1 Bulk(Polymer(matrices(
Once! obtained! the! carminic! acid! lipophilic! derivatives,! the! incorporation! into! a! PBA!

matrices! was! performed.! The! PBA! samples! were! obtained! by! bulk! polymerization! (Figure!

4.38)!at!80°C!for!24!hours!of!a!BA!solution!with!60!ppm!of!an!oilTsoluble!radical!initiator!(2,2’T

Azobisisobutyronitrile,! AIBN)! and! a! dye! concentration! of! 10T3! M.! Bulk! free! radical!

polymerization!was! used! because! it! is! know! to! be! the! only! synthetic!method! allowing! the!

production! on! an! industrial! scale! of! thick! and! large! polyacrylates! plates! having! excellent!

optical!properties176.!Moreover,!it!can!be!performed!without!the!need!of!organic!solvents.177!

!

Figure(4.37:(Bulk(polymerization(reaction(of(nPbutyl(acrylate(monomer(to(poly(nPbutyl(acrylate).(
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BA! was! previously! purified! through! distillation! on! aluminium! oxide! (activated,! basic,!

Brockmann! I)! column! and! AIBN!was! reTcrystallized! twice! from!methanol! before! usage.! As!!

one!can!see!from!Figure!4.39TLEFT,!pure!carminic!acid!cannot!be!dissolved!in!BA!leading!to!

phase!separation.!On!the!other!hand,!the!synthesized!derivatives!5!(Figure!4.39TCENTER)!and!

6!(Figure!4.39TRIGHT)!!dissolve!very!well!in!the!organic!BA!monomer!and!the!polymerization!

could!proceed!until!conversion!without!phase!separation.!

!

Figure( 4.38:( LEFT:( Photograph( of( a( 10P3M( solution( of( carminic( acid( in( a( BA( solution.( Phase( separation( is( clearly(

visible.(CENTER:(Photograph(of(a(10P3M(solution(of(the(carminic(acid(acetylPderivative((5)( in(a(BA(solution.(RIGHT:(

Photograph(of(a(10P3M(solution(of(the(carminic(acid(pivaloylPderivative((6)(in(a(BA(solution.(

!

Figure(4.39:(Molar(extinction(coefficient((solidPlines)(and(PL(spectra((dashedPlines)(acquired( for(PBAP5(and(PBAP6(

samples.(

The!absorption!and!steadyTstate!spectra!acquired!for!PBA!samples!doped!with!derivative!

5! and! 6,! named! respectively! PBAP5! and! PBAP6,! are! shown! in! Figure! 4.40.! Both! samples!

exhibit!almost!the!same!absorption!spectra,!in!terms!of!shape!and!molar!extinction!coefficient,!

with!respect!to!the!behaviour!of!molecule!5!and!6!in!DMSO.!This!suggests!that!the!PBA!matrix!
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does! not! affect! their! absorption! properties.! Similar! observations!were! found! by! comparing!

their!PL!spectra!in!DMSO!solution!and!in!bulk!polymer!matrix.!Moreover!the!presence!of!dyes!

5!and!6!does!not!alter!the!TgTvalue!expected!for!PBA.!Indeed!the!measured!Tg!(continuous!line!

in!Figure!4.41)!remains!!~!T50°C!(midpoint)!in!both!PBAP5!and!PBAP6!sample.!

Additionally!the!derivatives!5!and!6!are!soluble!in!PBA!and!Ethylene!glycol!dimethacrylate!

(PBA:EGDMA)!solutions.!In!detail,!6.0!mg!of!dye,!2.5!mg!of!AIBN!were!added!in!4.3!ml!solution!

with!the!4.5%!in!volume!of!EGDMA.!The!formulation!was!then!put!in!a!sealed!mould!at!80°C!

till! complete! conversion.! By! adding! EGDMA! as! crosslinking! agent,! it! is! possible! to! obtain!

elastomeric! sample! suitable! for! the! preparation! of! selfTstanding! polymer! goods.! A!

representative!photograph!of!the!samples!is!reported!in!Figure!4.41.!!

!

Figure(4.40:(Photograph(of(PBA:EGDMA((4.5%(v/V(EGDMA(content)(selfPstanding(bulkPsamples.(LEFT:(yellow(sample(

loaded(with(the(6(derivative.(RIGHT:(the(orange(sample(loaded(with(the(5(derivative.(

DSC!traces!for!PBA!and!PBA:EGDMA!samples!doped!with!molecules!5!and!6!are!reported!

in!Figure!4.42.!The!crossTlinked!sample!(dashed!line)!shows!an!increase!in!the!measured!Tg!

value!in!the!order!of!some!degrees!(typically!from!T50°C!to!!T46°C!for!midpoint!values)!due!to!

the!presence!of!EGDMA.!Similarly!to!the!case!pure!PBA!dyeTdoped!samples,!even!PBA:EGDMA!

thermal!properties!(in!terms!of!TgTvalue)!seems!to!be!unaffected!by!the!presence!of!both!dye!

5!and!6.!

All! these! findings! suggest! that! the! two! synthetic! molecules! characterized! by! a! more!

hydrophobic! nature! than! carminic! acid,! can! be! used! such! as! dye! for! polymer! matrices,!

preserving! the! absorption! properties! observed! in! DMSO! solution! and! their! colour.! PL!

investigation!reveals!that!the!wellTknown!emission!band!at!610!nm!of!the!carminic!acid!is!also!

found!in!molecules!5!and!6.!However,!these!latters!show!in!solution!another!emission!band!at!

500!nm!(missing!in!the!molecule!2),!due!to!the!hypsochromic!shift!triggered!by!derivatisation.!

!
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!

Figure(4.41:(DSC( traces( (first( scan,( exo(up)(of( the(PBA( (continuous( lines)(and(PBA:EGDMA((dashed( lines)( samples(

doped(with(derivatives(5((red(lines)(and(6((blue(lines).(

Moreover! we! demonstrated! (Figure! 4.41)! that! derivatives( 5! and! 6! can! be! successfully!

used! to! homogeneously! dope! selfTstanding! bulk! polymeric! samples,! thus! opening! potential!

routes!towards!bioTinspired!dyes!in!polymer!industry.!

!

4.5.2.2 PBA@PS(Nanoparticles(
In! the! previous! section,! the! incorporation! of! lipophilic! derivatives! of! carminic! acid!was!

proposed.! Here! the! encapsulation! of! the! acetylatedTderivative! into! PBA@PS! polymer!

nanocapsules!is!showed.!!This!dye!was!chosen!because!its!chromic!properties!are!the!closest!

to!the!pure!carminic!acid!ones.!

An!organic!solution!composed!by!7.4!mg!of!AIBN!and!3!ml!of!BA!monomer!was!used!as!

solvent! for!dissolving! the! acetylatedTderivative!of! carminic! acid! (final! dye! concentration! !~!

10T3M).!!The!organic!solution!was!dissolved!into!a!degassed!aqueous!phase!of!50!ml!of!water!

containing!27.3!mg!of!AOT!surfactant.!After!homogenization,!the!temperature!was!set!at!70°C.!

After!three!hours!of!reaction,!the!core!dimensions!were!checked!by!DLS!(124!nm!and!PdI<0.1)!

and!the!shell!forming!formulation!(6!ml!of!STY,!16.1!mg!of!AIBN!and!59!µl!of!DVB)!was!added!

drop!wise!in!the!reaction!flask.!Final!core@shell!PBA@PS!size!distribution!measured!by!DLS!

resulted! in!a!monodisperse!peak!of!183!nm!average!diameter.!After!water!evaporation!and!

drying,!a!pink!precipitate!was!obtained!(Figure!4.43)!
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!

Figure(4.42:(Photograph(of(the(PBA@PS(core@shell(particles(loaded(with(the(acetylated(derivatives(of(carminic(acid.(

Neither(dye(leakage(nor(fading(were(observed(from(the(powder(even(after(several(months.(

The!powder!was!stored!in!air!at!ambient!condition!for!several!months,!without!showing!

any!dye!leakage!or!fading.!

! !
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5 LiquidIcore(nIhexadecane@poly(methyl(methacrylate)(

Nanocapsules(

5.1 Introduction(
The!petroleum!shortages!during! the!1970s!energy! crisis! T! affecting!most!of! the!western!

countries!T!triggered!the!efforts!of!the!research!and!economic!community!towards!alternative!

energy! sources! and! energy! management! behaviour,! potentially! fulfilling! the! world! energy!

demand.!Some!seventy!years!before,!in!1901!Kyle!filed!a!patent178!on!using!palmitic!acid!and!

stearic! acid! to! maintain! the! required! temperature! during! the! manufacturing! of! tin! sheets.!

Palmitic! acid!and!stearic!acid!are! fatty!acid!known! to!belong! to! the! soTcalled!Phase!Change!

Materials!PCMs179.!!

!

Figure(5.1:(Representative(sketch(of(the(working(principle(of(an(encapsulated(PCMs(as(latent(thermal(energy(storage(

system.(((

The!term!PCMs!in!this!contest!refers!to!materials!having! large! latent!heat!of! fusion!with!

regards!to!melting!and!solidifying!at!a!nearly!constant!temperature,!thus!having!the!ability!of!
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storing! and! releasing! large! amounts! of! heat! energy! in! response! to! a! small! temperature!

change180.!A!representative!sketch!of!PCMs!working!principle!is!shown!in!Figure!5.1.!

Indeed!PCMs!have!been!studied!for!several!decades!and!applied!in!solar!energy!moduli181,!

thermal! storage! building! materials 182 ,! air! conditioning183 ,! thermoTregulating! intelligent!

textiles184,! temperature! sensitive! food! packaging185!and! medical! devices186!thanks! to! their!

highTenergy!storage!density!and!sharp!transition!temperature.!In!this!work!we!are!interested!

in! PCMs!microencapsulation,! which! involves! the! covering! of! the! PCM! core!material! with! a!

coating! or! shell!material.! The!dimension!of! the! final! capsule! (called!MicroPCM)!defines! the!

size!of!the!PCM,!which!in!turns!plays!an!important!role!in!determining!its!melting!behaviour.!

When! a! PCM! experiences! a! phase! transition! from! solid! to! liquid! and! vice! versa,! the! heat!

transfer!flowing!to!and!from!the!PCM!is!defined187!as!!

!

Q!=!hAΔT!

!

Where!h!is!the!heat!transfer!coefficient!(WmT2KT1),!A!is!the!heat!transfer!surface!area!(m2)!

and!ΔT!is!the!difference!in!temperature!between!the!PCM!surface!and!its!surroundings.!It!can!

be!deduced!from!this!formula!that!if!the!size!of!a!PCM!structure!is!reduced!by!a!factor!of!10,!

the!time!required!for!complete!melting!will!be!reduced!by!a!factor!of!100188.!!Concluding,!the!

smallest!the!PCM!structure,!the!most!efficient!use!of!the!latent!heat!of!fusion!and!the!fastest!is!

the!melting!process!unrewarding!the!phase!change!material!embedded.!

In!order!to!build!such!biphasic!nanocapsules!it!is!mandatory!to!find!a!synthetic!approach!

able! to! embed! the! PCM! within! a! capsule! made! of! a! coating! shell! material.! Emulsion!

Polymerization!(EP)!can!be!a!powerful!tool!when!nTalkanes!PCMs!and!acrylate!shells!are!used!

(see! the! representative! sketch! in! Figure! 5.2).! In! fact,! acrylic! monomers! and! nTalkanes! are!

miscible! and! can! thus! be! sheared! in! order! to! obtain! a! homogeneous! droplet! emulsion! in!

water.!Once!the!polymerization!of!the!monomer!is!started,!by!means!of!a!radical!initiator!and!

temperature,! phase! separation! occurs! due! to! the! immiscibility! between! nTalkanes! and!

polyacrylates.! Lastly,! by! using! a! proper! surfactant! and! by! tuning! the!

PCM/monomer/surfactant!ratio,!it!is!possible!to!dominate!the!final!microcapsule!dimensions!

