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Abstract

Semi-crystalline polyethylene (PE) nanoparticles were obtained by free radical emul-

sion polymerization under mild conditions of pressure and temperature. At high surfac-

tant concentration, the obtained anisotropic nanoparticles exhibit a strong degree of su-

percooling. This paper explores the relationship between the morphology of such parti-

cles and their high degree of supercooling. The shape anisotropy of the semi-crystalline

PE particles already observed by transmission electron microscopy was confirmed by

dynamic light scattering with the autocorrelation function containing both transla-

tional and rotational diffusion coefficients as well as by in situ synchrotron small-angle

and wide-angle X-ray scattering (SAXS/WAXS). Temperature-resolved synchrotron

scattering was used to further characterize the evolution of particles morphology and

crystallinity during cooling. Paying special attention to the role of the surfactant we

propose a novel mechanism which contributes to a better understanding of the crys-

tallization of PE nanoparticle. The observed supercooling might be the result of the

Coulomb repulsion between the surfactant head groups present at the particle surface,

which hinders the particle contraction upon crystallization. The high surface charge

density prevents the reduction of the particle surface, thus forcing a morphological tran-

sition from sphere to oblate ellipsoid during crystallization. This mechanism would act

as potential barrier to the crystallization, resulting in supercooling.
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Introduction

Polyethylene (PE), the top manufactured polymer, is synthesized from either very sensitive

and hazardous organometallic catalysts (i.e. Ziegler-Natta catalysis)1–5 or by an energy

intensive process (200-300◦C, 2000 bar) using free-radical polymerization (FRP).6–9 In the

latter case a branched, low-density polyethylene (LDPE) is produced, which exhibits low

crystallinities and melting temperatures. Suspensions of LDPE particles in water are used

as wax dispersions in cement, bitumens and in the papermaking industry. Such disper-

sions are obtained by mixing melted polymer with water at high temperature followed by a

high-pressure homogenization step in order to reduce the polymer particle size down to ≈ 2

µm.10–13 This process is however energy consuming. We have recently developed the direct

synthesis of PE nanoparticles by FRP in water under mild conditions of pressure and temper-

ature (T ≈ 70◦ C and P ≈ 50 bar), which could advantageously replace the above mentioned

processes.14,15 Indeed, ethylene polymerization in aqueous medium has been achieved by us-

ing a water-soluble initiator, either cationic or anionic. The PE particles were assumed to be

stabilized by charged initiator fragments located at the polymer chain ends. Improved sta-

bilization was obtained through the addition of a surfactant bearing the same charge as the

initiator. In both cases, increasing the surfactant concentration led to higher yield of smaller

particles with a high polydispersity, as determined by dynamic light scattering.15 The high

polydispersity of the PE nanoparticles, obtained in the presence of surfactant, was attributed

to non-spherical, disk-like particle morphologies whereas surfactant-free systems always led

to spherical particles. Another difference between PE latexes obtained with or without sur-

factant was the degree of supercooling. PE latex obtained with surfactant exhibits a much

lower crystallization temperature compared to the surfactant-free latex. Supercooling is usu-

ally attributed to the occurrence of homogeneous nucleation. In a bulk material, the presence

of heterogeneities lowers the activation barrier to nucleation (i.e. heterogeneous nucleation).

When the number of micro-domains is several orders of magnitude higher than the number

of heterogeneities, heterogeneous nucleation can completely disappear. In this case, highly
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confined isolated nano-domains can undergo homogeneous nucleation. Such nucleation re-

quires a much higher activation barrier thus lowering the crystallization temperature (i.e.

increased supercooling). The enhanced supercooling of confined PE chains has been evi-

denced in various systems such as: droplet dispersions,16–18 immiscible polymer blends,19,20

block copolymers,21–25 and thin films.26,27 Crystallization kinetics are often described using

the Avrami equation:28–30

vc = exp(−ktn)

Where k is the overall crystallization rate constant, n the Avrami exponent ranging from 1 to

