
Chapter 6

Crystallization in Nanoparticles

Aurora Nogales and Daniel E. Martı́nez-Tong

6.1 Introduction

Under particular circumstances, some polymers may crystallize. However, a poly-

mer melt consists of an assembly of polymer chains that are coiled and mutually

interpenetrated, and therefore it is impossible to attain an ideal crystalline state of

extended straight chains with the endgroups assembled in planar interfaces, purely

due to kinetic reasons. The required complete disentangling would need a very long

time, as it is associated with an extremely high entropic activation barrier. Instead, a

polymer melt cooled below the equilibrium melting point produces a system which

is only in part crystalline. Semicrystalline polymers consist of a complex puzzle of

crystalline lamellae, crystal-amorphous interphases, stacks of crystalline lamellae,

liquid pockets, rigid amorphous phases, and fringed micellar crystals. The arrange-

ment of these structural elements in a given polymer depends on different factors,

including chemical structure, chain flexibility, thermal history, and orientation. The

structure of semicrystalline polymers exhibits characteristic features depending on

the length scales. In the 10�8 m scale, in highly crystalline polymers, such as

polyethylene (PE) (Wunderlich 1973) and in intermediate crystalline polymers,

such as polyethylene terephthalate (PET) (Santa Cruz et al. 1991) or poly(ether-

ketone)s (Bassett et al. 1988), there is an alternation between crystalline regions

(lamellar crystals) and amorphous regions (interlamellar amorphous regions). With

the exception of highly crystalline polymers, this alternation does not extend to the

whole volume of the sample (Santa Cruz et al. 1991). The lamellae are packed into

stacks which are separated by broad amorphous regions. The stacks can assemble
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themselves into superstructures, generally with spherical symmetry (spherulites)

which can reach microns or even several millimeters.

Nowadays, current interest in the properties of polymers confined into nanome-

ter scale is very intense, both from the fundamental and practical perspectives

(Soles and Ding 2008). Polymers are extensively used in processes to fabricate

nano-objects like wires of nanometer-scale diameters (Martı́n and Mijangos 2009;

Chen et al. 2012; Martı́n et al. 2012) nanoimprinting (Soles and Ding 2008), and

nanoscale polymeric particles (Landfester 2001). Confined polymers are central to

a broad range of advanced materials and emerging nanotechnologies (Coakley and

Mcgehee 2004; Chen et al. 2012), with applications including biomaterials

(Yu et al. 2011; Bonanno and Segal 2011), micro- and optoelectronics (Yuan

et al. 2011; Tong et al. 2011; Di Benedetto et al. 2008), energy capture/storage

(Li et al. 2012; Cai et al. 2012; Li and Malardier-Jugroot 2011; Guan et al. 2011;

Mohapatra et al. 2009), among others. Besides cutting-edge fabrication strategies,

control over the changes in properties induced by nanoscale confinement is a central

issue to be taken into account. The rapid development of nano-science and nano-

technology in the twentieth and twenty-first centuries raises a lot of questions about

the structure and surface properties of nano-materials (Svorcik et al. 2013). The

prefix nano- is used in a broad way to describe systems where one or several

physical dimensions have been reduced to length scales between 1 and 100 nm, and

also to the application of concepts and understanding of properties (physical,

chemical, biological, mechanical, . . .) that derive as a result of the reduced length

scale (Gates et al. 2005; Martı́n Gago et al. 2008). The possible change in proper-

ties, when a material is nanostructured, is understood as confinement effects
(Alcoutlabi and McKenna 2005).

As for smaller molecules (Grigoriadis et al. 2011), crystallization becomes even

more sluggish when the chains are confined at the nanoscale level (Vanroy

et al. 2013; Liu and Chen 2010). Confinement is able to induce different morphol-

ogies (Asada et al. 2012; Maillard and Prud’homme 2008), reduce crystallization

rates by several orders of magnitude (Despotopoulou et al. 1996; Massa et al. 2003),

and in some cases, inhibition of crystallization within the experimental time scale

(Capitán et al. 2004). Therefore, in order to widen the applicability of semicrystal-

line polymers at the nanoscale, the effect of confinement on the crystallinity and

morphology should be considered.