(from!tens!of!nm!up!to!μm).!
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Figure( 5.2:( a)( General( formulation( used( for( a( nanocapsules( synthesis:(methyl(methacrylate( (monomer,(MMA),(nP

hexadecane((HD),(sodium(dodecyl(sulphate((surfactant,(SDS)(and(a(radical(initiator.(b)(Representative(sketch(of(the(

nanocapsules(formation.(Since(HD(and(MMA(are(soluble,(they(can(form(a(stable(organic(droplet(when(dispersed(in(an(

aqueous(solution(of(SDS((typical(concentration(~(g/L).(Once(the(polymerization(is(activated(from(the(radical(initiator(

(either(oilPsoluble(or(waterPsoluble),(the(growth(of(PMMA(chains(takes(place.(PMMA(and(HD(are(no(more(soluble(and(

phase( separation( occurs.( When( the( polymerization( reaches( conversion,( phase( separation( leads( to( stable(

nanocapsules(with(a(PMMA(shell(embedding(HD.(

With! this! procedure! it! is! possible! to! obtain! easyTtoThandle! MicroPCMs,! which! can! be!

moved!from!site!to!site!as!an!aqueous!solution!to!be!casted!on!the!desired!surface.!It! is!also!

possible!to!precipitate!the!MicroPCM!as!a!stable!powder,!which!can!be! later!reTdispersed!in!

organic!solvents!or!turned!into!selfTstanding!films!by!sintering,!ink!jet!printing!or!extrusion!at!

occurrence.!The!temperature!response!of!the!MicroPCMs!can!be!tuned!by!choosing!the!right!

PCM!(i.e.!with!the!proper!transition!temperature!and!heat!exchange!properties)!or!by!having!

a!moisture!of!PCMs!within!the!core.!!

In! section! 5.1.1,! the! characterization! of! nThexadecane@poly(methyl! methacrylate)!

nanocapsules! is! proposed.! Moreover,! a! strategy! for! the! encapsulation! TiO2! anatase!

nanocrystals! within! such! nanoparticles! is! presented! (section! 5.1.2)! together! with! the!

utilisation! of! nThexadecane@poly(methyl! methacrylate)! nanocapsules! as! liquidTcore!

sensitized!upTconversion!nanoemitters!(5.3).!!



! 106!

!

!

!

5.1.1 nIhexadecane@poly(methyl(methacrylate)(nanocapsules(
The! liquid! core! nanocapsules! (NCs)! are! constituted! from! a! nThexadecane! (HD)! core!

embedded!within! a! poly(methyl!methacrylate)! –! PMMA! –! ! shell! (HD@PMMA).! The! freshly!

prepared! emulsion! was! firstly! characterized! with! DLS! for! measuring! the! average!

hydrodynamic!diameter!distribution!and!polydispersity!of!the!nanocapsules.!In!Figure!5.3!the!

particle! size!distribution! in! intensity! is! shown.! !The! size!distribution! is!monomodal! and!no!

aggregates! nor! secondary! particles! were! detected.! The! measured! average! hydrodynamic!

diameter!is!360!nm.!!

!

Figure(5.3:(Representative(particle(size(distribution(of(HD@pMMA(nanocapsules(in(intensity,(with(average(diameter(

of(360(nm.(The(distribution(is(monomodal((i.e.(no(aggregates(nor(secondary(particles(distribution).(

After! the! purification! (centrifugation! in! methanol! and! three! centrifugation! steps! in! nT

hexane)!of!the!pristine!emulsion,!a!white!precipitate!was!obtained.!The!precipitate!was!then!

dried!in!vacuum!(10T2!Torr)!at!room!temperature,!in!order!to!obtain!an!easyTtoThandle!white!

powder.!The!powder!was!then!characterized!by!DSC!for!the!quantification!of!the!HD!content.!

HD!indeed!has!a!crystallization!peak!at!17°C,!with!an!experimental!enthalpy!of!crystallization!

of!≈!255!JgT1!(Figure!5.4).!!
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Figure( 5.4:( Comparison( of( representative( DSC( curves( of( HD@pMMA( nanocapsules( (black( line)( and( pure( HD( (red(

line).( Assuming( the( peaks( in( HD@pMMA( NCs( are( due( only( to( the( presence( of( HD,( from( the( ration( between( the(

crystallization(integral(measured(in(the(HD@pMMA(NCs(and(the(one(of(pure(HD,(it(is(possible(to(estimate(the(content(

a(≈(54%(w/W(content(of(HD(within(the(nanocapsule.(

In!Figure!5.4!one!can!see!that!the!sharp!transition!peaks!in!the!pure!HD!get!broader!in!the!

HD@pMMA!NCs.! This! is! coherent!with! the! observation! that! transitions! of!nTalkanes! in! the!

bulk! phase! are! commonly! observed! to! have! small!magnitudes! of! supercooling,!while! for!nT

alkanes! confined! in! small! droplets! within! capsules! wall! supercooling! is! found! to! be! much!

larger!(≈10T16!°C)189.!!

!

Figure(5.5:(TGA(curve(of(HD@pMMA(nanocapsules(recorded(in(air(from(30°C(to(800°C(suggesting(an(HD(content(of((

about(53%(w/W.(((
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The! broadening! of! the! peak! in! Figure! 5.4,! together! with! the! purification! procedure!

reported!in!section!2.2.1.4.1,!strongly!suggest!the!effective!encapsulation!of!HD.!By!applying!

the!procedure!proposed!by!S.!Khoee!et! al.41,! an!HD!content!of! about!54!%!w/W!within! the!

nanocapsules!was!calculated.!A!further!evidence!of!the!presence!of!embedded!HD!in!the!NCs!

is! given! from! TGA! in! Figure! 5.5,! where! two! weight! losses! are! detected! and,! according! to!

previous!literature41,!can!be!respectively!ascribed!to!HD!and!PMMA.!

Moreover,! the!presence!of! a! liquidTlike!phase! in! the!purified!dry!powder!of!HD@pMMA!

nanocapsules!was!verified!also!by!1HTTDTNMR!with!MSE!pulsed!sequence!(Figure!5.6).!1HTTDT

NMR!allows!the!discrimination!of!protons!in!terms!of!difference!in!local!mobility!by!means!of!

MSE!pulsed!sequence!(see!section!2.3.3.1).!

In!HD@pMMA!NCs!a!rigid!fraction!associated!with!protons!of!restricted!mobility!on!a!NMR!

timeTscale!was!detected!and!its!temperature!trend!is!reported!in!Figure!5.6!in!the!range!from!

T40°C!and!160°C.!!An!abrupt!drop!in!rigid!fraction!is!detected!in!the!range!from!0!°C!to!17°C.!

As!for!DSC,!this!decrease!in!detected!rigid!fraction!over!more!than!ten!degrees!Celsius!can!be!

associated!with!HD!supercooling!phenomena!under!confinement.!A!second!decrease!in!rigid!

fraction!value!is!detected!at!about!120!°C,!compatible!with!the!Tg!value!of!bulk!pMMA.!

!

!

Figure( 5.6:( Rigid( fraction( temperature( trend( recorded( by( 1HPTDPNMR( of( the( purified(HD@pMMA( dry( powder.( An(

abrupt(drop(in(rigid(fraction(is(detected(in(the(range(from(0(°C(to(17°C(associate(with(HD(supercooling(phenomena(

under(confinement.(A(second(decrease(in(rigid(fraction(value(is(detected(at(about(120(°C,(compatible(with(Tg(value(of(

bulk(pMMA.(Lines(are(meant(to(guide(the(eye(and(error(bars(are(within(experimental(points.(
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A! compositional! analysis! of! HD@pMMA! NCs! can! be! done! by! ATRTFTIR! (Figure! 5.7).! In!

Figure!5.7!ATRTFTIR!spectra!of!pure!HD!(red!line),!pure!pMMA!(green!line)!and!HD@pMMA!

NCs!(black!line)!are!shown.!

Pure!pMMA!spectrum!and!HD@pMMA!NCs!one!exhibit!the!peaks!typical!of!acrylates:!the!

1750!cmT1!peak!and!a!very!good!overlap! in! the!esters! fingerprint! region! from!1600!cmT1! to!

650!cmT1.!

!

Figure(5.7:(ATRPFTIR( spectra(of(pure(HD( (red( line),(pure(pMMA((green( line)(and(HD@pMMA(nanocapsules( (black(

line).(HD@pMMA(NCs(spectrum(shows(the(main(features(of(either(pure(pMMA(spectrum(and(pure(HD.(

The!main! differences! between! the! pure! pMMA! and! the!HD@pMMA! spectra! stand! in! an!

overexpression!of!the!peaks!in!the!region!of!aliphatic!stretching!(2800!cmT1!to!3000!cmT1).!By!

comparing!these!peaks!with!the!HD!ones!(red!line),! it!can!be!speculated!that!this!difference!

can! be! ascribed! to! the! presence! of! encapsulated!HD.!Moreover! in! the!HD! spectrum! a! peak!

around!722!cmT1! is!detected:!even! if! it!does!not!appear! in! the!pure!pMMA!spectrum!(green!

line),!it!is!clearly!present!in!the!fingerprint!region!of!the!HD@pMMA!capsules!one!(black!line).!

In! our! opinion,! all! these! evidences! suggest! that! HD@pMMA! nanocapsules! were!

synthesized.! Since! the! dry! powder! was! obtained! from! an! original! purification! procedure!

(section!2.2.1.4.1)! consisting! of! four!different! centrifugation! cycles! (1! in!methanol! and!3! in!

hexane),! we! can! strongly! assume! that! from! DSC,! 1HTTDTNMR! and! ATRTFTIR! the! HD! is!

effectively!sequestrated!within!the!pMMA!shell.!!
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!

Figure( 5.8:( HD( core( diameter( and( PMMA( shell( thickness( calculated( assuming( an( homogeneous( sphere( with( DLS(

average(diameter(and(HD(content(measured(with(TGA(and(DSC.(Bulk(densities(of(PMMA((1.18(g/cm3)(and(of(HD((0.77(

g/cm3)(were(assumed(for(the(calculations.(

Since!the!HD!content!within!the!nanocapsules!is!known!either!from!DSC!and!TGA!and!the!

average!diameter!of!the!nanocapsules!was!measured!by!DLS,!an!estimation!of!the!PMMA!shell!

thickness!and!of!the!HD!core!can!be!performed.!Particularly,!assuming!a!hollow!sphere!with!

the! average!DLS!diameter!of!PMMA! (bulk!density!1.18!g/cm3)!homogeneously! filled!by! the!

54%!w/W!of!HD!(bulk!density!0.77!g/cm3),!a!PMMA!shell!thickness!of!(28+5)!nm!and!a!HD!

core!of!(304+10)!nm!were!calculated.!

!

5.1.2 TiO2(Anatase(nanocrystals(encapsulation(
Recent!technological!breakthroughs!have!been!showing!that!many!of!the!wellTestablished!

materials! (i.e.! metals,! ceramic! and! plastics)! cannot! fulfil! all! emerging! specialized! needs.!

Hybrid!nanomaterials!T!consisting!of!inorganic!and!organic!building!blocks!distributed!at!the!

nanoscale!T!have!been!showing!for!years!their!capability!in!exhibiting!new!synergic!properties!

and! behaviours190 .! Particularly,! hybrid! polymeric! nanocomposites! form! a! new! class! of!

materials!with!tuneable!and!superior!properties191.!Various!strategies!have!been!devised!by!

both!academic!and!industrial!partners!leading!to!an!enhancement!of!their!performances!and!

subsequent! extension! of! their! possible! range! of! applications 192 .! Dispersion! of! oxide!

nanoparticles! (like!SiO2,!SnO2!and!TiO2)! into!polymer!matrix!has!proven! itself!as!one!of! the!

most!successful!techniques!to!obtain!materials!with!improved!properties193.!!

Specific!applications!T!such!as!high!refractive!index!devices,!biomedical!contrast!enhanced!

imaging,! colloidal! crystals! delivery! T! often! require! to! exploit! inorganic! particles! peculiar!

properties! and! integrate! them! into! deliverable,! bioTfriendly! and! easyTtoThandle!

nanocontainers194.!Here!we!propose!a!single!step!emulsion!polymerization!(EP)!for!the!in!situ!

encapsulation! of! inorganic! nanocrystals! into! liquidTcore! polymeric! nanocapsules.! As! a! case!
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study,!we!nanoencapsulate!colloidalTsynthesized!oleic!acid!capped!anatase!TiO2!nanocrystals!

into! a! biphasic! (liquidTsolid)! n7hexadecane@poly(methyl! methacrylate)! (HD@PMMA)!

core@shell! nanocapsule.! In! our! opinion! this! nanoencapsulation! strategy! can! be! of! real!

interest!in!the!field!of!green!hybrid!nanomaterials!chemistry,!since!it!is!possible!to!maximize!

the!incorporation!of!the!nanoToxide!used!in!the!process!into!the!final!product!via!an!ambient!

pressure!aqueous!synthesis.!

Besides,! it! has! long!been!known! that! the!quality! of! the!nanoparticle! dispersion! into! the!

polymer! matrix! dramatically! drives! the! final! properties! of! the! nanocomposite.! The! phase!

stability!of!nanoparticleTpolymer!blends!has!attracted! intense!scrutiny!and! is!challenging!to!

predict!because!of! computational!difficulty! in!accessing! the!relevant! length!and! time!scales.!