4 and related to the dimensionality of nucleation and growth and vc is the relative volumetric

transformed fraction. The Avrami exponent can be considered, as a first approximation, to

be composed of two terms,31 n = nn + ngd, where ngd is the fraction of the exponent related

to the growth dimensionality ranging from 1 to 3 for one-dimensional to three-dimensional

growth, while the nucleation term (nn) can have values from 0 to 1 by considering that

nucleation can be instantaneous (nn = 0) or sporadic (nn = 1). Müller et al. compiled the

Avrami exponent values obtained for several systems and observed a decrease of the Avrami

exponent with increasing degree of confinement.32 Some authors have reported Avrami in-

dices around 1 or lower, which should rule out the possibility of an homogeneous nucleation

because n = 1 could only be obtained when the nucleation is instantaneous and the growth is

one-dimensional. According to classical nucleation theory, a rapid (instantaneous) nucleation

rate implies a low energy barrier and thus heterogeneous nucleation. However, considering

that growth is very fast and confined in all three dimensions of space, the crystallization

kinetics is completely dominated by the nucleation process (i.e. ngd = 0). The low value

of the Avrami exponent obtained under strong confinement could therefore be consistent

with an homogeneous nucleation. However, discriminating between growth and nucleation

in the Avrami equation is not straightforward and the intensity of the supercooling at high

degree of confinement remains the best proof of the occurrence of homogeneous nucleation.

Recently, extremely large supercooling of PE single lamellae has been achieved.33,34 The
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authors observed that the crystallization temperature evolved as a function of the crystal

thickness. The relationship between the crystallization temperature and the crystal thick-

ness was given by Strobl and implies the existence of an intermediate phase (mesomorphic

phase) along the crystallization pathway. Evidence of a mesomorphic hexagonal phase of PE

has been reported for short alkane chains (n < 20) under pressure35,36 and with constrained

ultra-drawn PE fibers.37,38 This is also supported by molecular dynamics simulations of su-

percooled PE melt, which reveal a stiffening of the chains prior to nucleation as well as an

hexagonal arrangement of the chains in the critical nuclei.39–41 These simulations suggested

that growth proceeds via alignment of segments close to the growth front, followed by lamella

thickening through sliding of the segments from the amorphous regions into the crystalline

regions. The lamella thickness can be related to the stability of the mesomorphic layer,

i.e. the energy required during this lamellar thickening growth mechanism. A lower crystal-

lization temperature could reduce the chain mobility and thus hinder the lamella thickening

mechanism detailed above. However, a question remains: is the supercooling observed during

the crystallization of confined polymer the result of a true homogeneous nucleation? There

seems to be a vast consensus in the case of poly(ethylene oxide) (PEO) but, for PE, some

authors believe that homogeneous nucleation has never been achieved so far.18

In this paper, we used synchrotron-SAXS and WAXS to investigate the supercooling of

PE confined in nanoparticles obtained by free-radical emulsion polymerization. Cationic

and anionic PE latexes were obtained using different initiating systems. In each case, PE

latexes were prepared with and without the use of an ionic surfactant bearing the same

charge as the initiator. In situ SAXS and WAXS measurements allowed us to confirm that

the observed supercooling is associated with the rapid crystallization of thin PE lamellae

(thickness < 10 nm). The nucleation mechanism is discussed in the light of recent literature

on PE crystallization. Special attention is given to the role of the surfactant which is often

overlooked. Indeed the presence of surfactant is not only necessary in order to reduce the size

of the nanoparticles, but it could also directly influence the nucleation during supercooling.
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Benefiting from these high degree of supercooling, potential application of these PE latexes

as phase change material for thermal energy storage could be targeted. These PE dispersions

would also represent an interesting model to study degradation of marine litter accumulated

in the center of oceanic gyres (e.g. Great Pacific Garbage Patch).