Polymers confined in nanometer-sized geometries have been intensively inves-

tigated in the last decades, aiming both to achieve a deeper understanding of finite-

size effects in soft matter and to improve the performance of nano-devices and

hybrid materials (Napolitano et al. 2013). When designing and preparing

nanostructures, one or several physical dimensions can be affected. For example,

if a nanostructured polymer system is prepared in a way that two dimensions have

macroscopic dimensions, while the remaining is in the nanometer scale, the resulting

material is said to be one dimensionally confined (1D-confinement). This is the case

of polymer thin films. If two dimensions have nanometer scales, one can talk about

two dimensional confinement (2D-confinement), which is the case of nanowires and
nanotubes. Finally, when all three dimensions are in the nanometer length scale,
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such as in nanoparticles, the polymer is said to be three-dimensionally confined

(3D-confinement). Moreover, confined polymer structures can be further processed

to obtain �a la carte nano-features, such as nanostructured surfaces on polymer thin

films (Rebollar et al. 2011), alignment of polymer nanowires by percolation into

nanoporous membranes (Garcia-Gutierrez et al. 2013; Martin et al. 2014), or even

physical responsive polymer nanoparticles (Deng et al. 2013).

Among themost studied confining geometries are thin films, probably due to their

presence in a large number of technological applications, and also because it pro-

vides an easy control of the level of confinement and tunability of interfacial

interactions between polymers and substrates (Rotella et al. 2011). In this geometry,

the sample thickness becomes a crucial parameter controlling crystallization

(Vanroy et al. 2013), while surface effects mostly lead to a competition between

adsorption to the solid surface and nucleation of polymer crystals (Reiter and

Sommer 1998; Vanroy et al. 2013; Napolitano and Wübbenhorst 2007; Asada
et al. 2012; Bertoldo et al. 2010). Also, polymer thin films represent highly meta-

stable forms of matter, presenting unexpected properties (Reiter and DE Gennes

2001) which have been widely discussed by the scientific community in the past

years (Forrest et al. 1997; Tsui and Zhang 2001; Sch€onhals et al. 2002; McKenna

2003; Wübbenhorst and Lupascu 2005; Napolitano et al. 2013; Napolitano and

Cangialosi 2013; Boucher et al. 2012). It is also possible to attain information of

the role of interfacial interactions by intercalating a polymer thin film in between

two adsorbing layers (Napolitano et al. 2013) although the introduction of burying

interfaces limits the possible experimental protocols; for example, metallization of

both polymer faces does not permit an optical access to the polymer surface.

On the other hand, using confined polymers into droplets and nanoparticles

might serve as starting point in order to prepare nanocrystals and also to better

understand the mechanisms involved during nucleation and crystallization in con-

fined geometries (Massa and Dalnoki-Veress 2004; Li 2009) without including any

preferential confined dimension. In this chapter, we present the crystallization

behavior of polymers in confined nanoparticles.

6.2 Generation of Polymer Nanoparticles

The formation of structured polymeric nanoparticles is of great importance for

many applications. In general, polymer nanoparticles can be prepared from several

heterophase methods. One of the most known methods, developed extensively by

Landfester et al. during the last decade, is the so-called miniemulsion method

(Landfester 2001, 2009; Kietzke et al. 2007).

An emulsion consists of well-dispersed droplets of a substance into a continuous

phase. This is formed by mixing two immiscible phases that are subjected to

high shear, resulting in small, homogeneous, and narrowly distributed

nanodroplets. The miniemulsion can be stabilized by means of surfactants. The

protocol is sketched in Fig. 6.1.
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By using this method, polymer nanoparticles of different polymers have been

reported (Martı́nez-Tong et al. 2013, 2014; Landfester 2001). For amorphous

polymers, the shape of the nanoparticles generated by this technique is spherical

(Fig. 6.2). Variations of physical properties like the glass transition temperature of

the polymer confined into the shape of this nanoparticles have been reported in the

literature (Martı́nez-Tong et al. 2013, 2014).

Another approach for obtaining polymer nanoparticles is the so-called

reprecipitation method, previously proposed by Shimizu et al. (2007). This method

relays on crashing out hydrophobic polymer chains in solution by displacing a

solvent with a non-solvent, generally water. Both polymer solvent and non-solvent

must be miscible. As in the miniemulsion technique, reprecipitation can be used by

starting from the bulk polymer of known molecular weight as the precursor

material; only the nanoparticle diameter needs to be adjusted during the process by

controlling solution concentration. The method is schematically described in

Fig. 6.3.