Nanoparticles!indeed!have!an!insertion!enthalpy!that!grows!in!proportion!to!the!surface!area!

of! the! nanoparticle! (ΔH! ≈! 4πχr2,! where! χ! is! the! Flory! mixing! parameter! and! r! is! the!

nanoparticle! radius).! Various! strategies! are! therefore! being! proposed! to! enhance! the!

dispersibility!of!several!functional!nanoparticles!in!polymer!nanocomposites195.!It!is!believed!

that! a! wetting! nanoparticleTpolymer! interface196!is! required! for! homogeneous! nanoparticle!

dispersion! in!bulk!polymer!nanocomposites.! Indeed! in!recent!years!several! techniques!such!

as! physicochemical! processes,! dispersion! and! suspension! polymerization 197 !have! been!

developed! to! create! hybrid! compounds! and! integrated! films! with! peculiar! properties198.!

Several!applications!have!taken!advantages!from!the!dispersion!of!nanoparticles!into!polymer!

matrix! since!optical,! thermomechanical192!and!delivery!properties! can!be!enhanced!and! the!

compatibility!between! the! filler!and!binder! improved.!Historically,!emulsion!polymerization!

has! proven! itself! as! an! effective! way! to! synthetize! polymer/inorganic! oxides! containers116!

whose! possible! applications! range! from!MRI! spectroscopy! for! human! beings! to! cosmetics,!

inks199!and!adhesives.!!

In! this! section! a! single! step! emulsion! polymerization! synthesis! protocol! for! the! in! situ!

encapsulation!of!oleic!acid!capped!TiO2!nanocrystals!(solvodynamic!radius!≈!4!nm,!properties!

summary!in!Figure!5.9)!into!a!deliverable!nanocapsule!of!about!180!nm!in!radius!consisting!of!

a!nThexadecane! (HD)! core!and!a!poly(methyl!methacrylate)! (PMMA)! shell! is! shown.!Firstly,!

TiO2! nanocrystals! (anatase,! TiO2! NC)! capped! with! oleic! acid! were! prepared! via! low!

temperature!colloidal!synthesis!proposed!by!Cozzoli!et!al.200,!providing!a!big!amount!of!highly!

crystalline!anatase!nanoparticles.!!
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!

Figure( 5.9:( a)( Anatase( phase( XRD( pattern;( b)( TiO2( nanocrystals( XRD( spectrum;( c)( TiO2( nanocrystals( TEM( image.(

Courtesy( of( Dr.( Annalisa( Colombo( synthetizing( the( TiO2( nanocrystals.( The( synthesis( was( firstly( proposed( by( P.D.(

Cozzoli(et(al.,(J.(Am.(Chem.(Soc.(2003,(125,(14539P14548.(

Thanks!to!the!nature!of! the!capping!agent!(oleic!acid!–!OA),!TiO2!nanocrystals!are!easily!

dispersible!in!HD!in!concentration!up!to!~30%!in!volume!according!to!optical!measurements.!

This!dispersion!is!mixed!with!the!proper!amount!of!methyl!methacrylate!(MMA)!and!a!radical!

initiator!(AIBN),!see!section!2.2.1.4.2!for!details.!The!resulting!organic!phase!is!emulsified!in!

an!aqueous!solution!of!surfactants.!The!synthesis!detail!can!be!found!in!section!2.2.1.4.2.!

MMA! and! HD! are! completely! miscible,! but! shell! growth! occurs! during! the! emulsion!

polymerization! process! due! to! the! phase! separation! between! HD! and! PMMA.! The! pristine!

emulsion!is!let!thermalize!at!room!temperature!and!characterized!with!DLS!(Figure!5.10).!
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Figure( 5.10:( Comparison( between( HD@PMMA( NCs( (red( line)( and( two( different( batches( (green( and( blue( line)( of(

TiO2@HD@pMMA(particle(size(distribution(in(intensity.(All(samples(shows(a(monomodal(NCs(size(distribution.(((

In!Figure!5.10!a!comparison!between!particle!size!distributions!in!intensity!of!HD@PMMA!

empty!nanocapsules!(red!line)!and!two!different!batches!(green!and!blue!line)!of!TiO2Tloaded!

HD@pMMA!nanocapsules!are!shown.!All!the!three!samples!have!a!monomodal!nanocapsules!

size!distribution.!Moreover!the!presence!of!TiO2!nanocrystals!seems!not!to!affect!the!final!size!

distribution! of! the! nanocapsules,! since! the! three! different! distributions! remain!

superimposable!within!the!experimental!error.!Lastly,!the!encapsulation!of!TiO2!nanocrystals!

was!performed!twice!(green!and!blue!line)!and,!even!if!the!average!hydrodynamic!diameter!

value!changes!from!340!to!365!nm,!the!two!overall!particle!distributions!overlap!within!the!

experimental!error.!This!suggests!a!good!reliability!of!the!proposed!procedure.!!!

In! Figure! 5.11! ATRTFTIR! spectra! of! pure! HD! (red! line),! pure! pMMA! (green! line),!

HD@pMMA! nanocapsules! (black! line)! and! TiO2@HD@pMMA! nanocapsules! (blue! line)! are!

compared.! TiO2@HD@pMMA! spectrum! shows! the! typical! absorption! shoulder! starting! at!

1500!cmT1!due!to!the!presence!of!TiO2.!

!
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!

Figure(5.11:(ATRPFTIR(spectra(of(pure(HD((red(line),(pure(pMMA((green(line),(HD@pMMA(nanocapsules((black(line)(

and(TiO2@HD@pMMA(nanocapsules((blue(line).(TiO2@HD@pMMA(spectrum(shows(the(absorption(shoulder(due(to(

the(presence(of(TiO2.(

The!presence!of!TiO2!nanocrystals!is!also!confirmed!by!TEM!micrographics!in!Figure!5.12.!

Since!the!contrast!in!TEM!images!is!mainly!due!to!ZTnumber!and!density!contrast,!these!black!

spots!can!be!ascribed! to! the!presence!of!TiO2.! !Moreover,! the!morphology!and!shape!of! the!

spots!is!compatible!with!the!one!of!the!pristine!TiO2!nanocrystals!in!Figure!5.9.!!!

TEM!micrograph!shows!that,!thanks!to!the!presence!of!HD!as!a!nanocrystals!surrounding!

and!wetting196!medium,!there!is!almost!no!coalescence!among!the!TiO2!nanoparticles!within!

the!capsule!core.!

!

Figure(5.12:(Representative(TEM(micrograph(of(an(isolated(TiO2@HD@pMMA(nanocapsule.(Black(spots(are(ascribed(

to( the( presence( of( TiO2.(Morphology( and( size( of( the( dark( spots( are( compatible(with( the( one( of( the( pristine( TiO2(

nanocrystals(in(Figure(5.9.(Black(bar(is(20(nm.(
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!

!

In! TEM! micrograph,! the! edge! between! HD! and! PMMA! is! not! well! defined,! since! their!

difference! in! ZTcontrast! and! density! contrast! is! too! small! to! be! detected! in! the! imaging!

conditions.!

TGA! analysis! gives! a! further! evidences! of! the! presence! of! TiO2! embedded! within! the!

nanocapsules.! Freshly! prepared! emulsion! was! indeed! precipitated,! purified! and! dried! in!

vacuum! (10T2! Torr)! at! room! temperature!prior! to!measurement.! The!dry!powder!was! then!

analysed!with!TGA!from!30°C!to!800°C! in!air! (10°C/min),!detecting!a!15!%!w/W!final!solid!

residual! (Figure! 5.13).! This! value! is! far! higher! than! the! one! recorded! in! the! unloaded!

HD@pMMA!nanocapsules.!

!

Figure( 5.13:( Comparison( of( the( TGA( traces( of( the( TiO2Ploaded( (black( line)( and( unloaded( (redPline)( HD@PMMA(

nanocapsules.(After(the(30°C(to(800°C(heating(in(air((10°C/min),(the(residual(solid(content(of(the(TiO2Ploaded((black(

line)(is(around(the(15%(w/W,(far(higher(than(the(unloaded((redPline)(one.((Similarly,(the(HD(content(in(TiO2Ploaded(

(black( line)(drops( to( some(%(w/W(respect( to( the(53%(w/W( in( the( case(of(unloaded( (redPline)(nanocapsules.(The(

inset(shows(a(representative(TEM(micrograph(of(an(isolated(TiO2@HD@pMMA(nanocapsule.(

Moreover,!even!if!the!presence!of!HD!is!still!detectable!from!TGA,!the!HD!content!in!TiO2T

loaded!nanocapsules!drops!from!more!than!50%!w/W!in!the!unloaded!nanocapsules!to!some!

%!w/W.!Accordingly!with! the!TEM!micrograph! in! the! inset,! this!might! suggest! a!huge!TiO2!

crowding!within!the!capsule!HD!core.!

Another!evidence!of!the!fact!that!the!presence!of!TiO2!strongly!affects!the!behaviour!of!HD!

within! the! nanocapsules! is! given! from!DSC! analysis! in! Figure! 5.14.! In! fact! in! Figure! 5.14! a!

comparison! of! representative! DSC! traces! of! pure! HD,! HD@pMMA! nanocapsules! and! TiO2T
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loaded!HD@pMMA!nanocapsules!is!reported.!It! is!worth!noticing!that!neither!crystallization!

nor!melting!peaks!due! to! the!presence!of!HD!are!detected! for!TiO2Tloaded!HD@pMMA!NCs.!

This! disagree! either! with! the! weight! loss! ascribed! to! HD! in! TGA! traces! and! with! the!

overexpression!of!the!aliphatic!vibrational!modes!in!the!2800!cmT1!to!3000!cmT1!range!of!the!

ATRTFTIR!spectrum!(Figure!5.11).!!

!

Figure(5.14:(Comparison(of(representative(DSC(traces(of(pure(HD,(HD@pMMA(NCs(and(TiO2Ploaded(HD@pMMA(NCs.(

Neither(crystallization(nor(melting(peaks(due( to( the(presence(of(HD(are(detected( for(TiO2Ploaded(HD@pMMA(NCs.(

Representative( TEM( of( the( TiO2Ploaded( HD@pMMA( NCs( (up( left)( is( presented( together( with( a( cryoPTEM( image(

(bottom(right)(of(the(TiO2Ploaded(HD@pMMA(NCs,(showing(the(beam(damage(on(the(HD(phase.(

However,! M.! Laus! et! al.201!showed! that! thermal! transition! of! polytetrafluoroethylene!

(PTFE)! confined!within! PTFETpoly(methyl!methacrylate)! (PMMA)! core@shell! nanoparticles!

exhibits! peculiar! physicTchemical! behaviour,! associated! to! the! high! degree! of! PTFE!

compartmentalization.!Namely,!the!dual!crystallization!of!the!PTFE!was!detected!and!ascribed!

to!a! fractionated!crystallization!mechanism202!driven!by!the!size!of!the!PTFE!droplets! in!the!

PMMA! matrix.! In! our! opinion,! the! HD! crystallization! within! the! TiO2Tloaded! HD@pMMA!

nanocapsules! is! not! detected! in! Figure! 5.14! since! the! presence! of! inorganic! nanocrystals!

inhibits! heterogeneous! crystallization,! because!of! the!TiO2! crowding!within! the!HD! core.! In!

other!words,! the! TiO2!within! the! cavity! core! is! so! high! that! the! surface! of! the! nanocrystals!

cannot!act!as!a!nucleation!centre.!This!means!that!only!homogeneous!crystallization!can!take!

place.!However!the!TiO2!content!within!the!core!seems!to!be!that!high!that!no!nucleation!seed!

can!be! formed.! In!order!to!gather!deeper! insight!about!the!behaviour!of!confined!HD,!a! low!

temperature!TEM!image!was!detected!on!the!TiO2Tloaded!HD@pMMA!nanocapsules.!
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For!cryoTTEM!examination!a!drop!of!diluted!pristine!emulsion!dispersion!was!applied!to!a!

lacey! carbon! coated! grid! and! excess! sample! liquid!was! blotted! off!with! the! edge! of! a! filter!

paper.! Immediately!after! the!grid!was!plunged! into! liquid!nitrogen.! It! is!worth!noticing!that!

plunging! into! liquid! ethane! failed! because! the! HD! phase! could! be! extracted! from! the!

nanocapsules!and!dissolved!in!this!cryogene.!Subsequently,!the!specimen!was!transferred!to!a!