Methods

Ethylene Polymerization. Surfactant-free anionic and cationic PE nanoparticles (named

A0 and C0, respectively) were synthesized by emulsion polymerization. The synthesis of

anionic PE nanoparticles using ammonium persulfate (APS) as initiator was previously

described by Billuart et al.15 Cationic PE nanoparticles were obtained using 2,2’-azobis(2-

methylpropionamidine) dihydrochloride (AIBA) as initiator.14 For both systems, PE nanopar-

ticles were also obtained with the use of a surfactant: sodium dodecyl sulfate (SDS) or

cetyltrimethylammonium bromide (CTAB) for anionic and cationic latexes, respectively.

These samples were named AS and CS (the subscript ”S” corresponding to the presence of

surfactant and the subscript ”0” to the surfactant-free particles). A brief summary of the

process as well as the synthesis conditions is given in supplementary material (Figure S1).

The general characteristics of the obtained PE particles are given in Table 1.

Table 1: General characteristics of the studied PE nanoparticles.

Initiator (%wt.) Surfactant (%wt.) PE (%wt.) Solids Content (%) Tc (◦C)a Zb
ave (nm) polyb

Cationic AIBA CTAB

CS 7.6 7.6 84.8 1.4 48.2 23 0.28

C0 2.7 0 94.6 1.6 70.2 79 0.01

Anionic APS SDS

AS 2.1 7.4 90.6 4 44.8 27 0.45

A0 5.6 0 94.4 1.5 60.3 82 0.03
a Determined by DSC,14,15 b Determined by DLS

Tc the crystallization temperature. The percentage by mass (%wt.) are relative to the mass of the dry
particles (PE + surfactant + initiator).
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Dynamic Light Scattering (DLS). The intensity average hydrodynamic particle diam-

eter (Zave), the poly values and the ζ-potential of the PE latexes were determined at 90◦

and 173◦ with a Zetasizer NanoZS (Malvern instrument Ltd, Worcestershire, UK) equipped

with a 4 mW He/Ne laser beam operating at λ = 633 nm. All measurements were per-

formed at 25.0 ± 0.2◦C. For spherical particles, a simple exponential decay was used to fit

the autocorrelation function and the correlation decay rate was expanded in a power series

(Cumulants methods) giving particle diameter and poly values. For the anisotropic particles,

we used a two-decay exponential and Perrin friction factors to account for the translational

and rotational diffusion coefficients (see the Supplementary Information pages S3 to S6 for

more detail on the calculation). The ζ-potential was derived from electrophoretic mobility

measurements using the Smoluchowski’s equation.42

Small and Wide-Angle X-ray Scattering (SAXS and WAXS). SAXS measurements

were carried out at the BM02 beamline of the European Synchrotron Radiation Facilities

(ESRF, Grenoble, France). Experiments were carried out at an energy of 25.5 keV with a

sample to detector distance of 164 or 16 cm for SAXS and WAXS, respectively, using a 1242

× 1152 CCD camera. The recorded images were first corrected from dark current and flat

field and normalized with respect to the intensity of the incident beam. The azimutal inte-

gration of the corrected images gave the radial integration (scattering curves). Finally the

obtained scattering curves were calibrated (q-axis) using silver behenate and corrected for

sample transmission and background subtraction. In order to study morphological changes

during crystallization, the samples were heated up to 100◦C to erase previous thermal history

and allowed to cool down to 40◦C while SAXS or WAXS intensities were recorded.
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SAXS measurements were analysed using SASfit 0.93.3 software. The form-factor equa-

tions used to fit the curves are given below for the different situation.

All melted particles were fitted using the form factor of a sphere:

Isphere(q, r,∆η) =

(

4

3
πr3∆η3

sin qr − qr cos qr

qr3

)2

With r the radius of the sphere and ∆η the scattering length density difference between the

PE particle and the water (i.e. ∆η = ηPE − ηwater).