Figure 6.4 shows an AFM image of polyethylmethacrylate (PEMA)

nanoparticles prepared by reprecipitation.

Fig. 6.1 Sketch of the miniemulsion protocol to generate polymer nanoparticles
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6.3 Modification of the Crystalline Morphology
by Confinement into Nanoparticles

By the two previously mentioned methods it is possible to nanostructure, within the

shape of particles, polymers that are either inherently semicrystalline or that are

able to crystallize. One example of this type of polymers is poly(lactic acid), from

now on abbreviated as PLA. PLA is an aliphatic thermoplastic polymer, commonly

Fig. 6.2 Atomic Force

Microscopy (AFM)

topography image

of polystyrene

(PS) nanoparticles prepared

by the miniemulsion

method after spin casting

the miniemulsion on a

silicon wafer. The starting

material is the bulk polymer

Fig. 6.3 Sketch of the reprecipitation protocol to generate polymer nanoparticles

6 Crystallization in Nanoparticles 167



made from α-hydroxy acids which are considered biodegradable, biocompatible,

and compostable (Garlotta 2001; Anderson and Shive 2012). Although the term

acid is generally included in its name, PLA is a polyester instead of a polyacid
(Garlotta 2001). Generally, PLA grades are copolymers of poly(L-lactic acid)

(PLLA) and poly(D,L-lactic acid) (PDLLA), which are produced from L-lactides

and D,L-lactides, respectively (Martin and Avérous 2001). The sketch of these

molecules is shown in Fig. 6.5.

The letters D and L are related to Dextrorotation (D) and Levorotation (L) and

refer to the polymer property of rotating plane polarized light. If the light rotates

clockwise as it approaches an observer, this is known as dextrorotation (light with a

rotation to the right). If the light rotates counterclockwise as it approaches the

observer, then the light exhibits levorotation (rotation to the left). The ratio of L- to

D,L- enantiomers is known to affect the properties of PLA, such as the melting

temperature and the degree of crystallinity (Martin and Avérous 2001).

PDLLA (NatureWorks, PLA 2002D, D-content 4.25%, ρ¼ 1.24 g/cm3)

nanoparticles can be prepared either by the miniemulsion method or the

reprecipitation method. In the present case, for the miniemulsion method PDLLA

was dissolved in chloroform (CHCl3), at a 0.2 wt% concentration. The polymer

solution was added to a 1 wt% aqueous surfactant solution of sodium dodecyl

sulfate (SDS). Pre-emulsification was obtained by stirring at room temperature for

Fig. 6.4 AFM

topography image of PEMA

nanoparticles prepared by

the reprecipitation method

after spin casting on a

silicon wafer

Fig. 6.5 (Left) Sketch of a

PLLA repeating unit.

(Right) Sketch of a D,L-

dimer
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60 min and, afterwards, the stirred mixture was ultrasonicated for 15 min in an

ultrasound bath. This allowed obtaining a miniemulsion. Evaporation of the organic

solvent, under stirring the miniemulsion at 66 �C for 180 min, yields a dispersion of

polymeric nanospheres in a non-solvent medium. To eliminate the excess of SDS,

suspensions were dialyzed against distilled water, using a dialysis membrane. The

size of the obtained nanospheres is governed principally by the concentration of the

polymeric solution and by the concentration of the surfactant, as previously

reported (Martı́nez-Tong et al. 2013).

PDLLA nanoparticles were also prepared by the reprecipitation method. Spe-

cifically, 15 mg of PDLLA were dissolved in 5 mL of tetrahydrofuran (THF). The

solution was left under stirring at room temperature for 30 min. Afterwards, in order

to remove any macroscopic residues, the solution was filtered. Finally, the polymer

solution was rapidly injected into a beaker filled with distilled water. This emulsion

was left under stirring at room temperature for 90 min and then for 120 min at 66 �C
to allow complete removal of the solvent. Figure 6.6 shows AFM topography

images of the prepared PDLLA nanoparticles.

Figure 6.6a, b show AFM topography images of the PDLLA nanoparticles

prepared by the miniemulsion and reprecipitation method, respectively. In both

cases, the nanoparticles consist of polymer nanospheres, without signs of

Fig. 6.6 AFM topography images and size distribution of PDLLA nanoparticles prepared by the

miniemulsion method (a, c) and reprecipitation method (b, d). Size distribution was quantified on

the AFM images by measuring the nanoparticles diameters. Continuous black line represents a

Gaussian fit to the distribution
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coalescence and/or ripening. From the AFM images the size distributions of the

polymer nanoparticles could be quantified and the results are shown in Fig. 6.6c, d.