Quorum!K1250X!cryoTpreparation!system!to!remove!the!water!by!sublimation!at!T50°C!for!30!

minutes! at! pressure! lower! than! 10T4!mbar.! After! removal! of! the!water! by! sublimation,! the!

specimen!was! transferred! to! the!TEM! following! the! conventional! cryoTtransfer!protocol! for!

vitrified! samples.! Usually,! cryoTTEM! examinations! were! done! at! an! as! low! as! possible!

specimen! temperature,! so! the! examination! at! T! 175°C!was! started.!At! this! temperature,! the!

hexadecane!phase! is! crystalline.!Beam!damage! immediately! changes! the!morphology!of! the!

particles!(Figure!5.15).!

!

Figure(5.15:(Representative(cryoPTEM(of(the(beam(damage(immediately(changing(the(morphology(of(the(TiO2Ploaded(

HD@pMMA(particles.(This(could(be(ascribed(to(the(presence(of(HD,(strongly(beamPsensitive.(

Standing!on! these!evidences,!we!can!state! that!both!HD!and!TiO2!are!present!within! the!

particle.!It!must!be!pointed!out!that!there!are!several!difficulties!in!calculating!the!real!content!

either!of!HD!and!of!TiO2.!

An!direct!proof!that!TiO2!nanocrystals!are!present!and!embedded!within!the!HD@PMMA!

capsule! is!given! in!Figure!5.16,! showing! the! transmittance!spectrum!recorded!between!300!

nm! and! 1200! nm! of! dry! TiO2Tloaded! HD@pMMA! nanocapsules! powder! redispersed! in! oT

xylene.! Prior! to! measurement,! the! freshly! prepared! emulsion! of! TiO2@HD@pMMA!

nanocapsules!was!precipitated!in!methanol!(centrifugation!at!6000!rpm!for!15!minutes)!and!
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rinsed!three!times!in!hexane!(three!centrifugation!steps!at!6000!rpm!for!15!minutes)!in!order!

to!extract!the!HD!and!TiO2!nanocrystals!not!included!in!the!nanocapsule.!The!precipitate!was!

then!dried! at! room! temperature! in! vacuum! (10T2!Torr)! overnight.!The! residual!dry!powder!

was!redispersed!in!oTxylene!and!the!spectrum!in!Fig.!5.16!was!recorded.!!

!

Figure( 5.16:( Transmittance( spectrum( recorded( between( 300( nm( and( 1200( nm( of( dry( TiO2Ploaded( HD@pMMA(

particles( powder( redispersed( in( oPxylene.( The( UVPFilter( (λ<350nm)( effect( is( due( to( the( presence( of( TiO2(

nanocrystals.(

Notwithstanding!the!hard!precipitation!an!purification!steps,!the!UVTfilter!effect!due!to!the!

presence!of!TiO2!nanocrystals!is!still!present!in!the!spectrum.!!

In!our!opinion!all!these!evidences!suggest!the!effective!confinement!of!TiO2!nanocrystals!

within!the!HD!core!of!the!HD@pMMA!particles.!Moreover!the!PMMA!shell!is!able!to!survive!on!

a!30!minutes!timescale!the!action!of!aggressive!solvent!such!as!oTxylene,!important!parameter!

for!postTprocessing!and!potential!production.!!

!

!

5.2 TiO2Iloaded(HD@PMMA(nanocapsules(as(additives(in(bulk(PMMA((
Finally,!43!mg!of!purified!TiO2Tloaded!HD@pMMA!nanocapsules!dry!powder!were!mixed!

with!1.3!ml!of!MMA!and!0.93!mg!of!radical!initiator!(AIBN).!The!solution!was!added!in!a!4!ml!

screwTcap!flask!and!homogenized!till!complete!dissolution!of! the! initiator.!The!solution!was!

then!put! in!an!oven!at!80°C! for! some!days!and!annealed!at!120°C!overnight.!The! flask!was!
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then! let! thermalized! at! room! temperature.!On! the! bottom!of! the! flask,! a! several!millimetre!

thick!disk!of!transparent!bulk!PMMA!was!found!(Figure!5.17,!sample!name!B69).!!

!

Figure(5.17:(Photograph(of( the(disk(of( transparent(bulk(PMMA(obtained(by(bulk(polymerization(of(1.3(ml(of(MMA(

and( 0.93(mg( of( radical( initiator( (AIBN),(mixed(with( 43(mg( of( purified( TiO2Ploaded( HD@pMMA( nanocapsules( dry(

powder((sample(name(B69).(In(the(centre(of(the(sample(a(refractive(index(of(1.50(was(measured(at(633(nm.(Please(

note(that(the(refractive(index(for(pure(PMMA(is(1.48.((

The!disk!was!then!characterized!with!DSC,!in!order!to!detect!eventual!traces!of!unreacted!

monomer!or!HD!and!to!measure!the!glass!transition!temperature!of!the!sample!(Figure!5.18,!

sample!name!B69).! ! In!Figure!5.18!the! first!and!third!DSC!scans!are!reported.!Both!of! them!

show!a!Tg!around!118°C,!the!typical!glass!transition!temperature!value!for!bulk!PMMA.!!

Moreover,!refractive!index!measurement!were!performed!at!the!centre!of!the!B69!sample!

by!means!of!a!METRICON!2010!prismTcoupled!refractometer!equipped!with!a!HeTNe!633nm!

laser.! A! refractive! index! value! of! 1.50! was! measured,! denoting! an! increase! of! 1.35%!with!

respect! of! pure! PMMA! refractive! index! value! of! 1.48.! In! our! opinion! this! underlines! the!

presence!of!TiO2!in!the!B69!samples.!

!
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!

Figure(5.18:(DSC(curves(of(B69(obtained(by(bulk(polymerization(of(1.3(ml(of(MMA(and(0.93(mg(of(radical( initiator(

(AIBN),(mixed(with( 43(mg( of( purified( TiO2Ploaded( HD@pMMA( nanocapsules( dry( powder( (sample( name( B69).( No(

traces(of(unreacted(monomer(was(detected(and(glass(transition(temperature(measured(in(first(!

!

Figure(5.19:(Transmittance( spectrum(recorded(between(300(nm(and(1200(nm(on(bulk(B69(sample.(The(UVPFilter(

effect( due( to( the( presence( of( TiO2( nanocrystals( gives( and( indirect( proof( of( the( confinement( of( such( nanocrystals(

within(the(sample.((

The!presence!of!TiO2!nanocrystals!within!the!bulk!B69!sample!was!also!confirmed!by!the!

UVTfilter! in! the!transmittance!spectrum!in!Figure!5.19.!Comparing!the!photograph! in!Figure!

5.17! with! the! spectrum! in! Figure! 5.19,! it! is! possible! to! state! that! using! TiO2Tloaded!

HD@pMMA! nanocapsules! dry! powder! as! additive! (3.3%! w/W)! during! MMA! bulk!
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polymerization! can! lead! to!PMMA!bulk! samples!with! improved! refractive! index!and!nakedT

eye!transparency.!!

In! conclusion,! an! effective! protocol! for! the! preparation! of! TiO2Tloaded! HD@pMMA!

nanocapsules! is! presented! together!with! the! characterization! of! the! structure.! This! system!

allows! to! handle! inorganic! 4! nm! TiO2!nanocrystals! as! a! coarse! dry! powder,! confining! the!

inorganic! nanocharge! within! the! HD! liquid! core,! maintaining! the! optical! properties! of! the!

inorganic! payload! in! organic! bulk! solutions! and! strongly! limiting! aggregation! phenomena.!

Moreover,!embedding!the!inorganic!charge!in!an!alkane!droplet!within!a!PMMA!shell!retains!

the! optical! properties! of! the! inorganic! without! visible! macroscopic! aggregation! even! after!

strong! external! stress! (i.e.! bulk! polymerization),! making! these! nanocapsules! particularly!

suitable!for!potentially!handling!other!nanopowders!as!well.!!

!

5.3 HD@PMMA(nanocapsules(as(LiquidIcore(SUC(Nanoemitters(
In! this! section! the! preparation! of! liquidTcore! SUC! nanoemitters! is! presented.! In! section!

4.5.14.5.1!we!showed!that!the!efficiency!of!SUC!PBA@PS!nanoemitters!is!strongly!affected!by!

the!presence!of!O2!and!by!the!polymerization!of!the!confined!core.!Here,!in!order!either!not!to!

generate! O2Trich! radicals! passivizing! the! dyes! involved! in! the! sensitized! upTconversion!

process!nor!to!activate!radical! initiator!directly!within!the!oil!phase,! the!oil!soluble! initiator!

was! replaced! with! the! water! soluble! 2,2'TAzobis(2Tmethylpropionamidine)dihydrochloride!

(AMPDC).! Therefore,! by! triggering! the! decomposition! of! the! radical! initiator! within! the!

aqueous! phase! and! by! dissolving! the! SUC! dyes! in! nThexadecane! (i.e.! a! saturated! alkane!

hydrocarbon!unreactive! in!presence!of!radicals),! the!probability! that!a! free!radical! interacts!

and!spoils!the!SUC!dyes!embedded!in!the!coreTforming!medium!is!in!principle!minimized.!!!

In! particular,! nThexadecane! (HD)! was! used! as! solvent! for! one! of! the! most! efficient!

donor/acceptor! pair! for! green! to! blue! SUC! (Figure! 5.20),! namely! platinum! (II)! octaetylT

porphyrin!(PtOEP,!10T4!M)!and!9,10Tdiphenylanthracene!(DPA,!10T3!M).!In!solution,!the!chosen!

dyes!ensure!high!optical!density!in!the!green!(100%!absorption!at!532!nm!with!optical!path!d!

=!1!mm),!almost!complete!donorTacceptor!energyTtransfer!(>99%),!and!typical!overall!UCQY>!

20%!with!excitation!power!densities!of!a!few!mW/cm2!at!532!nm.203!

!
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!

Figure(5.20:(a)(Structure(formula(of(platinum((II)(octaetylPporphyrin((PtOEP),(acting(as(donor(in(the(SUC(process.(b)(

Structure(formula(of(9,10Pdiphenylanthracene((DPA),(acting(as(acceptor(in(the(SUC(process.(

!

!

5.3.1 Control(experiments(in(solution(
Prior! to! synthesis! the! effect! of! each! components! of! the! emulsion! formulation! on! PtOEP!

time! resolved!photoluminescence! (TRPL)!was!explored.! Indeed,!we!already!mentioned! that!

porphyrins!are!renowned!for!their!ability!to!form!supramolecular!aggregates! in!presence!of!

surfactant! such! as! sodium! dodecyl! benzene! sulphate! (SDS),! with! the! soTcalled! Surfactant!

Assisted!SelfTassembly!(SAS)204.! In!fact,!SAS!has!been!recently!reviewed!by!C.!Zhang!et!al.205!

because! of! the! ever! increasing! attention! due! to! its! excellent! reproducibility,! operational!

simplicity,! strong! capability! for! a! hierarchical! assembly,! as! well! as! good! tune! ability! and!

controllability.!!

Three! control! experiments!were!performed.!Firstly,! the!TRPL!of!PtOEP! in!degassed! (via!

freeze!pump!and!thaw)!HD!(10T4!M)!was!recorded!under!N2!atmosphere!(Figure!5.21TLEFT).!A!

single!component!exponential!decay!was!detected,!with!a!characteristic!lifetime!of!83!µs.!!
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!

Figure(5.21:(LEFTPTRPL(Spectrum(of(PtOEP(in(HD(solution((10P4(M)(recorded(in(N2(atmosphere((O2<0.1(ppm).(RIGHTP

TRPL(Spectrum(of(an(aqueous(emulsion(prepared(mixing(1.22(ml(of(PtOEP(in(HD(solution((10P4(M)(with(5(ml(of(SDS(

aqueous( solution( (3.75( g/L)( recorded( in( N2( atmosphere( (O2<0.1( ppm).( Red( and( green( lines( represent( the( single(

component(fittings.(

Secondly,! 1.22! ml! of! degassed! PtOEP! HD! solution! (10T4! M)! was! added! to! 5! ml! of! an!

aqueous!solution!of!SDS!(3.75!g/L),!forming!an!oil!in!water!emulsion.!After!homogenization!at!

1500! rpm! under! magnetic! stirring! for! 30! minutes,! the! TRPL! of! the! stable! emulsion! was!

recorded! in! order! to! understand! the! effect! of! the! presence! of!water! and! SDS! surfactant! on!

PtOEP! TRPL.! Differently! from! the! previous! case,! in! Figure! 5.21TRIGHT! a! two! components!

exponential!decay!was!detected.!A!fast!characteristic!lifetime!of!about!30!µs!was!detected!and!

associated!to!a!fraction!of!PtOEP!molecules!interacting!with!the!surfactant.!A!slower!lifetime!

of!73!µs!comparable!with!the!behaviour!of!PtOEP!in!pure!HD!was!detected!as!well.!It!means!

that!SDS!is!sequestrating!part!of!PtOEP!molecules,!in!agreement!with!SAS!literature204,!205.!!