When crystallization arose (T < Tc) for samples A0 and C0, a broad correlation peak

(Teubner and Stray model43) was added to fit the high q-range:

I(q) =
8π∆η/ξ

a2 − 2bq2 + q4

a2 = (k2 + 1/ξ2)2

b2 = k2 − 1/ξ2

Where ξ is the correlation length (length beyond which correlations die out), d = 2π/k is the

d-spacing (characteristic of the domain size or periodicity) and ∆η is the scattering length

density contrast (∆η = ηPE crystallite − ηamorphous PE).
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b
a t

D = 2b + 2t

τ = 2b 

(a) (b)

l = 2a

Figure 1: Representation of the geometrical parameters used for the different models. (a)
SAXS ellipsoidal core-shell form factor: a the semi-major axe of the elliptical core and b
the semi-minor axis of the elliptical core, t the shell thickness. (b) Characteristic domain
size ,τ , measured by WAXS, the long axis diameter, D, determined by DLS and the lamella
thickness, l, determined by SAXS (l ≈ 2a).

For AS and CS, at T < Tc, the form factor of an ellipsoidal core-shell was used:

IECSh =

∫ 1

0

[

(ηcore − ηshell)Vc

[

3j1(xc)

xc

]

+ (ηshell − ηsolvent)Vt

[

3j1(xt)

xt

]]2

j1(x) =
sin(x)− x cos(x)

x2

xc = q
√

a2µ2 + b2(1− µ2)

xt = q
√

(a+ t)2µ2 + (b+ t)2(1− µ2)

Vc =
4

3
πab2

Vt =
4

3
π(a+ t)(b+ t)2

Where a is the semi-principal axe of the elliptical core, b the equatorial semi-axis of the

elliptical core and t the thickness of the shell (cf. Figure 1a). Vc and Vt are the volume of the

core and the total volume of the core plus the shell, respectively, while ηcore, ηshell and ηsolvent

are the scattering length densities of the core (crystalline PE), the shell (amorphous PE) and

the solvent (water), respectively. The scattering length densities were calculated using sasfit

SLD Calculator giving: ηPE crystallite = 9.716× 10−10cm−2, ηamorphous PE = 8.255× 10−10cm−2

and ηwater = 9.344× 10−10cm−2.
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Figure 2 shows the two main peaks of the diffraction planes (110) and (200) observed by

WAXS and characteristic of orthorhombic polyethylene.44

I (
a.

u.
)

2θ

5 10 15 20 25 30 35

exp. points
amorphous halo
diffraction peaks

ic =
Adiff. peak

Aamorphous halo+ Adiff. peak
× 100

Figure 2: Diffraction pattern of PE latex and determination of the crystallinity index using
log-normal peak fitting.

The diffraction peaks and the amorphous halo were fitted using a Gaussian function

which allowed us to calculate a crystallinity index (ic):

ic(%) =

∑

Apeak
∑

Apeak

∑

Ahalo
× 100

Where Apeak and Ahalo are the area of the crystalline peaks and the amorphous halo, respec-

tively.

The characteristic domain size (τ in Figure 1b) is obtained from the Scherrer equation:

τ =
Kλ

β cos θ

Where K is a dimensionless shape factor of about 0.9 under the assumption of a Gaussian

line shape, λ is the X-ray wavelength, β is the line broadening at half the maximum inten-

sity, after subtracting the instrumental line broadening in radians (determined using silver

behenate sample) and θ is the Bragg angle also in radians.
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Results and Discussion

At 100◦C, in the surfactant-free systems (i.e. samples A0 and C0), the scattering intensities of

the melted particles clearly show wavelets characteristic of a spherical form factor (Figure 3a

and c). These curves were fitted using a spherical form factor with a log-normal distribution

(red curves in Figure 3a and c), giving a mean particle radius of around 38 and 35 nm,

for A0 and C0, respectively, and in both cases, a standard deviation, σ, of 0.05. After

cooling down to 40◦C (Figure 3b and d) the particle size decreased and a broad correlation

peak appeared at higher q-range indicating the presence of crystalline domains within the

particles (see supplementary information Figure S4). We have plotted in Figure 4a the

evolution of the particle radius with the temperature (i.e. during the cooling process). The

size slowly decreased from 100 to 60◦C where the particles suddenly shrink to smaller sizes.