For both preparation methods, a similar mean value of the PDLLA nanoparticles

diameter (d ) was found, namely dminiemulsion¼ (46� 1) nm, and dreprecipitation¼
(53� 3) nm. To take into consideration the width of the size distributions, it is

possible defining a quality factor of the resulting nanospheres byQ ¼ W= dh i,where
W is the width of the distribution (nm) and hdi is the mean diameter (nm). The

closer the factor Q is to zero, the better is the resulting preparation in terms of size

monodispersity. In this work, we found small Q values for both preparation

methods, Qminiemulsion¼ 0.57� 0.06 and Qreprecipitation¼ 0.28� 0.07, indicating

that size monodispersity was within acceptable values.

6.3.1 Crystallization in Nanoparticles

Figure 6.7 shows the X-ray diffraction patterns of the nanoparticles, annealed at

different temperatures, together with the diffraction from the bulk treated at the

same temperatures for comparison. In general, as the samples were annealed, the

development of diffraction peaks is evidenced. This indicates that all samples were

able to crystallize. Specifically, bulk and miniemulsion nanoparticles patterns are

quite similar between each other for the whole temperature range. At 30 �C, these
two samples show an amorphous halo, indicating their amorphous nature. As

temperature increased up to 70 �C, the development of a diffraction peak, around

2θ¼ (17.0� 0.3)�, is seen. This peak has been reported to be associated with the

diffraction from the (200) and/or (110) planes of the α form of PDLLA (Mano

et al. 2004). At higher temperatures, the diffraction patterns show the development

of several other peaks. This behavior indicates that as the samples were annealed

crystallization continues. At 110 �C, diffraction peaks show their highest intensity.

Comparing with the literature (Mano et al. 2004; Zhang et al. 2008; Wang

et al. 2014; Wei et al. 2014; Wasanasuk et al. 2011), we have indexed the peaks

as shown at the 110 �C temperature in Fig. 6.7. Results show that the PDLLA has

crystallized in the ordered α-phase (Wei et al. 2014; Xiong et al. 2013; Wasanasuk

et al. 2011), which is expected when the polymer is crystallized at temperatures

below 100 �C. Indexing results are summarized in Table 6.1.

The diffraction patterns of PDLLA reprecipitation nanoparticles are shown in

the right column of Fig. 6.7. In this case, patterns are noisier in comparison to the

others. This might be related to the amount of material enclosed in the aluminum

sheets, which in this case was lesser. As stated previously, as temperature increases

crystallization evolves; however, comparing with bulk and miniemulsion

nanoparticles there are important differences. At 30 �C, besides the amorphous

halo, an increase of the diffraction signal is observed at small values of 2θ (2�–5�).
This result can be related to the possible existence of some ordering in the PDLLA

chains within the nanoparticles, which lengthscale is above of WAXS range. It has

been reported that poly(lactic acid) polymers can show a mesophase (Zhang
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Fig. 6.7 Wide Angle X-ray Scattering (WAXS) diffraction patterns for bulk PDLLA (left) and
PDLLA miniemulsion (center) and reprecipitation (right) nanoparticles

Table 6.1 Crystalline peaks and 2θ position, as observed at 130 �C (Fig. 6.7)

Index Bulk Miniemulsion Reprecipitation

(010) (15.4� 0.3)� (15.3� 0.3)� –

(200)/(110) (17.0� 0.3)� (17.1� 0.3)� (17.2� 0.3)�

(203) (19.5� 0.5) (19.5� 0.5) (19.5� 0.5)

(105) (22.7� 0.3)� (22.7� 0.3)� (22.8� 0.3)�



et al. 2010; Wasanasuk and Tashiro 2011), with distinct chain packing and chain

conformation. Mesophases in semicrystalline polymers can be obtained by the

melt-quenched methods (Strobl 2006); for example, isotactic polypropylene can

be solidified into an intermediate state between crystal and amorphous states when a

thin specimen of molten state is rapidly quenched (Qiu et al. 2007). Also, Stoclet

and collaborators have shown that it is possible to induce a mesophase in PDLLA

when an external strain was applied (Stoclet et al. 2010a, b). Collecting all these

facts, we argue that the preparation procedure used in the reprecipitation method