A!third!control!experiment!was!performed!on!a!second!aqueous!emulsion!prepared!by!adding!

an!organic!phase!(0.33!ml!of!MMA!monomer!and!1.22!ml!of!degassed!PtOEP!HD!solution!(10T4!

M))!to!5!ml!of!an!aqueous!solution!of!SDS!(3.75!g/L),!in!order!to!mimic!the!prepolymerization!

conditions.!After!a!30!minutes!homogenization!under!magnetic!stirring!at!1500!rpm!the!TRPL!

spectrum!was!recorded!(Figure!5.22).!
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Figure(5.22:(TRPL(Spectrum(of(an(aqueous(emulsion(prepared(adding(an(organic(phase((0.33(ml(of(MMA(monomer(

and(1.22(ml( of( degassed(PtOEP(HD( solution( (10P4(M)( )( to( 5(ml( of( SDS( aqueous( solution( (3.75( g/L)( recorded( in(N2(

atmosphere((O2<0.1(ppm).(Red(line(represent(the(single(component(fittings.(

The!TRPL!spectrum!in!Figure!5.22!showed!a!single!component!exponential!decay!with!a!

characteristic! lifetime!of!86!µs,! in!good!agreement!with! the!behaviour!of!PtOEP! in!pure!HD!

solution.! In! our! opinion! the!MMA!–more! polar! than!HD–! added! to! the! organic! phase! could!

shield!the!PtOEP!from!the!columbic!attraction!towards!SDS.!This!could!be!coherent!with!the!

fact!that!MMA!is!added!in!a!1:3.7!ratio!in!volume!respect!to!the!HD,!thus!leading!to!a!change!in!

polarity!within!the!organic!droplet.!Such!a!polarity!change,!according!to!TRPL!spectra,!lowers!

the! interaction!between!SDS!and!PtOEP.!The!emulsion! formulation!seems! thus!not! to!affect!

detrimentally!the!photophysics!of!PtOEP.!!

Standing!on!the!results!from!control!experiments,!a!TRPL!spectrum!of!formed!HD@PMMA!

nanocapsules! enclosing!PtOEP! (10T4M!nominal! concentration! in! the!HD! core)!was! recorded!

(Figure! 5.23).! The! nanocapsules!were! synthesized! by! adding! an! organic! phase! (0.33!ml! of!

MMA!monomer!and!1.22!ml!of!degassed!PtOEP!HD!solution!(10T4!M)!)!to!5!ml!of!SDS!aqueous!

solution! (3.75!g/L)!containing!2.89·10T2!mmol!of! the!waterTsoluble!radical! initiator!AMPDC.!

The! solution! was! homogenized! for! 30! minutes! at! 1500! rpm! at! room! temperature.! The!

temperature!was! set! at! 80°C! in! order! to! activate! the! initiator! and! start! the! polymerization!

reaction!under!magnetic!stirring!at!700!rpm.!The!reaction!was!done!under!inert!atmosphere!

(N2,!oxygen!concentration!<!0.1!ppm).!!

After! 24! hours! the! emulsion! was! let! thermalized! at! room! temperature! and! the! TRPL!

spectrum! in! Figure! 5.23! was! recorded.! The! TRPL! spectrum! of! the! PtOEP! within! the!

nanocapsules! can! be! fitted! with! a! single! component! exponential! decay! with! characteristic!

lifetime!of!73!µs,!compatible!with!the!one!detected!either!in!the!pure!HD!control!experiment.!(
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Figure(5.23:(TRPL(Spectrum(of( an(aqueous(nanocapsules(emulsion( recorded( in(N2(atmosphere( (O2<0.1(ppm).(The(

nanoparticles(were(prepared(adding(an(organic(phase((0.33(ml(of(MMA(monomer(and(1.22(ml(of(degassed(PtOEP(HD(

solution((10P4(M)()(to(5(ml(of(SDS(aqueous(solution((3.75(g/L)(containing(2.89·10P2(mmol(of(AMPDC(radical(initiator.(

After(30(minutes(of(homogenization(at(1500(rpm,(the(polymerization(reaction(lasted(for(24(hours((stirring(at(700(

rpm)(prior(to(TRPL(spectrum(recording.(Red(line(represent(the(single(component(fittings.(

Moreover!no!fast!decay!time!(associated!with!PtOEP!interacting!with!SDS)!were!detected!

at!the!end!of!the!polymerization.!!

The! freshly!obtained!nanocapsules! emulsion!was! characterized!by!DLS! (Figure!5.24).! In!

this!case!the!particle!size!distribution!in!number!is!shown,!showing!an!average!hydrodynamic!

diameter!of!!37!nm.!!

!

Figure(5.24:(DLS(particle(size(distribution(in(number(of(HD@pMMA(nanocapsules(loaded(with(PtOEP(and(DPA.((

This! value! is! coherent! with! the! dimensions! of! the! particles! measured! in! the! SEM!

micrograph! in! Figure! 5.25,! recorded! on! a! drop! of! diluted! emulsion! casted! on! a! silicon!

substrate.!Prior!to!SEM!micrograph!recording,!the!deposited!drop!was!let!dry!and!sputtered!

with!gold.!
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Figure(5.25:(SEM(micrograph(of(a(drop(obtained(from(diluted(freshly(prepared(emulsion(of(HD@PMMA(loaded(with(

SUC( dyes( (PtOEP( and( DPA).( Single( nanocapsules( dimension( can( still( be( detected( notwithstanding( their( strong(

tendency(to(aggregation(after(water(evaporation.((

According! to! Figure! 5.25,! the! characteristic! dimensions! of! the! nanocapsules! are! in! the!

range!of!~!40!nm.! It! is!worth!noticing! that,! even! if! the!particles! show!a! strong! tendency!of!

aggregating!upon!capillary!forces!due!to!drying!and!adsorption!on!the!silicon!substrate,!single!

particle! edges! are! revealed! coherently! with! the! presence! of! a! glassy! PMMA! shell.!

Notwithstanding!the!low!resolution!of!the!SEM!used,!still!spherical!shape!of!isolated!NPs!can!

be! detected! with! dimensions! compatible! with! the! particle! size! distribution! in! number!

obtained!by!DLS!(Figure!5.24).!!!

!

Figure(5.26:(ATRPFTIR(spectra(of(pure(HD((red(line),(pure(pMMA((green(line),(HD@pMMA(nanocapsules((black(line)(

and(SUCPHD@pMMA(nanocapsules( (blue( line).(SUCPHD@pMMA(spectrum(is(dominated(either(by( the(characteristic(

peaks( of( PMMA( (1750( cmP1( and( fingerprint( region( between( 1000( cmP1( ( and( 1300( cmP1)( and( of( the( HD( peaks(

(overexpression( of( the( aliphatic( modes( in( the( 2800( cmP1( P( 3000( cmP1( and( characteristic( 722( cmP1( peak( in( the(

fingerprint(region).((
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Similarly! to! the! procedure! adopted! in! the! former! sections,! dry! powder! of! precipitated!

SUCTHD@PMMA! nanocapsules! was! analysed! with! ATRTFTIR! and! compared! to! the! blank!

references! in! Figure! 5.26! (namely! pure! HD,! pure! PMMA! and! unloaded! HD@PMMA!

nanocapsules).! Prior! to! measurement,! the! freshly! prepared! emulsion! of! SUCTHD@pMMA!

nanocapsules!was!precipitated!in!methanol!(centrifugation!at!6000!rpm!for!15!minutes)!and!

rinsed!three!times!in!hexane!(three!centrifugation!steps!at!6000!rpm!for!15!minutes)!in!order!

to! extract! the! not! included! HD! and! SUC! dyes.! The! precipitate! was! then! dried! at! room!

temperature! in! vacuum! (10T2! Torr)! overnight.! The! residual! dry! powder! was! characterized!

with! ATRTFTIR! in! Figure! 5.26.! Pure! pMMA! spectrum! and! HD@pMMA! NCs! one! exhibit! the!

peaks! typical! of! acrylates:! the! 1750! cmT1! peak! and! a! very! good! overlap! in! the! esters!

fingerprint!region!from!1600!cmT1!to!650!cmT1.!The!main!differences!between!the!pure!pMMA!!

and!the!HD@pMMA!spectrum!stand!in!an!overexpression!of!the!peak!intensity!in!the!region!of!

aliphatic!stretching!(2800!cmT1!to!3000!cmT1).!By!comparing!these!peaks!with!the!HD!ones,!it!

can! be! speculated! that! this! difference! can! be! ascribed! to! the! presence! of! encapsulated!HD.!

Moreover!in!the!HD@pMMA!a!peak!around!722!cmT1!is!detected:!even!if!it!does!not!appear!in!

the!pure!pMMA!spectrum,!it!is!clearly!present!in!the!fingerprint!region!of!the!HD!one.!

!

!

Figure(5.27:(Comparison(of(representative(DSC(curves(of(pure(HD((red(line),(HD@pMMA(nanocapsules((black(line)(

and(SUCPloaded(HD@pMMA(nanocapsules((blue(line).(Assuming(the(peaks(in(SUCPHD@pMMA(NCs(are(due(only(to(the(

presence(of(HD,( from(the(ration(between(the(crystallization( integrals(of( the(HD@pMMA(NCs(and(the(pure(HD,( it( is(

possible(to(estimate(a(≈(47%(w/W(HD(content.(
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The!powder!of!precipitated!SUCTHD@PMMA!nanocapsules!was!then!characterized!by!DSC!

for!detecting!the!presence!of!HD!(Figure!5.27,!blue!line).!The!DSC!traces!(cooling!and!heating)!

were! compared! with! the! trace! of! blank! HD@PMMA! nanocapsules! of! 360! nm! in! average!

hydrodynamic!diameter!and!with!the!trace!of!pure!HD.!As!already!mentioned,!pure!HD!has!a!

melting!temperature!of!17°C,!with!an!enthalpy!of!melting!of!≈!255!JgT1!(Figure!5.27).!In!Figure!

5.27!one!can!see!that!the!transition!peaks!in!the!pure!HD!get!broader!in!the!SUCTHD@pMMA!

sample,!due!to!HD!sequestration!within!a!nanostructured!shell.!From!the!measured!enthalpy!

of!melting!in!SUCTHD@pMMA!(≈123!JgT1)!and!by!applying!the!literature!procedure41,!the!HD!

content! can! be! estimated! in! 47%! w/W.! Moreover,! comparing! the! SUCTloaded! HD@PMMA!

nanocapsules! of! 37! nm! in! hydrodynamic! diameter! with! the! 360! nm! blank! HD@PMMA!

reported!in!Figure!5.27!(red!line),!the!supercooling!phenomena!in!the!SUCTloaded!ones!are!far!

higher!accordingly!with!the!smaller!dimension!and!the!higher!surface/interface!effects.!!

!

!

Figure( 5.28:( HD( core( diameter( and( PMMA( shell( thickness( calculated( assuming( an( homogeneous( sphere(with(DLS(

average(diameter(and(HD(content(measured(with(DSC.(

Since! the! HD! content! within! the! nanocapsules! is! known! from! DSC! and! the! average!

diameter!of!the!capsule!was!measured!by!DLS,!an!estimation!of!the!PMMA!shell!thickness!and!

of!the!HD!core!can!be!performed.!Particularly,!assuming!a!hollow!sphere!with!the!average!DLS!

diameter!of!PMMA!(bulk!density!1.18!g/cm3)!homogeneously! filled!by! the!47%!w/W!of!HD!

(bulk!density!0.77!g/cm3),!a!PMMA!shell!thickness!of!~3.5!nm!and!a!HD!core!of!!~30!nm!were!

calculated!!(Figure!5.28).!

The! freshly!prepared!SUCTHD@PMMA!nanocapsules!emulsion!was! then!characterized! in!

terms!of!photoluminescence.!!Firstly,!the!PL!spectrum!was!recorded!as!a!function!of!incident!!

power!(Figure!5.29).!From!Figure!5.29TLEFT!one!can!see!that!the!residual!PL!intensity!at!650!

nm!of!the!PtOEP!is!always!lower!than!the!SUC!signal!between!400!nm!and!530!nm!(excitation!

at!532!nm).!Indeed!the!SUC!signal!is!barely!always!three!times!higher!than!the!residual!PtOEP!
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signal.! With! respect! to! the! PBA@PS! SUC! nanoemitters,! this! is! already! a! huge! upgrade.! In!

figure!5.29TRIGHT,!the!normalized!PL!intensity!for!each!peak!is!reported!as!a!function!of!the!

incident!power!(excitation!wavelength!532!nm).!Namely,!for!every!single!power!value!from!2!