The evolution of the particle radius is consistent with the increase of the crystallinity index

measured by WAXS (see Figure 5). During cooling from 100 to 40◦C, the diffraction peaks

characteristic of orthorhombic PE appeared around 80◦C and increased in intensity more

or less steadily until about 60◦C where a corresponding increase of crystallinity index is

observed. At room temperature, large spherical nanoparticles were obtained (R ≈ 35 nm)

as previously evidenced by TEM and DLS (Table 2).14,15

In the presence of surfactant (i.e. samples AS and CS), the picture is quite different. At

100◦C, the scattering intensities of the melted particles (AS and CS) were also fitted using

a spherical form factor (Figure 6a and c) giving much smaller particle radius of around 10.5

nm. The evolution of the particle radius during cooling is reported in Figure 4b. The initial

melted nanoparticles shrink down until a temperature of 65◦C while remaining completely

amorphous (ic = 0 in Figure 5). This is the logical consequence of the negative thermal

expansion (i.e. ”thermal contraction”). Between 65 and 55◦C, the particle radius remained
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Figure 3: Synchrotron-SAXS analysis of PE latexes C0 (top) and A0 (bottom) obtained
without surfactant at 100 ◦C (left) and 40 ◦C (right), Fitting curves: form factor of poly-
disperse spheres plus an additional correlation peak (Teubner and Stray model) at 40 ◦C.
Cationic (C0) and anionic (A0) particles were obtained using respectively AIBA or APS as
initiator.
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more or less constant (Figure 4b) while crystallization was still not observed (i.e. the su-

percooling occurred). Around 55◦C and 50◦C, for cationic (CS) and anionic (AS) particles,

respectively, the crystallisation occurred suddenly (sharp bump in Figure 5). From the evolu-

tion of the crystallinity index, the Avrami exponent values could be calculated. One should

note that, in the present work, the Avrami’s exponents are derived from non-isothermal

experiments, while such kinetic investigations are usually carried out isothermally. Indeed,

the JMAK model assumes isokinetic conditions, i.e. nucleation and growth rates being time

independent. However, in the present case, crystallization occurred very rapidly (∆T < 2◦C)

and therefore we can assume that the isokinetic criteria is satisfied. The Avrami exponent

values were found to be 1.1 and 0.7 for AS and CS, respectively. These results compare well

with typical values obtained with other systems made of highly isolated PE micro-domains.

In such confined systems, one can reasonably assume that the growth is limited in all three

dimensions (i.e. point-like crystallization: ngd = 0), hence the crystallization kinetics is com-

pletely dominated by nucleation. Indeed, considering the enthalpy of fusion of PE (∆H) of

293 J g−1 (2.94×108 J m−3) and the surface energy of PE crystal (σ) of 0.7 J m−2,36,45 the

critical radius of the nuclei is about 5 nm (r∗ = 2σ
∆H ) which is of the same order of magnitude

as the crystallite dimension (Table 2). In this case, the crystallization kinetics is considered

to be dominated solely by the nucleation rate and thus the Avrami exponent is equal to the

nucleation term (n = nn ≈ 1), which suggests a sporadic (or homogeneous) nucleation.

Below Tc, when a broad correlation peak was added to the spherical form factor, the

obtained radius increased up to 12 nm which is physically unrealistic. Alternatively, the

increase in particle dimension observed here was likely the result of a change in the particle

morphology. Indeed, previous observation of both samples As and Cs by TEM showed a

non-spherical morphology.14,15 DLS measurements indicates a small average particle diame-

ter (Zave ≈ 25 nm) but very high poly values (poly ≈ 0.3 - 0.4) compared to the surfactant

free-system (poly ≈ 0.01 - 0.03). A closer examination of the DLS auto-correlation function

revealed the presence of a two-exponential decay, characteristic of two time-correlations (see
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area under the curve (i.e. crystalline peaks and amorphous halo).