might have led to the formation of a mesophase in the resulting PDLLA

nanoparticles. We recall that in this method, the polymer solution is rapidly injected

into a non-solvent. In the solution, the polymer chains have maximum mobility,

which can be somehow compared to the behavior in the melt state. As the solvent is

quickly removed from the nanoparticles, while the polymer is being transferred to a

non-solvent medium (chains have no mobility), it is possible to assume that the

polymer chains are being subjected to a quenching-like procedure that ultimately

leads to the formation of the mesophase. It can also be argued that during the fast

precipitation, the polymer chains retain residual stresses and thus a sort of strain-

induced mesophase takes place. These strains could arise from the physical proce-

dure involved in going from separated chains to nanospheres.

The preparation method argument just explained can be also justified by com-

paring the results between reprecipitation and miniemulsion PDLLA nanoparticles.

In the miniemulsion method, nanodroplets of solvent/polymer are formed simulta-

neously during ultrasonication. After the formation, solvent is slowly evaporated

and thus nanoparticles do not suffer a melt-quench like procedure. Also, the

solvent/polymer nanodroplets serve as precursors to the resulting polymer

nanoparticles and thus, during solvent evaporation process, polymer chains have

enough mobility to lose possible strains. Since the solvent is evaporated at a

temperature in which no Bragg peaks are observed, and since there is not enough

mobility to crystallize, the resulting nanoparticles are amorphous, without any

mesophases.

The WAXS signature of the so-called mesophase in the PDLLA reprecipitation

nanoparticles vanishes with temperature, in the range 30–60 �C. At 70 �C (Fig. 6.7)

the increase a low 2θ is not observed anymore. Figure 6.8 shows the Differential

Scanning Calorimetry (DSC) trace of the reprecipitation nanoparticles. Glass tran-

sition (Tg), crystallization and melting temperatures are highlighted throughout the

curve.

The glass transition temperature of the nanoparticles is observed around 60 �C
indicating no change in comparison to the bulk (Bitinis et al. 2011). Comparing

WAXS and DSC results, we observe that the mesophase signature in the diffraction

pattern disappears at temperatures above Tg. Also, in the DSC curve, just below Tg
an endothermic peak can be seen, highlighted with the symbol *. DSC endothermic

peaks in semi-crystalline polymers are related to first-order transitions, such as the

melting of the crystalline structure. Gathering results, it is possible to speculate that

this peak is related to the disordering of the polymer chains in the mesophase, that

happens just when the polymer start getting mobility due to the incipient glass
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transition. At temperatures above Tg, the calorimetric curve shows a crystallization

peak. The onset of crystallization can be observed around 90 �C and its maximum at

125 �C. Finally, the polymer nanoparticles melt at 145 �C. DSC results of crystal-

lization and melting of the nanoparticles agree with the WAXS patterns.

6.3.2 From Polymer Nanoparticles to Polymer Nanocrystals

WAXS results in the previous section showed that polymer nanoparticles of

PDLLA were able to crystallize when heated above certain temperatures. The

diffraction patterns also show that nanoparticles prepared via the miniemulsion

protocol showed a crystallization behavior quite similar to the bulk polymer. Based

on these results, we have evaluated the morphological change of PDLLA

nanoparticles prepared by the miniemulsion method, when subjected to thermal

treatments.

Figure 6.9 shows (3� 3) μm AFM topography images of the deposited PDLLA

nanoparticles annealed at 75 �C for different times (t). This temperature is above Tg
of the PDLLA and according to the WAXS patterns crystallization must take place.

Annealing was performed on a hot stage, by heating the Si wafers on where the

particles were originally deposited. Each annealing treatment was carried out on

independent wafers.

Image at t¼ 0 s corresponds to the deposited nanoparticles without annealing,

showing their spherical geometry. After annealing for 5 min, the nanoparticles lose

their spherical shape, turning into islands, which show a bigger diameter and lower

height in comparison to the original nanoparticles. This is an indication of agglom-

eration and coalescence of neighbor particles, as previously reported for

nanospheres of amorphous polymers, where the height:width ratio increased from

1:1 to 1:5 (Martı́nez-Tong et al. 2013, 2014). The morphology of the nanoparticles

Fig. 6.8 DSC trace (left)
and heat flow derivative

(right) of the reprecipitation
PDLLA nanoparticles
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suffers further changes after 30 min at 75 �C. As time increases, the original smooth

edges of the islands observed at 5 min start reshaping into well-defined straight

contours. Also, in some cases it is possible to see the appearance of needle-like

features inside the nanoparticles. This fact is enhanced at the longest annealing time

(1200 min).

