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Methods for probing the long-range dynamic of
confined polymers in nanoparticles using small-
angle neutron scattering

Y. Rharbi, M. Yousfi, Lionel Porcar, and Q. Nawaz

Abstract: Motivated by the recent advances in new technologies, a lot of effort has been dedicated to developing methods
for quantifying the dynamic of nanoconfined polymers. Particularly, polymers confined in nanoparticles are an important
system for several environment-friendly applications such as waterborne coatings and nanoblends. In this work, we discuss
two methods to probe the large scale dynamic of nanoconfined polymers in nanoparticles in two situations: (i) nanoblends
and (ii) the close-packed structure. In the methods we apply stress at the nanoscopic level around the polystyrene particles
and we probe their deformation in real time using small-angle neutron scattering. These methods give new possibilities to
probe, in a nonintrusive manner, the dynamic of confined polymers in nanoparticles, which could ultimately bring conclu-
sive insight to this field.

Key words: polymer dynamic, confinement, nanoblends, polymer nanoparticles.

Résumé : Motivés par les développements récents dans les nouvelles technologies, beaucoup d’efforts ont été déployés
dans le but de mettre au point des méthodes permettant de quantifier la dynamique des polymères nanoconfinés. En parti-
culier, les polymères confinés dans des nanoparticules sont des systèmes importants pour plusieurs applications respectueu-
ses de l’environnement, tels les enduits et les mélanges aqueux. Dans ce travail, on discute de deux méthodes d’étudier la
dynamique à grande échelle des polymères nanoconfinés dans des nanoparticules, dans deux situations: (i) les nanomélan-
ges et (ii) la structure à grande compacité. Dans ces méthodes, on applique un stress au niveau nanoscopique autour des
particules de polystyrène et on étudie leur déformation en temps réel en faisant appel à la diffusion des neutrons à angles
faibles. Ces méthodes fournissent de nouvelles possibilités pour étudier, d’une façon non intrusive, la dynamique des poly-
mères confinés dans des nanoparticules et elles pourraient éventuellement permettre d’obtenir un éclairage conclusif pour
comprendre ce champ.

Mots-clés : dynamique des polymères, confinement, nanomélanges, nanoparticules de polymère.

[Traduit par la Rédaction]

Introduction

There are numerous indications that the dynamic of nano-
confined polymers near an interface deviates from that of
the bulk.1–23 This property is of great importance for several
nano-technological applications such as the elaboration and
stability of nanoscale polymer structures, adhesion, and en-
vironment-friendly coatings, among others. By far, thin film
is the most studied nanoconfinement geometry1–19 compared
to the other geometries: nanospheres20–23 and nanotubes.9

Numerous studies determined the existence of an impressive
depression of the nanoconfined glass transition temperature
(Tg) in supported and free-standing polystyrene (PS) thin
films.1–6 For supported films, the Tg was found to increase
or decrease depending on the nature of the substrate and the
polymer.1,2

The glass transition temperature in bulk polymers is usu-
ally linked to the segmental dynamic, thus, one expects the
activation of the dynamic to accompany the observed Tg re-
duction in confined systems.1 Therefore, several methods
were proposed to monitor the dynamic of confined polymers
at different length scales.7–19 The segmental dynamic in free-
standing PS films measured by means of dielectric relaxation
was found to be faster than the bulk, which is coherent with
the Tg reduction.7,8 On the other hand, the numerous methods
used to probe the large scale dynamic yielded different con-
clusions. For example, Reiter et al.10 used the dynamic of
dewetting of polystyrene on a solid substrate to extract infor-
mation on the dynamics of polymer chains. Roth and
Dutcher11 investigated the dynamic of thin films using hole-
opening experiments. Russell and co-workers12 used fluores-
cence recovery after photobleaching to measure the chain
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diffusion in polystyrene thin films and found a reduction of
the diffusion coefficient with decreasing film thickness.
They concluded that chain adsorption on the substrate is
what slows chain diffusion. O’Connell and McKenna13 car-
ried out mechanical tests using the ‘‘bubble inflation’’ techni-
que on ultrathin films and suggested a strong reduction of
rubbery compliance as the film thickness decreases, which
could mean a higher entanglement density than in the bulk.
Bodiguel and Fretigny14 monitored the dynamic of contrac-
tion in free-standing thin films under the action of surface
tension and did not find any variation of the rubbery plateau.
However, they reported a reduction of the viscosity with de-
creasing film thickness.14 Si et al.15 performed stretching
experiments on free-standing films and proposed that intra-
chain entanglement decreases with decreasing film thickness.
Recently, several researchers investigated the dynamics of
the free surface layer of polystyrene films by looking at the
time dependence of hole closure.16–19 Reference 16 sug-
gested that the relaxation of the free surface exhibits a bulk
behavior for temperatures close to the bulk Tg and then
strongly deviates from the bulk relaxation for temperatures
below the Tg. To explain the discrepancy between the results
of the literature there is still a need to develop new methods
to precisely probe the dynamic of confined polymers.