10T3!mW!to!10!mW,!the!integral!underneath!the!PtOEP!peak!(red!circles)!and!underneath!the!

SUC!peak!(blue!triangles)!was!calculated!and!plotted!in!the!graph.!

!

Figure(5.29:(LEFTPPL(intensity(measured(on(the(freshly(prepared(SUCPHD@PMMA(nanocapsules(excited(at(532(nm(as(

a(function(of(wavelength(an(incident(power((from(2(10P3(mW(to(10(mW).(Residual(PtOEP(is(detected((at(650(nm)(but(

always(lower(than(the(SUC(signal((between(400(nm(and(530(nm).(Excitation(wavelength(532(nm.(RIGHTPNormalized(

PL( intensity( calculated(as( the( integral(underneath(each(peak(as(a( function(of( incident(power.(Red(dots( takes( into(

account(the(PtOEP(behaviour,(while(blue(triangles(described(the(trend(of(the(SUC(signal.(The(SUC(threshold(is(at(60(

mWcmP2.(

The! residual! PtOEP! PL! peak! (red! circles)! shows! a! linear! dependence! as! a! function! of!

power:! this! is!coherent!with!the! fact! that,! in!presence!of!DPA,!PtOEP!excited!at!532!nm!can!

whether!transfers!this!energy!leading!to!SUC!(constant!term)!or!emits!if!no!DPA!molecules!are!

in!its!surroundings.!Both!this!channels!are!proportional!to!the!incident!power!in!the!range!of!

the! measurement.! On! the! other! hand,! the! SUC! peak! (blue! triangles)! exhibits! a! more!

complicate!behaviour!as!a!function!of!the!incident!power.!Monguzzi!et!al.206!already!describes!

that,! at! different! excitation! powers,! two! regimes! can! be! identified! for! the! SUC! signal!

depending!on!the!main!deactivation!channel!for!the!triplets:!namely,!the!spontaneous!decay!

and!the!bimolecular!annihilation.!In!Figure!5.29TRIGHT,!for!low!incident!power!values!(i.e.!<!60!

mW)!the!SUC!signal!has!a!pseudoTquadratic!(slope!2.1)!dependence!with!the!incident!power.!

In! fact,!within! this! regime! the!main!deactivation!channel! for! the! triplets! is! the!spontaneous!

decay.! For! higher! incident! power! values! (>! 60! mW)! the! SUC! signal! shows! a! slope! of! 1.2,!
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coherently!with!the!fact!that!the!main!deactivation!channel!for!the!triplets!is!the!bimolecular!

annihilation! efficiently! leading! to! SUC.! The! excitation! power! density! at! which! triplet!

bimolecular! annihilation! becomes! dominant! is! the! threshold! Ith! to! have! efficient! up!

conversion!generation!(in!our!case!the!value!is!60!mWcmT2).!

The!TRPL!of!PtOEP!(Figure!5.30)!was!investigated!in!order!to!gather!a!deep!understanding!

about!the!reason!of!the!residual!PtOEP!emission!detected!in!Figure!5.29.!The!TRPL!spectrum!

in! Figure! 5.30! can! be! fitted! with! a! two! components! exponential! decay.! Particularly,! a! fast!

decay! time!of!4!µs!was!detected!and!ascribed! to! the! fraction!of!PtOEP!molecules!efficiently!

transferring!with! DPA!molecules! and! triggering! SUC.! The! second! component! shows! a! long!

decay!time!of!120!µs,!suggesting!the!presence!of!isolated!inactive!PtOEP!molecule!embedded!

in!a!rigid!(i.e.!not!liquid)!environment.!Actually,!this!fraction!of!“stuck”!and!inactive!PtOEP!is!

not! surprising! because! it! is! already! well! known! its! affinity! to! surfactants! (and! SDS! in!

particular)!leading!to!the!already!mentioned!SAS!nanoarchitectures204,!205.!Accordingly!to!the!

vast!SAS!literature,!during!the!24!hours!synthesis!probably!a!wide!fraction!of!!PtOEP!is!likely!

to!go!to!the!water/oil!interface!defined!by!the!SDS!surfactant.!Moreover,!this!interface!is!the!

locus!where! the!polymerization!of!PMMA! takes!place!according! to! the! sketch! in!Figure!5.2,!

causing!the!deactivation!of!part!of!the!PtOEP!in!a!bulkTlike!matrix.!

!

!

Figure(5.30:(TRPL(of(the(PtOEP(within(the(SUCPHD@PMMA(nanocapsules.(The(experimental(decay(curve(can(be(fitted(

with(two(single(exponentials(decay,(with(characteristic(decay(times(of(4(µs((PtOEP(molecules(participating(to(the(SUC(

process,( see( inset)(and(120(µs( (isolated(PtOEP(molecules(embedded( in(a(rigid(matrix(not(participating( in( the(SUC(

process).(
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By! calculating! the! integral! underneath! the! slow!decay! (inactive!PtOEP)! and!underneath!

the!overall!decay,!the!contribution!of!inactive!isolated!PtOEP!molecules!can!be!estimated!as:!

!

It!means! that! the! 6.75!%! of! PtOEP! present!within! the! capsules! participates! to! the! SUC!

process.!Nevertheless!the!overall!efficiency!of!the!liquid!core!nanocapsules!is!still!higher!than!

in!the!case!of!PBA@PS!nanoparticles.!!

Considering! that! the! 6.75%! of! PtOEP! is! effectively! participating! to! the! SUC! process! an!

energy!transfer!efficiency!of!the!99.4%!can!be!calculated.!This!value!is!definitely!higher!than!

the!58%!energy!transfer!yield!recorded!on!PBA@PS!nanoparticles!and!comparable!with!the!

behaviour!of!the!SUC!dyes!in!bulk!liquids.!!

!

!

Figure( 5.31:( PL( intensity( measured( on( the( freshly( prepared( SUCPHD@PMMA( nanocapsules( as( a( function( of(

wavelength(an( incident(power( (from(2(10P3(mW(to(10(mW)(corrected(with(respect( to( the(actual( fraction(of(PtOEP(

molecules( participating( the( SUC(process( (6.75%(of( the( total).( Residual( PtOEP( is( detected( (at( 650(nm)( but( always(

lower(than(the(SUC(signal((between(400(nm(and(530(nm).(Wavelength(for(the(excitation(532(nm.(

Particularly,!the!spectrum!in!Figure!5.29TLEFT!can!be!recalculated!taking!into!account!that!

the!93.25%!of! the!PtOEP! is!not!active.!Therefore! the!93.25%!of! the! residual!PtOEP!peak! in!

Figure! 5.27! is! ascribed! to! inactive! PtOEP! and! the! PL! intensity! profile! can! be! corrected!

accordingly!(i.e.!multiplying!the!residual!PtOEP!PL!at!650!nm!by!0.0675)!in!Figure!5.31.!

Area(slow)
Area(tot)

= 93.25%
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In! our! opinion! the!protocol! presented! in! this! section!pops!up!new! ideas! for! the!design,!

characterization!and!understanding!of! liquidTcore!SUC!nanoemitters,!bypassing!some! issues!

due!to!the!attitude!of!porphyrins!to!form!SAS!in!presence!of!surfactants.!

!

5.3.2 SUCIHD@PMMA(nanocapsules(in(Poly(vinyl(alcohol)(bulk(films(((
In!the!prior!section!we!demonstrate!that!only!the!6.75%!of!PtOEP!actively!participates!to!

the! SUC! process! (with! an! Energy! Transfer! yield! of! 99.4%)! within! the! HD@PMMA!

nanocapsules.! Here!we!will! demonstrate! that,! notwithstanding! the! small! fraction! of! PtOEP!

molecules!contributing!to!SUC,! this!systems!can!be!effectively!used! in!proofTofTconcept!bulk!

Poly(Vinyl!Alcohol)!–!PVA!–!systems.!!PVA!is!a!waterTsoluble!synthetic!polymer!(Figure!5.32)!

used!in!papermaking,!textiles,!and!a!variety!of!coatings207.!!

!

Figure(5.32:(Simplified(structure(formula(of(poly(vinyl(alcohol),(PVA.((

In!this!work!commercial!beads!of!PVA!with!degree!of!polymerization!of!500!and!degree!of!

hydrolysation! of! 97.5T99.5! mol%! provided! by! Fluka®! were! used.! Firstly! PVA! beads! were!

grinded! in! a!miller,! until! a! homogeneous! fine! powder!was! obtained.! The! PVA! powder!was!

dissolved! in! water! (22%!w/W)! under! stirring.! 0.7! ml! of! PVA! aqueous! emulsion! was! then!

mixed!with!1!ml!of!a!10!times!diluted!SUCTnanoemitters!fresh!emulsion.!After!homogenization!

with!magnetic!stirring,!the!obtained!aqueous!solution!was!dropTcasted!onto!a!freshly!cleaned!

glass!surface!and!dried!at!room!temperature!in!order!to!evaporate!the!water.!!

!

Figure(5.33:(a)(Photograph(of(the(PVA(film(loaded(with(nanoemitters,(macroscopically(transparent.(b)(Photograph(of(

the(PVA(film(showing(its(selfPstanding(properties.(
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The!dry!PVA!film!can!be!shaped!macroscopically!in!a!controlled!way,!as!shown!in!Figure!

5.33.! Moreover! the! obtained! film! is! transparent! (Figure! 5.33Ta)! and! selfTstanding! (Figure!

5.33Tb).!

The!PVA!film!was!then!characterized!by!confocal!microscope!(Eclipse!80i!Nikon)!imaging!

at!λ=532! nm! in! order! to! detect! the! presence! either! of! PtOEPTrich! domains! (red)! and! SUCT

active!domains!(blue).!The!image!reported!in!Figure!5.34!was!recorded!using!oil! immersion!

objective!in!ambient!condition!(i.e.!room!temperature!and!presence!of!oxygen).!

!

Figure(5.34:(Optical( image(of(the(PVA(film(loaded(withe(SUCPHD@PMMA(nanoemitters(recorded(with(blue(and(red(

channel( (λexc=532(nm).( Small( red( spots( representative( of( the( inactive( PtOEP(domains( are( detected( together(with(

blue( spots( representative(of( SUCPactive(domains.(The( image(was( recorded( in( ambient( conditions( and(presence(of(

oxygen.((

In!Figure!5.34!both! red! and!blue! spots! can!be!distinguished.! The!minoritarian! red!ones!

represent!the!inactive!domain!of!isolated!PtOEP!molecules!responsible!for!the!long!decay!time!

(120!µs)! in! Figure!5.30.!Bright! blue! spots! associated!with! SUC!domains! can!be!detected! as!

well.! This! confirms! the! fact! that! such! SUCTHD@PMMA! nanocapsules! are! able! to! shield! the!

active!dyes!(PtOEP!and!DPA)!from!the!detrimental!effect!due!to!the!presence!of!atmospheric!

oxygen.! It! is! worth! noticing! that! the! optical! spot! size! (red! and! blue)! in! Figure! 5.34! is! not!

representative!of!the!real!size!of!the!nanocontainers.!In!fact!the!confocal!microscope!used!in!

this! experiments! has! a! typical! lateral! resolution! of! ~0.5! µm,! far! higher! than! the! typical!

dimensions!measured!for!such!nanocapsules!by!SEM!and!DLS.!!

(

(

! !
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!

6 Monitoring(the(Kinetics(of(Polystyrene(Nanoparticles(Formation(

from(Emulsion(Droplets(via(Fluorescence(Correlation(

Spectroscopy(with(Molecular(Rotors(tracers(

6.1 Introduction(
Since!its!first!publication!in!1977208,!the!preparation!of!polymer!nanoparticles!with!SEED!

was! found! to! be! one! of! the! most! effective! approaches! for! nanoparticles! preparation! form!

preformed!polymer.!In!detail,!an!organic!solution!of!preformed!polymer!chains!dissolved!in!a!

good!organic!solvent!is!mixed!with!an!aqueous!solution!of!surfactant.!The!obtained!emulsion!

is! formed! by! droplets! of! solvent! where! the! polymer! is! dissolved.! Polymer! nanoparticles!

nucleate!after!the!solvent!evaporation!of!the!organic!solvent!triggered!by!heating!the!solution.!