Figure 6.10 shows a (1� 1) μm AFM topography image of the PDLLA

nanoparticles annealed at 75 �C for 1200 min. In this case, a smaller scan was

used (in comparison to images in Fig. 6.9), which allowed getting more insight into

the details of the nanocrystals. As stated before, the original spherical nanoparticles

present now well-defined edges, as expected for crystalline structures. These

crystalline structures seem to be formed by the agglomeration of several

nanoparticles, since at the chosen annealing temperature PDLLA is expected to

have mobility. Two different structures are observed in the AFM image of Fig. 6.10.

First, needle-like crystals (red arrow) resemble the edge-on crystalline structures in

Fig. 6.9 AFM images of PDLLA nanoparticles prepared by the miniemulsion protocol, annealed

at 75 �C for different times (t)
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polymer thin films. On the other hand, the green arrow highlights the structures

resembling flat-on crystals, compared to thin polymer films (Wang et al. 2008; Xu

et al. 2005).

The needle-like crystals prepared from the PDLLA nanoparticles show widths

between 15 and 25 nm, heights between 15 and 40 nm and lengths between 100 and

300 nm. On the other hand, flat-on like crystals show sides between 50 and 150 nm

and heights in the 15–60 nm range. Based on the geometrical sizes of the crystals

obtained from the PDLLA nanoparticles, it is possible to consider them as

nanocrystals. In principle, these nanocrystals could be recovered from the silicon

waffers by washing it in distilled water. Afterwards, they could be used as additives

in composites and/or polymer blends. Also, the heights of these nanostructures are

comparable to the ones obtained for ultra-thin films of PLLA (Maillard and

Prud’homme 2008). This allows thinking in possible comparisons in the crystalli-

zation between the two confined geometries.

6.4 Summary

We have shown that by various physicochemical methods it is possible to nano-

structure bulk polymers in the shape of nanoparticles, that in the case of amorphous

polymers, have spherical shape. If the original bulk polymer is able to crystallize,

the shape of the nanoparticle is modified by the process of crystallization. However,

it is possible to limit the size of the crystal due to the confinement imposed by the

nanoparticle shape.

Fig. 6.10 AFM topography

image of PDLLA

nanoparticles annealed at

75 �C for 1200 min
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6.5 Methods

Atomic Force Microscopy (AFM). Size and shape of the polymer nanoparticles

were characterized by atomic force microscopy (AFM). Samples were drop casted

on (100) Si wafers. A Multimode 8 AFM with a Nanoscope V controller (Bruker)

was used under tapping mode with NCHV probes (Bruker). Square images with

512� 512 pixels resolution were taken. Analysis of size and shape of nanoparticles

was performed with the Nanoscope Analysis 1.50 software (Bruker).

Wide Angle X-ray Scattering (WAXS). 2D-WAXS investigations were carried

out in transmission geometry using a Bruker AXS Nanostar X-ray scattering

instrument. The instrument uses CuKα radiation (1.54 Å) produced in a sealed

tube. The sample chamber was under vacuum and controlled temperature. For

WAXS experiments, we used lyophilized nanoparticles packed in aluminum sheets.

Bulk sample was measured as received also packed in aluminum sheets. The

scattered X-rays were detected on a two-dimensional multiwire area detector

(Bruker Hi-Star) and converted to one-dimensional scattering by radial averaging

and represented as a function of the momentum transfer vector q (¼4π/λ sin θ) in
which θ is half the scattering angle and λ the wavelength of the incident X-ray

beam. The sample-to-detector distance was 10 cm. Patterns were collected during

5 min at each temperature.

Differential Scanning Calorimetry (DSC). Calorimetric measurements were

carried out by means of a Perkin-Elmer DSC8500 instrument equipped with an

Intracooler 2 sub-ambient device and calibrated with purity indium standards. In

order to measure the transitions of the nanoparticles, the external block temperature

was set at�100 �C. A lyophilized solid powder of nanoparticles was used as sample

with weight c.a. 2 mg. The powder was enclosed in aluminum pans and heated from

�20 to 200 �C at a rate of 20 �C/min. Bulk sample was measured as received,

enclosed in aluminum pans.
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