The confinement of polymers in nanoparticles is impor-
tant in many environmental applications:20,21 blends, copoly-
mers, nanocomposites, colloids, coatings, and so forth. One
example is zero volatile organic compound (VOC) coatings,
where polymer nanoparticles are used in the film-making
process.22–26 VOCs are used in coatings to lower the particle
Tg and to soften the particle, which permits the fabrication
of crack-free films at room temperature.20,21 If the polymer
dynamic is activated and the Tg decreases by decreasing the
nanoparticle size, the use of VOCs could be avoided, which
would have a positive impact on the environment. Another
example is in nanoblends, where hard polymer nanoparticles
are used to reinforce soft matrices. If confinement in this ap-
plication causes the reduction of the hard particles’ Tg and
the activation of the polymer dynamics, reducing the particle
size would be counterproductive for reinforcement since it
would cause the softening of the hard particles.27,28 Thus,
there is a real need to develop appropriate methods to meas-
ure the dynamics of polymer in nanoparticles.

In this paper, we discuss two methods to monitor the
large scale dynamic of polystyrene in nanoparticles in two
situations: polymer particles in nanoblends and polymer par-
ticles in a close-packed structure. We apply stress to the par-
ticles at the nanoscopic level using various procedures and
we probe the deformation of the particle in real time by
means of small-angle neutron scattering. Particle deforma-
tion is then used to quantify the dynamic of confined poly-
styrene in nanoparticles. Recently, we proposed a method
for probing the dynamic of polystyrene nanoparticles in
nanoblends28 and we applied it to a single particle size
(80 nm). In the present paper, we first extend these results
by discussing the effect of particle. Secondly, we discuss
how the void closure between close packed particles could
be used to monitor the absolute values of the relaxation
time of polymer nanoparticles.

Experimental

Materials
Monomers, deuterated styrene (D8, Sigma-Aldrich, 99%),

nondeuterated styrene (Sigma-Aldrich, 99%), butyl acrylate
(Sigma-Aldrich, 99%), butyl methacrylate (Sigma-Aldrich,
99%), and cross-linker, ethylene glycol dimethylacrylate
(EGDMA), were used as received. The surfactant, sodium
dodecyl sulfate (SDS, Sigma-Aldrich, 99%), the initiator,
potassium persulfate (KPS, Sigma-Aldrich, 98%), and buffer
sodium bicarbonate were used as received. Double deionized
water was used in the emulsion polymerization.

Synthesis
Poly(butyl methacrylate) (PBMA), poly(butyl acrylate)

(PBA), deuterated polystyrene (dPS), and hydrogenated pol-
ystyrene (PS) particles were prepared using emulsion poly-
merization at 80 8C. The polymer concentrations in water
were 10 wt% for the PBMA, 10 wt% PS, and 2 wt% for
dPS. The PBMA particles were cross-linked at 10% using
ethylene glycol dimethylacrylate (EGDMA) during the poly-
merization. The PBMA and PS nanoparticles were prepared
in a standard three-neck round flask (500 mL) with a con-
denser and a nitrogen inlet. For the preparation of PBMA,
the mixture (26 g) of the cross-linker (EGDMA) and mono-
mer (BMA) were added to the predegassed SDS (3 g)/water
(250 g) solution, which had previously been heated at 80 8C.
The solution was vigorously agitated for 20 min before the
initiator was added. A solution of the initiator KPS (33 mg)
in water (1.7 g) was added to the reaction. After 4 h, another
solution of the KPS (5.4 mg) in water (0.7 g) was added to
polymerize all the nonreacted styrene monomer.