14



Supplementary Information, Figure S2). This second time-correlation remained at high di-

lution and after filtration (0.22 µm) independently of the scattering angles (90◦ or 173◦),

thus the presence of large or aggregated particles can be ruled out. The shape of the au-

tocorrelation function could be the result of the non-spherical shape of the particles. For

anisotropic particles, both translational and rotational motion must be considered because

the light scattering depends on particle orientation.46–48 The Perrin friction factors were used

to calculate the characteristic dimensions of the ellipsoidal particles using the rotational and

translational diffusion coefficients determined from a double decay exponential fit of the au-

tocorrelation function (cf. Figure S3, Supplementary Information).49–52 The results of these

calculations are given in Table 2 and show good agreement with previous TEM observations.

These results also compared well with SAXS-scattering intensities fitted using the form fac-

tor of a core/shell ellipsoid. Note that the size of the core obtained by SAXS also agreed

with the dimensions of the crystallites measured by WAXS using the Scherrer equation (see

Table S7 and S8 in the Supplementary Information).

Table 2: Summary of the PE particle dimensions at room temperature measured by
synchrotron-SAXS and WAXS (Scherrer equation) and by DLS using either the cumulant
method for spherical particles (D = Zave) or the translational and rotational diffusion coef-
ficients for ellipsoidal particles (see Supplementary Information Table S2).

D (nm)a ϵa τa (nm) τ b (nm) D (nm)c ϵc

A0 72 1 15 14 82 1

C0 66 1 15 15 79 1

As 24 0.6 12 12 36 0.56

Cs 24 0.66 16 13 30 0.5
a, b and c measured by SAXS, WAXS and DLS respectively

D is the longest diameter of the ellipse (D = 2b+ 2t in Figure 1), ϵ= 2b+2t
2a+2t the eccentricity

of the ellipse (ϵ = 1 for a sphere) and τ the size of the crystalline domains (τ = 2b, see
Figure 1).
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Figure 6: Synchrotron-SAXS analysis of PE latexes CS (top) and AS (bottom), obtained in
the presence of surfactant at 100 ◦C (left) and 40◦C (right). Fitting curves: spherical form
factor at 100◦C plus an additional ellipsoidal core/shell form factor at 40◦C. Cationic (CS)
and anionic (AS) particles were obtained using respectively AIBA/CTAB and APS/SDS as
initiator/surfactant systems.
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The crystal thickness (8 nm) determined by SAXS (l = 2a in Figure 1b) and the crystal-

lization temperature, Tc = 45◦C, determined by DSC,14,15 fall on the same crystallization

line as for single PE nanocrystals obtained by Weber et al. (in Figure 4 of ref33). The

Gibbs-Thomson equation describes the evolution of the melting temperature as a function of

the lamella thickness and has recently been extended to the crystallization temperature:37

T ≈ T∞

mc

(2σac − 2σam)

∆Hmc

1

l

With T∞

mc the temperature of a virtual transition between the mesomorphic and the crys-

talline phases. σac and σam denote respective surface free energies between the amorphous

phase and either the crystalline or the mesomorphic phases, ∆Hmc the heat of transition

from the mesomorphic to the crystalline phase and l the lamella thickness. The exact value

of each constant from this extended-Gibbs-Thomson equation are still unknown but inter-

estingly one could note that the crystallization line plotted by Weber et al. used the data

obtained from rapid quenching of melted PE. In our case, the presence of a surfactant-covered

surface could act as an ”electrostatic quenching”. The same would probably apply to We-

ber’s nanocrystals obtained using the same anionic surfactant (SDS). The evolution of the

particle radius during supercooling provides crucial evidence of the proposed ”electrostatic

quenching” mechanism. The nanoparticles obtained in the presence of surfactant showed

very limited reduction in diameter, especially between 65 and 55◦C (Figure 4b). In this

temperature range, where the supercooling occurs, the dimensions of the particles remain

more or less constant. In other words, the thermal energy removed from the nanoparticles is

not compensated by the contraction of the polymer chains. This is equivalent to a significant

drop of the internal pressure of the particles, i.e. a temperature decrease at constant vol-

ume. This de-pressurization of the nanoparticles artificially maintains the PE at a constant

density instead of decreasing with the temperature, thus effectively hindering the crystal-

lization. Such shrinkage hindrance can be the result of strong Coulombic repulsions between
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surfactant charged groups present at the particle surface. The thermal energy removed from

the particles being stored as Coulomb repulsion on the particle surface, this prevents the

shrinkage and crystallization of the particles during supercooling. The surface could hold

this energy up to a point where the Coulombic repulsion becomes too strong so that the

system reaches the Rayleigh instability limit.53 The Rayleigh critical radius (rlimit, see Table

S11 in the supplementary Information) that can be reached by PE particles was estimated

from their surface charge (Q) and the cohesion energy of PE in water (γ = 30 J m−2).