Still! little!is!known!for!the!details!of!particle!formation!during!the!transition!from!the!initial!

liquid!droplet!emulsion!to!the!final!particle!dispersion,!especially!in!the!case!of!particles!with!

complex! morphologies.! A! major! reason! is! the! lack! of! experimental! techniques! that! can!

provide!information!on!the!internal!morphology!of!very!small!nanodroplets!and!nanoparticles!

moving!fast!in!a!continuous!liquid!phase.!In!this!respect,!the!sensitive!and!selective!technique!

of!fluorescence!correlation!spectroscopy!(FCS,!section!2.3.5)!offers!an!interesting!alternative!

and!was!already!successfully!used209!to!quantify!several!parameters!such!as!the!evolution!of!

nanodroplet/nanoparticle! size,! the! process! of! droplet! coalescence,! and! the! amount! of!

encapsulated!compounds.! In! this!section,!we!will! consider! the!use!of! the! tailored!molecular!

rotor! ASB! 158! as! fluorescent! nanodroplets/nanoparticles! tracer! in! a! FCS! experiment! as! a!

method!to!obtain!unique!information!on!the!kinetics!of!the!nanoparticle!formation!during!the!

SEED! process.! Molecular! rotors! are! donorTacceptor! organic! molecules! with! peculiar!

photophysics!due!to!their!high!degree!of!intramolecular!rotational!freedom.!Particularly,!their!

lifetime! strongly! depends! on! the! local! viscosity! of! the! environment! (see! section! 2.3.1.2! for!

details)! and! this! capability! has! been! already! used! to! monitor! processes! such! as! block!

copolymer!micelles! formation17! and! bulk! radical! polymerization! of!methyl!methacrylate210.!

We! will! demonstrate! that! combining! FCS! with! molecular! rotors! potentially! opens! the!

possibility! to! monitor! simultaneously! the! overall! droplet/particle! dynamics! (in! terms! of!

diffusivity! and! size)! and! the! inner! morphology! of! the! droplets/particles! (i.e.! remaining!
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solvent!content!or!eventual!phase!separation),!widening!the!range!of!parameters!accessible!in!

a!single!FCS!experiment.!In!Figure!6.1!a!sketch!of!the!polymer!nanoparticles!formation!during!

the!SEED!in!presence!of!a!molecular!rotor!tracer!is!shown.!

!

Figure(6.1:(Sketch(of(the(solvent(evaporation(kinetics(monitored(with(FCS(using(a(molecular(rotor(as(tracer.(Within(

the(droplet(we(expect(a(slower(rotor(lifetime(than(in(the(final(dried(polymer(nanoparticle,(because(the(less(solvent(

left( in(the(droplet,(the(higher(is(the(local(viscosity.(Moreover,(assuming(a(homogeneous(evaporation(of(the(solvent(

without(coalescence,(the(NPs(final(diameter((is(expected(to(be(smaller(than(the(droplet(one.(

Previous! studies! about! the! monitoring! of! the! SEED! process! with! FCS,! underlined! that!

coalescence!is!not!playing!a!role!in!the!polymer!nanoparticle!formation!process209b.!It!is!thus!

reasonable!to!assume!that!the!average!diameter!of!the!droplet!will!decrease!throughout!the!

evaporation! process,! leading! to! the! final! polymer! nanoparticle! diameter.! At! the! same! time,!

using! a! hydrophobic!molecular! rotor! as! fluorescent! tracer,!we! expect! some! changes! in! the!

lifetime.!Particularly,!we!expect!the!measured!lifetime!to!get!longer!as!the!solvent!evaporation!

elapses.!In!fact!the!less!solvent!within!the!droplet,!the!high!is!the!local!viscosity!probed!by!the!

rotor.!As!extensively!reported!in!section!2.3.1.2,!a!higher!viscosity!triggers!a!slowdown!of!the!

measured!lifetime.!!

!

!

!

!

!
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6.2 Coupling(FCS(with(TRFS(of(the(molecular(rotor(ASB158(
In!Figure!6.2!the!FCS!correlation!curves!recorded!on!the!initial!droplet!emulsion!(circles!

for!experimental!points!and!red!line!for!fitting)!and!on!the!final!PS!nanoparticles!(triangles!for!

experimental! points! and! green! line! for! fitting)! are! reported.! The! PS! nanoparticles! were!

obtained!by!heating!the!droplet!emulsion!19.5!hours!at!40°C.!A!decrease!in!the!measured!size!

from! droplets! (94+6)! nm! to! nanoparticles! (54+4)! nm! was! detected.! Accordingly! with! the!

sketch! in!Figure!6.1,! this!decrease! in!size! is!caused!by! toluene! loss! from!the!droplet!and! its!

evaporation!through!the!continuous!aqueous!phase.!Moreover!no!fast!diffusing!components!T!

linked!with!small!diffusing!species!such!as! individual!rotor!molecule!or!small!rotorTlabelled!

aggregates!of!polymer!chains!T!were!detected!from!the!fitting.!!

!

!

Figure(6.2:(Normalized(correlation(curves((scattered(symbols)(and(corresponding(fits((lines).(Scattered(circles(and(

red( line( represent( the( droplet( situation,( while( the( scattered( triangles( and( green( line( represent( the( polymer(

nanoparticles(situation.(

In!this!way!we!underline!that!molecular!rotors!are!dispersed!only!in!the!organic!phase!and!

can!be!effectively!used!as!FCS!tracers.!!

The!time!resolved!fluorescence!of!the!molecular!rotor!was!measured!at!the!same!time!on!

the! same!sample! in! the! same!probing!volume!during! the! same!experiment.!This! is!possible!

only!by!using!a!molecular!rotor!as!fluorescent!tracer!(i.e.!having!a!fluorescent!molecule!able!to!

probe!the!properties!of!the!surroundings!as!a!function!of!lifetime!change).! !In!Figure!6.3!the!

rotor!behaviour!in!pure!toluene!(black!line),!in!the!droplet!emulsion!(red!line)!and!within!the!
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polymer! nanoparticles! (green! line)! is! reported.! Accordingly! with! the! increase! in! local!

viscosity! moving! from! pure! toluene! to! droplets! emulsion! to! polymer! nanoparticles,! the!

lifetime! of! the! molecular! rotor! increases! from! (4.8+0.1)! ns! in! toluene! to! (5.6+0.1)! ns! in!

droplets! emulsion! and! (6.2+0.1)! ns! in! nanoparticles.! The! values! were! obtained! fitting! the!

experimental!data!with!a!single!exponential!decay.!

!

Figure(6.3:(Time(decay(profile(of(the(molecular(rotor(ASB158(acquired(in(a(pure(toluene(solution(without(polymer(

(black( line),( in( a( droplet( ( emulsion( (4%(polystyrene( content,( red( line)( and( in( the( resulting( aqueous( emulsion( of(

polystyrene(nanoparticles(obtained(after(toluene(evaporation((40°C(for(19.5(hours,(green(line).(

From!the!fact!that!the!rotor!behaviour!can!be!fitted!with!a!single!exponential!decay!in!all!

three! samples,! we! can! speculate! that! the! toluene! evaporation! occurs! homogeneously!

throughout!the!nanoparticle!formation!process.!!

A! further! improvement! in! the! data! analysis!would! be! correlating! the!measured! lifetime!

with!the!toluene!content!within!the!droplets!during!the!SEED!process.!In!this!regards!we!tried!

to!build!up!a!master!curve!(Figure!6.4).!

The!first!issue!to!comment!is!the!strong!increase!of!the!lifetime!from!pure!toluene!solution!

to!emulsion!droplets.!Indeed!within!the!droplets!the!nominal!concentration!of!polystyrene!is!

4%!w/W!(see!section!2.2.2.1).!From!the!calibration!line,!the!expected!lifetime!for!a!4%!w/W!

homogeneous! solution! of! PS! in! toluene! is! (4.7+0.1)! ns,! comparable! with! the! one! in! pure!

toluene! (4.8+0.1)! ns! within! error! bars.! This! is! not! surprising,! since! it! is! known62! that!

molecular!rotors,!even!with!a!high!dynamic!response!range,!need!a!change!in!viscosity!of!1!T!2!

orders! of! magnitude! for! detecting! measurable! changes! in! lifetime! (see! Figure! 2.6).!
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Accordingly,!the!4%!w/W!PS!concentration!seams!too!low!to!confine!the!rotor!and!to!cause!an!

abrupt!change!in!the!measured!lifetime.!!

However,! in! the! freshly! prepared! droplet! emulsion! a! lifetime! of! (5.6+0.1)! ns! was!

measured.!This!value!is!far!higher!than!the!expected!value!for!a!bulk!solution!of!4%!w/W!PS!

in! toluene.! Collateral! lifetime! measurements! using! toluene! saturated! with! water! were!

performed!in!order!to!understand!the!eventual!effect!of!traces!of!water!on!the!behaviour!of!

the!rotor.!Notwithstanding!no!difference!between!the!rotor!lifetime!behaviour!in!pure!toluene!

and!in!waterTsaturated!toluene!were!observed.!The!result!suggests!the!increase!in!lifetime!is!

not!due!either!of!the!presence!if!water!traces!or!to!rotor!amphiphilicity.!

!Lastly,! the! slight! enhancement! of! the! lifetime! from! the! emulsion! droplet! to! the! dry!

polymer!nanoparticle! is! coherent!with! the!complete!drying! (i.e.! toluene!evaporation)!of! the!

droplet!to!form!the!polymer!nanoparticle.!

!

!

Figure(6.4:(Calibration(curve(for(the(lifetime(of(the(rotor(ASB(158(as(function(of(polystyrene(concentration(in(toluene(

solution.( Black( squares( are( experimental( points( and( black( line( is(meant( to( guide( the( eye.( Dashed( red( line( is( the(

measured(lifetime(in(freshly(prepared(droplets((after(stirring(and(ultrasonication).(Solid(green(line(is(the(measured(

lifetime(in(dry(polymer(nanoparticles.(

!

In!our!opinion!this!abrupt!change!in!lifetime!within!the!droplet!could!be!related!to!some!

processes! happening! during! the! preparation! of! the! droplet! emulsion,! namely! during! the!
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homogenization!steps!(stirring!and!ultrasonication).!As!an!indirect!demonstration,!a!back!on!

the!envelope!calculation!is!proposed.!Starting!from!the!measured!droplet!diameter!of!(94+6)!

nm!and!the!final!measured!diameter!of!the!dry!polymer!nanoparticles!(54+4)!nm,!the!loss!in!

volume! can! be! estimated! assuming! no! coalescence! (as! demonstrated! elsewhere209b)! and!

ascribing! the!whole! volume! loss! to! toluene! evaporation! through! the! continuous!phase.!The!

volume! loss! during! the! SEED! process! can! thus! be! estimated! in!~! 1.5·10T16!ml! per! particle.!

Moreover,!it!is!possible!to!estimate!in!~1.1·10T16!g!!the!mass!of!the!final!dry!PS!nanoparticle.!

Therefore!the!initial!(i.e.!after!stirring!and!ultrasonication)!PS!concentration!in!the!droplets!is!

between!12%!w/W!and!35%!w/W,!far!higher!then!the!nominal!4%!w/W.!This!could!suggest!

that!already!after!the!homogenization!step!T!necessary!to!prepare!stable!droplets!T!something!

is! happening! within! the! droplet! emulsion.! This! kind! of! information! is! accessible! (to! our!

knowledge)!only!using!molecular!rotors!as!FCS!tracers.!

These!enthusiastic!preliminary!results!are!stimulating!further!investigations!about!the!use!

of!molecular!rotors!with!higher!dynamic!response!as!molecular!tracers!in!FCS!experiments,!in!

order!to!gather!new!details!about!particle! formation,!especially! in!the!case!of!particles!with!

complex! morphologies.! Since! the! FCS! focal! volume! is! in! the! femtoliters! range,! adopting!

molecular! rotors! as! FCS! tracers! could! open! new! perspectives! in! the! local! definition! of!

viscosity!and,!more!generally,!in!the!study!of!diffusivity!at!the!nanoscale.!!

! !
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7 Conclusions(
The! main! aim! of! this! work! was! the! preparation! of! functional! polymerTbased! biphasic!

core@shell! nanoparticles! via! emulsion! polymerization,! particularly! in! the! fields! of!

nanoadditive!for!extrinsic!selfThealing!materials,!encapsulation!of!bioTinspired!lipophilic!dyes!

and!nanophotonic.!Before!going!ahead!with!the!preparation!of!the!nanostructures,!a!method!

for! the! inTsitu! measurement! of! glass! transition! temperature! based! on! the! timeTresolved!

fluorescence!(TRFS)!of!AzeNaph1!molecular!rotor!at!different! temperatures!was!developed.!

This! step!was! felt! as! necessary! since! it! is! known! that! glass! transition! temperature! (Tg)! of!

polymers!confined!to!the!nanoscale!can!deviate!substantially!from!the!bulk!value,!due!to!TgT

confinement!effects.!AzeNaph1!was!found!to!be!able!to!detect!glass!transition!either!in!bulk!

polymer!samples!and!in!caseTstudy!polystyrene!(PS)!nanoparticles.!Particularly,!the!Tg!value!

detected!in!bulk!polymer!samples!with!TRFS!agrees!with!the!value!detected!via!standard!DSC.!