The dPS was either prepared from pure deuterated styrene
(D8) or from a 50/50 wt% mixture of deutertaed styrene (D8)
and hydrogenated styrene. The dPS particles were prepared
in a 50 mL minireactor equipped with a gas inlet and a
homemade minicondenser. The size of the dPS particles
was controlled by varying the added amount of surfactant in
the reaction. The mixture of water (18 g) and SDS was
heated to 80 8C, under nitrogen flux for 20 min and then
0.3 g of styrene monomer (50/50 wt% deuterated and hydro-
genated) was added. A solution of the initiator KPS (14 mg)
in water (0.5 g) was added to the reaction. After 4 h, another
solution of the KPS (1.4 mg) in water (0.25 g) was added to
polymerize all the nonreacted styrene monomer. The SDS
concentration was varied to control the size of the particles.

The surfactant and free ions were removed from the dis-
persions using a mixture of anionic and cationic exchange
resins (Dowex, Sigma-Aldrich). The suspensions were
cleaned a few minutes prior to film preparation.

Polymer and particle characterization
Particle diameters (D) were measured using quasi elastic

light scattering (QELS) (Malvern 5000) at a 908 angle. The
molecular weight was measured using gas permeation chro-
matography (GPC) in tetrahydrofuran (THF). The molecular
weight of PS-93 was found to be Mw & 280 000 kg/mol and
its Mn & 92 000 kg/mol. For dPS-5 the Mw = 371 000 kg/mol
and the Mn = 216 000 kg/mol.

The bulk glass transition temperature of polystyrene was
measured by differential scanning calorimetry (DSC, Mettler
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Toledo DSC 823) during the heating step at a rate of
10 K/min for polystyrene and 40 K/min for highly cross-
linked PBMA. The powder dried at 45 8C, was added to the
DSC pan, and annealed for 10 min at 140 8C to remove the
thermal history before the first DSC scan. The Tg is taken as
the midpoint in the DSC trace, and in Table 1, we report the
Tg value from the first run. Also in Table 1, we list the prop-
erties of dPS and cross-linked PBMA.

Preparation of the samples for the neutron scattering
The surfactant and free ions were removed from the dis-

persions using a mixture of anionic and cationic exchange
resins (Dowex, Sigma-Aldrich). The dPS-5 suspension was
annealed in a stainless steel bomb at 120 8C for 20 min to
release their thermal histories.

The nanoblends were prepared by mixing dPS and PBMA
dispersions to make dPS concentrations of 2 wt% of the
solid PBMA. The blends containing dPS-1 and dPS-6 were
prepared using PBMA (lot 2) and dPS-5 was prepared from
a PBMA (lot 1). Cracked films were obtained after water
evaporation at 56 8C. The hydrogenated PS samples were
prepared by drying the PS suspension at 45 8C for 48 h.
This yielded a cracked PS powder.

SANS experiments
The small-angle neutron scattering (SANS) experiments

were carried out on spectrometer PAXY of Laboratoire Léon
Brillouin (LLB, Saclay, France) at the reactor Orphée Saclay
and at D22 and D11 of Institut Laué-Langevin (ILL, Greno-
ble, France). The scattered neutrons, collected on an XY bidi-
mensional multidetector, were circularly averaged to obtain
spectra of intensities (I) versus the magnitude of the scatter-
ing wave vector (Q). Several configurations of the wave-
lengths and sample-to-detector distances were chosen to
yield a range of Q values between 2 � 10–3 and 1 � 10–1 Å–1.

The nanoblend samples were prepared by gently grinding
the cracked films into a powder with grains of 0.5 mm
beads. This powder (105 mg) was then introduced between
two quartz disks separated by a spacer of 12 mm inner di-
ameter and 1.2 mm thickness. The nanoblends were an-
nealed (in situ), the sample was positioned in the neutron
beam in a homemade oven equipped with two quartz win-
dows and was heated to the desired temperature during the
SANS measurements. The sample temperatures were moni-
tored using a thin thermocouple placed in the proximity of
the sample. The sample temperature was found to reach the
desired temperature within 2 min. Neutron spectra were
taken for 1 min at various annealing times.