Q =
√

64πϵ0ϵrγr3limit

⇒ rlimit =

(

Q2

64πϵ0ϵrγ

)1/3

where ϵ0 and ϵr are respectively the free space permittivity (8.85 × 10−12 F m−1) and the

relative permittivity of the solution (79.1 for water at 25◦C). The surface charge was esti-

mated assuming the presence of one initiator molecule per polymer chain and considering

that all surfactant molecules are located at the surface of the nanoparticles. The calculated

values of the Rayleigh critical radius (10.3 and 8.9 nm for AS and CS, respectively) show

good agreement with limiting particle radius during supercooling (Figure 4b) whereas for

A0 and C0 the particle radius remains above the critical Rayleigh radius (rlimit = 24.9 and

11.3 nm for AS and CS, respectively). Below 50 - 55◦C, the excess energy from the Coulomb

repulsion can trigger the expulsion of a surfactant molecule from the surface. The ejection of

one surfactant molecule will cause the surrounding neighbouring ones to follow in a process

similar to a Coulomb explosion. These rapid movements of the surfactant molecules prop-

agate along the surface as a shock wave which would strongly deform the particles. These

contractions of the particle could set off the rapid crystallization of the PE into a single

lamella and therefore cause the particles to collapse into an ellipsoidal shape.
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Conclusions

FRP of ethylene in aqueous medium under moderate pressure and temperature conditions

yields small anisotropic PE nanoparticles which exhibit a high degree of supercooling. In

situ synchrotron-SAXS/WAXS analyses of the crystallization kinetics and particle morphol-

ogy confirmed many of the recent finding on PE crystallization in confined micro-domains.

Low values of the Avrami exponent (n ≤ 1) are obtained under very strong confinement

(nano-domain). In this case, the crystallization kinetics is dominated by the nucleation rate

since the growth within such nanoparticles can be considered instantaneous. The enhanced

supercooling observed with such small particles (R ≈ 10 nm) scales as the inverse of the crys-

tal thickness. According to Strobl’s thermodynamic scheme, such relationship implies the

existence of an intermediate phase (mesomorphic phase) along the crystallization pathway.

The thickness of the lamella is the result of the reduced mobility of the PE chains at low

crystallization temperature (high supercooling). Finally, we propose a novel mechanism (i.e.

”electrostatic quenching”) explaining the origin of this enhanced supercooling in accordance

with the evolution of the particle morphology. The change of morphology (from spherical

to ellipsoidal particles) observed with small PE particles may be caused by the high charge

density of the surface provided by the ionic surfactant. During cooling, the particles shrink

down to the Rayleigh limit, hence provoking their strong deformation. These contractions

could set off the rapid crystallization of the PE into a single lamella and therefore induce

the collapsing of the particle into an ellipsoidal shape. The strong supercooling observed

with these PE nanoparticles can thus be related to the occurrence of an homogeneous nucle-

ation kinetic. However the high energy barrier responsible for this nucleation mechanism is

provided by the Coulomb repulsion of the surfactant heads present at the surface and thus

cannot be called true homogeneous nucleation.

Better understanding of PE crystallization is a field of tremendous interest because PE is

employed in a multitude of applications due to its low cost and tunable semicrystalline

properties. Among these applications, phase change material could be developed by taking
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advantage of the enhanced supercooling of confined PE. Furthermore, since PE is the most

utilized plastic, these dispersions are well-suited for studying the degradation of PE waste

in the environment, especially marine litter accumulated in the center of oceanic gyres.
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