It! was! thus! possible! to! demonstrate! that! AzeNaph1! TRFS! can! be! used! as! a! TgTdetector!

methodology! even! for! the! detection! of! glass! transition! directly! in! an! emulsion! of! PS!

nanoparticles.! Accordingly,! nanoparticles! as! small! as! 30! nm! in! hydrodynamic! radius! were!

found!to!retain!the!bulk!polystyrene!Tg!value!(~100°C).!!

Moreover,! another! molecular! rotor! ASB158! has! been! used! as! a! fluorescent! tracer! for!

Fluorescence! Correlation! Spectroscopy! experiments.! Taking! into! account! the! polymer!

viscosity/chain!organization!sensitivity!of!molecular!rotors,!the!use!of!ASB158!as!fluorescent!

tracer!within!nanodroplets/nanoparticles! in! a!FCS!experiment!was! found! to!be!an!effective!

way! to! obtain! preliminary! unique! information! on! the! kinetics! of! nanoparticles! formation!

during! the! SEED!process,! thus!widening! the! range!of! parameters! accessible! in! a! single! FCS!

experiment.!!!

Therefore,!the!observation!that!the!TgTrelated!bulk!polymer!properties!are!conserved!even!

in! PS! nanoparticles! of! 30! nm! in! radius! was! used! as! an! important! paradigm! towards! the!

preparation! and! application! of! biphasic! polymerTbased! nanoparticles.!With! this! regard,! an!

optimized!semicontinuous!emulsion!polymerization!protocol! for! the!preparation!of!poly! (nT

butyl! acrylate)@polystyrene! (PBA@PS)! core@shell! nanoparticles!was! developed.! The!main!

issue! to! overcome!was! the! possibility! to! grow!on! a! PBA! core! a! PS! shell.! By! controlling! the!

dropping! rate! of! both! monomers! and! by! using! a! branched! sulfosuccinate! sodium! salt! as!

surfactant,! it! was! possible! to! obtain! monodisperse! biphasic! nanoparticles! with! a! precise!

core@shell!morphology.!The!effective!sequestration!of!the!PBA!core!within!the!PS!shell!was!

demonstrated! by! several! methods! (DSC,! 13CTMASTNMR,! 1HTTDTNMR,! AFM,! DLS).! However!
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very!few!was!known!about!the!actual!behaviour!of!a!nanoembedded!adhesive!(such!as!PBA)!

within! a! plastomer! shell! (PS).! In! this! regard,! AFM! force! spectroscopy! measurements! (FS)!

were!performed!on!a!single!PBA@PS!nanoparticle.!AFMTFS!shows!that!PBA@PS!nanoparticles!

are!forceTresponsive!nanoTobjects:!pressed!with!forces!in!the!order!of!some!hundreds!of!nN,!

they! can! collapse! and! release! a! baroplastic! glue.! The! applied! force! on! the! PBA@PS!

nanoparticles! triggers! the! structural! collapse! of! the! nanoparticle,! loosing! its! characteristic!

spherical! shape! towards!a!prolate!and! flattened! fluidTlike! structure!without!any!observable!

glassy!residual.!The!ability!of!these!nanoparticles!formed!by!a!glassy!polymer!(PS)!and!a!soft!

polymer!(PBA)!to! flow!at!room!temperature!as!a!meltTlike!blend,!known!as!baroplasticty,! is!

due! to! a! pressureTenhanced! miscibility! between! the! two! different! nanodomains.! To! our!

knowledge! we! gave! the! first! example! of! baroplasticity! detected! on! a! single! particle! scale.!

Beyond!the!basic!research!interest!on!the!nanomorphology!evolution!under!nonTequilibrium!

stress,!this!result!can!be!interesting!in!manufacturing!a!new!class!of!sealing!nanoadditives!in!

the!field!of!extrinsic!selfThealing!materials.!!

We!demonstrated!that!such!PBA@PS!can!have!even!other!applications.!Namely,!PBA@PS!

nanoemitters! for! sensitized! upTconversion! (SUC)! deliverable! as! an! optically! active! aqueous!

solution! were! prepared.! PdPh4TBP! and! BPEA! SUC! dyes! were! added! within! the! PBA! core,!

known!to!have!a!very!good!permeability!to!SUC!molecules!and!to!be!the!reference!matrix!for!

solidTstate! SUC!materials153.! Notwithstanding! an! energy! transfer! efficiency! of! the! 58%!was!

measured!in!aqueous!solution!and!a!residual!signal!of!inactive!PdPh4TBP!was!detected.!This!

result! is! in! disagreement!with! the! SUC!behaviour! of! PdPh4TBP! in! the! bulk! control! samples!

prepared!as!reference,!showing!an!energy!transfer!efficiency!higher!than!95%.!The!efficiency!

drop! from! bulk! polymerized! PBA! to! PBA@PS! core@shell! is! manifold.! Firstly,! emulsion!

polymerization!is!a!template!reaction!where!the!polymerization!locus!is!in!the!order!of!~102!

nm.! It! means! that! the! coreTformulation! (i.e.! radical! initiator,! monomer,! SUC! dyes! and!

surfactant)!is!confined!in!droplets!with!typical!volume!in!the!order!of!~10T3!fL.!Within!such!a!

small! volume,! the! conjugated! dyes! in! the! monomer! droplets! are! likely! either! to! interact!

detrimentally!with!the!initiator/surfactant!molecules!or!to!move!towards!the!shell!because!of!

π−π! interactions.!This! limit! of!PBA@PS!nanoparticles!was!overcome!by!preparing! a! second!

family!of!core@shell!nanoparticles:!liquidTcore!nanocapsules,!with!a!nThexadecane!(HD)!core!

embedded!in!a!plastomer!poly(methyl!methacrylate)!(PMMA)!shell.!The!SUCTdyes!(PtOEP!and!

DPA! in! this! latter! case)! were! directly! added! in! the! liquid! HD! and! used! to! prepare! the!

emulsion.! The! formation! of! the! nanocapsules! is! driven! by! the! phase! separation! occurring!

between!PMMA!and!HD!during!the!polymerization!of!MMA.!The!results!show!that!the!6.75%!
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of! PtOEP! actively! participates! to! the! SUC!process! (with! an!Energy!Transfer! yield! of! 99.4%,!

comparable!to!the!bulk!liquid!case)!within!the!HD@PMMA!nanocapsules.!Even!if!a!fraction!of!

PtOEP! molecules! is! stuck! in! a! bulkTlike! environment! according! to! TRPL! experiments,! this!

nanocapsules! are! able! to! behave! as! a! bulk! liquid! solution.! Moreover,! such! liquidTcore!

nanoemitters!were!embedded!in!a!bulk!PVA!film!showing!SUC!in!ambient!conditions.!In!this!

way! we! demonstrated! both! the! possibility! of! obtaining! an! aqueous! emulsion! of! SUC!

nanoemitters!to!be!dispersed!in!a!bulk!ProofTofTConcept!selfTstanding!bulk!PVA!sample.!The!

bulk! SUC! film! was! found! to! be! effective! even! in! ambient! conditions! (i.e.! in! presence! of!

oxygen),!demonstrating! the!barrierTeffect!of! the!nanocapsules,!protecting! the!SUC!dyes!and!

underlying!the!potentialities!of!this!system!for!everydayTapplications.!

HD@PMMA! nanocontainers! were! used! for! encapsulating! TiO2! anatase! nanocrystals!

capped!with!oleic! acid! (dimensions!~!4!nm)!within! the!HD!core.!Anatase,!with! a! refractive!

index!~!2.5!higher! than!polymers,!can!be!added!to!polymer!matrices! for! the!preparation!of!

hybrid!polymer!materials!with!enhanced!refractive!index.!Moreover,!bulk!PMMA!is!known!to!

be! transparent! and! to!be! shaped! into! selfTstanding! slabs!with! large! area! (~! several! tens! of!

cm2)152,! 177.! However! TiO2! anatase! nanocrystals! have! a! very! high! surface! energy! and! can!

aggregate!within!bulk!polymer!matrix,!leading!to!opaque!materials!almost!irrelevant!for!real!

applications.!Here!we!demonstrated!that!HD@PMMA!nanocapsules!can!be! loaded!with!TiO2!

anatase!nanocrystals,!without!any!aggregation.!The!TiO2!crowding!within!the!core!is!so!high!

that! it! inhibits! the! crystallization! of! HD.! More! interestingly,! these! nanocapsules! have! been!

used!as!nanocarrier!of!TiO2!during!the!bulk!polymerization!of!PMMA,!obtaining!transparent!

bulk!sample!of!PMMA!with!refractive!index!increased!from!1.48!to!1.50.!!

! Concluding,! with! this! work! we! devise! ProofTofTConcept! examples! about! the!

applicability! of! polymer!nanoparticles! as! functional! ingredients!within! formulations! for! the!

preparation!of!hierarchical!functional!materials.!Moreover,!we!strongly!believe!that!emulsion!

polymerization!can!be!of!strategic!interest!in!the!contest!of!a!more!sustainable!chemistry!for!

materials! science! applications.! Indeed,! it! can! be! performed! in! aqueous! solution! obtaining!

functional! nanostructures! that! can! encapsulate! several! active/hazardous!molecules.! On! the!

long! run,! such! nanostructures! can! be! used! either! as! an! effective! nanoTadditive! for! the!

preparation!of! functional!materials!or!as!a!nanoTcarrier! sequestrating!hazardous!chemicals,!

potentially!limiting!the!risk!for!operators,!consumers!and!users!daily!handling!such!reactants,!

goods!and!products!all!over!the!world.!!!
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APPENDIX(

a. AFM,(average(diameter(calculation(

!

Figure( a.1:( AFM image used for the calculation of the average particle diameter. After S.Bonetti, M. 

Farina, M. Mauri, K. Koynov, H.-J. Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 

10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

1 178! 11 172! 21 150! 31 160! 41 160!

2 167! 12 159! 22 164! 32 164! 42 150!

3 160! 13 162! 23 156! 33 187! 43 157!

4 177! 14 172! 24 166! 34 157! 44 146!

5 177! 15 182! 25 163! 35 163! 45 171!

6 167! 16 160! 26 162! 36 173! 46 162!

7 165! 17 187! 27 150! 37 182! 47 158!

8 154! 18 166! 28 185! 38 168! 48 140!

9 153! 19 167! 29 167! 39 151! 49 152!

10 159! 20 155! 30 159! 40 153! 50 167!

51 170! 61 160! 71 163! 81 164! 91 190!

52 150! 62 176! 72 176! 82 153! 92 157!

53 163! 63 169! 73 167! 83 155! 93 150!

54 167! 64 139! 74 152! 84 177! 94 149!

55 163! 65 165! 75 166! 85 157! 95 165!

56 152! 66 165! 76 152! 86 150! 96 170!

57 151! 67 170! 77 177! 87 159! 97 160!

58 159! 68 183! 78 177! 88 160! 98 161!

59 178! 69 162! 79 156! 89 172! 99 168!

60 174! 70 191! 80 171! 90 165! 100 153!

 
Average Diameter = 164+11 nm, N=100. 
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b. SEM,(Average(NPs(diameter(calculation(

(

Figure(a.2:(AFM image used for the calculation of the average particle diameter. After S. Bonetti, M. 

Farina, M. Mauri, K. Koynov, H.-J. Butt, M. Kappl, R. Simonutti, Macromol. Rapid Commun. 2016, DOI: 

10.1002/marc.201500625. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

( (
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Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

Particle 

Number 

Measured 

size (nm) 

1 171 11 149 21 177 31 166 41 177 

2 143 12 171 22 183 32 177 42 171 

3 171 13 177 23 177 33 160 43 174 

4 166 14 151 24 171 34 174 44 171 

5 174 15 171 25 166 35 180 45 166 

6 194 16 177 26 177 36 177 46 163 

7 171 17 154 27 149 37 166 47 177 

8 157 18 166 28 149 38 174 48 174 

9 143 19 143 29 177 39 177 49 171 

10 166 20 154 30 171 40 180 50 180 

51 174 61 174 71 169 81 171 91 174 

52 154 62 174 72 171 82 174 92 171 

53 166 63 171 73 169 83 169 93 171 

54 143 64 177 74 171 84 149 94 160 

55 149 65 171 75 174 85 149 95 149 

56 154 66 166 76 183 86 146 96 177 

57 171 67 174 77 177 87 174 97 171 

58 166 68 166 78 171 88 180 98 171 

59 177 69 171 79 169 89 146 99 183 

60 180 70 174 80 166 90 171 100 171 

 

Average Diameter = 168+11 nm, N=100. 

!

!

(

(

(

(
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