The PS samples were separated into several samples of
0.2 g placed in glass bottles. Each of these samples were an-
nealed at 100 8C ± 0.2 8C for a given time between 1 min
and 2 h. The samples were then gently grinded into 0.5 mm
beads. This powder (0.09 ± 0.002 g) was then placed be-
tween two pieces of aluminum scotch tape (0.1 mm thick)

separated by a spacer of 14 mm inner diameter and 0.8 mm
thickness. The powder was then pressed using 15 kgf/cm2

(1 kgf/cm2 = 98.0665 kPa) to obtain a homogeneous film
thickness of 0.8 mm.

Results and discussion
A good protocol to monitor the dynamic of polymer nano-

particles requires (i) that a stress is applied to the particle at
the nanoscopic level and (ii) a sensitive method to monitor
the change in the particle shape during its deformation.
From the time dependence of the particle shape one can de-
duce the relaxation time of the polymer and its dependence
on the temperature and the confinement condition. We apply
this procedure to probe the dynamic of polystyrene in two
different environments: (i) polystyrene dispersed in nano-
blends and (ii) close-packed polystyrene particles.

Protocol for measuring the dynamic of polystyrene
nanoparticles in nanoblends

In a previous report, we proposed a new method to apply
the stress locally to the polystyrene nanoparticles dispersed
in nanoblends by using the following procedure:28 Nano-
blends composed of colloidal suspensions of cross-linked
PBMA and 2% dPS nanoparticles were prepared via water
evaporation, see Scheme 1. These blends were prepared at
temperatures above the Tg of cross-linked PBMA particles
(T g

PBMA) and well below the Tg of PS (T g
PS). This should

lead to a deformation of the PBMA particles under capillary
pressure (PLap = 12.9gaw/R * 23 MPa, where gaw is the sur-
face tension of air/water and R is the radius of the particle)
filling the voids between them while the glassy dPS nano-
particles remain spherical. With PLap * 23 MPa, the glassy
PS particles with a modulus G ~ GPa should remain spheri-
cal at the temperature of film formation (T f). The cross-
linked PBMA particles, which exhibit an elastic modulus of
G < 23 MPa are expected to deform under PLap * 23 MPa
for T f > T g

PBMA. This leads to storage of elastic energy
within the PBMA nanoparticles.

After annealing the nanoblends above the T g
PS, the PBMA

around the PS release the stored elastic energy by partially
regaining their spherical shape, which induces the deforma-
tion of the PS particles (Scheme 1). SANS is then used to
monitor the evolution of the shape of the PS particle and to
quantify the dynamic of the confined polystyrene.

The adequate procedure to obtain individual nanoparticles
in nanoblends

To properly study the confined PS in nanoblends, one
should first succeed in making films containing PS particles
individually dispersed within cross-linked matrices. When
the PS and the matrix-forming particles are mixed at low
concentrations, they remain stable in water because of elec-
trostatic repulsion. The idealistic situation to obtain a con-

Table. 1. Properties of the PBMA and PS samples.

PBMA-10 PBA-10 dPS-5 dPS-6 dPS-1 PS-93
Cross-linking percentage 10% 10% 0% 0% 0% 0%
Particle diameter (nm) 55 50 80 77 30 93
Tg (8C) 55 103 103 99 104.4
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trolled dispersion at the nanoscopic level is that the two par-
ticles remain stable throughout the whole water evaporation
process. During water evaporation the particle concentration
increases, which could affect the stability of the different
particles.

In Fig. 1, we compare the SANS spectra of 30 nm dPS
particles dispersed in PBA and PBMA matrices. The spectra
of dPS in a PBA matrix exhibit a strong scattering for
q ? 0, which could be fitted to a power law with an expo-
nent of –2.85. This suggests that dPS particles form large
aggregates of dPS particles in the PBA matrix. On the other
hand, the spectra of the same dPS particles in PBMA yields
a low scattering intensity for q ? 0, which suggests that
dPS are individually dispersed within the PBMA matrix. As
we showed before when the PS and PBMA suspensions are
cleaned using the ion exchange procedure, one can obtain
nanoblends with perfect dispersion of the PS in the
PBMA.27 On the other hand, we could not obtain individual
PS particles in the PBA even when both suspensions are
cleaned in the same procedure as in the PS/PBMA. This
shows that the ability to obtain nonaggregated particles in
the blends depends on the physicochemical properties of the
two particles during evaporation. In the following, we focus
our discussion on the nanoblends of dPS in the PBMA ma-
trix.

The SANS spectra of blends containing 2 wt% dPS (30,
77, and 80 nm) dispersed in a 10% cross-linked PBMA ma-
trix exhibit a continuously decreasing scattering intensity,
I(q) (Fig. 2). The I(q) were found to fit well to the P(q) of
polydispersed hard spheres (Fig. 2). The best fit was found
to yield for dPS-6 (77 nm) a mean particle diameter of
73 nm and for the dPS-1 (30 nm) a particle diameter of
28 nm. These diameters are similar to those from quasi elas-
tic light scattering. This infers that the dPS nanoparticles are
individually dispersed within the PBMA matrices and re-
main spherical in the blends. The intensity, I(q), can be writ-
ten as I(q) = P(q)�S(q) where P(q) is the form factor and
S(q) is the structure factor of the dPS particles. S(q) & 1

because of a low dPS concentration and the absence of se-
lective aggregation. The spectra in Fig. 2 also imply that
the cross-linked PBMA particles are deformed under Lap-
lace pressure to fill the interstices. If not, a strong scattering
peak from the PBMA matrix at q = 2p/DPBMA = 0.01 Å–1

would be visible, similar to that observed in glassy PS par-
ticles as will be discussed later.

Change of the shape of the particle after annealing
When the nanoblends of 77 nm dPS nanoparticles in 10%

cross-linked PBMA are annealed above the bulk Tg, the
shape of the dPS particles changes remarkably. The oscilla-
tions of the scattering spectra disappear and the intensity,
I(q), decreases for q < 0.01 Å–1 and increases for

Fig. 1. SANS spectra of films made from 2 wt% deuterated poly-
styrene particles (30 nm) dispersed in a 10% cross-linked PBA ma-
trix (&) and in 10% cross-linked PBMA matrix (&). The films
were prepared via evaporation at 56 8C of a mixture of dPS/PBMA
(&) and dPS/PBA (&) suspensions.

Scheme 1. Description of the procedure for measuring the dynamic of PS in nanoblends. Step 1 is the procedure of nanoblends preparation
and step 2 is the procedure for annealing the nanoblends (reproduced from ref. 28).
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q > 0.01 Å–1. This observation is found to be the same as
the 80 nm dPS sample (dPS-5) reported previously.28 The
30 nm particle also clearly shows the decrease of the inten-
sity at q values after annealing. The evolution of the SANS
spectra shows that the shape of the dPS nanoparticles
evolves during the annealing process. We have shown previ-
ously that such change results from a deformation of the in-
dividual dPS particles during annealing.28 One could
imagine that the change in the SANS spectra results from
penetration of deuterated polystyrene chains in the PBMA
matrix or fusion of dPS particles. Fusion is unlikely because
it results in large particles with a lower total surface area.
This specific interface area between the dPS and the PBMA
is estimated using the Porod law as q4�I(q) at large q values.
The average value of q4�I(q) is found to triple after anneal-
ing, contrary to what is expected in fusion (Fig. 3 from ref.
28). Furthermore, since fusion yields large particles, a high
scattering intensity for q ? 0 is expected (I (0) ~ 4�Vpart,
where 4 is the volume fraction and Vpart is the volume of
the particles). In fact, the measured I(q) for low q after an-
nealing is lower than I(q) of the nonannealed films in the
range of q values investigated. This could mean that the vol-
ume of dPS particles remain unchanged despite the change
in their shape. One could also imagine that the change in
the SANS spectra results from penetration of deuterated pol-
ystyrene chains in the PBMA matrix. Polystyrene and un-
cross-linked PBMA form an interface which is a few
nanometers thick,29 whereas highly cross-linked PBMA is

likely to inhibit the interpenetration of the polymers. If pen-
etration of dPS into the PBMA matrix is what causes the ob-
served transformation in the SANS spectra, then the change
should be more enhanced in low cross-linked PBMA matri-
ces. In contrast with this, the spectra of films made of low
cross-linked PBMA matrices remain slightly the same upon
annealing (Fig. 4 from ref. 28). It is therefore clear that fu-
sion of dPS nanoparticles and penetration of dPS into the
PBMA matrix are not responsible for the observed transfor-
mation of the SANS spectra upon annealing. The change of
SANS spectra most likely results from the deformation of
individual polystyrene nanoparticles, which is dictated by
the behavior of the surrounding cross-linked PBMA par-
ticles. During annealing, the cross-linked PBMA particles
regain their spherical shape and squeeze the dPS particles
between them. Such mechanism is likely to produce a dPS
nanoparticle with an elongated shape with many branches.
The simplest picture is that the dPS nanoparticles deform
into a star-like shape with 12 branches according to
Scheme 1.

Dynamics of deformation of polystyrene confined in
nanoblends at temperatures above the bulk glass transition

The shape of the spectra of 77 nm dPS in a 10% cross-
linked PBMA matrix continuously changes during annealing
at 140 8C: the intensity at low q decreases and that of large
q increases (Fig. 3a). The evolution of the spectra with time
reflects the change in the particles’ shape during their defor-
mation. Annealing the nanoblends with 30 nm particles at
140 8C gives the same behavior as the 77 nm particles
(Fig. 3b): the intensity decreases in the low q range. This
shows that this procedure can be used to test the dynamic
of dPS particles in nanoblends for particles as small as
30 nm.

To quantify the dynamics of polystyrene particles in
nanoblends, we can either use (i) the change of the scatter-
ing intensity at various q values, I(q,t), or (ii) the variation
of the gyration radius, Rg, of the dPS particle with time. In
Fig. 4a, we show the scattering intensity at various q values
for 77 nm dPS particles in 10% cross-linked PBMA matrix
annealed at 140 8C. These plots fit perfectly to a stretched
exponential with an exponent of b = 0.6 (Fig. 5) and a re-
laxation time, t, which depends on the q value. The reliabil-
ity of the fit and the estimation of the error bar in b and t

are estimated from the width of the minimum of the least-
squares plots versus b and t. The magnitude of change in
the scattering intensity during annealing decreases when
one approaches the minimum of P(q), which makes it diffi-
cult to monitor the dynamic for q > 0.005 Å–1 for 77 nm and
q > 0.01 Å–1 for 30 nm particles.

The Rg(t) at various annealing times is calculated by fit-
ting the low q values of I(q) using the Guinier representa-
tion, ln(I(q)) = ln(I(0)) – q2�Rg

2/3. The Rg(t)/Rg(0) decay for
77 nm dPS fits perfectly to a stretched exponential with a
decay time of tR g = 25 min and b = 0.64 (Fig. 6). This be-
havior is exactly the same as that found previously on
80 nm particles;28 however, the exponent was found to be
b = 0.716 ± 3%, which is slightly higher than that found
here. This infers that the exponent depends slightly on the
property of the dPS particle and the surrounding matrix.

Fig. 2. SANS spectra of films made from 2 wt% deuterated poly-
styrene particles dispersed in a 10% cross-linked PBMA matrix:
(a) 77 nm dPS (PS-6) and (b) 30 nm dPS (PS-1) particles. The
films were prepared from a mixture of two suspensions: 10% cross-
linked PBMA particles (56 nm) and dPS nanoparticles. The films
were prepared by evaporation at 56 8C (above the Tg of PBMA and
below Tg of dPS). The SANS curves are fitted to a form factor of
(a) polydispersed spheres with a diameter of 73 nm and a polydis-
persity of PDI = 7% and (b) to polydispersed spheres with a dia-
meter of 28 nm. (Insert: SANS of 80 nm particle (dPS-5) for a wide
range of q, up to q = 0.1 Å–1, fitted to a factor of spherical parti-
cle.)
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The time decay of the scattering intensity of the 30 nm
particle was also found to fit to a stretched exponential with
an exponent b = 5 for q < 0.01 Å–1, which is slightly lower
than that calculated in large particles (Fig. 5). The relaxation
of the bulk PS is well-accepted to be a stretched exponential

with an exponent of 0.4.30 The exponent, b, in our experi-
ment reflects the change in the spreading mechanism of the
dPS particle between the PBMA particles and therefore con-
tains information on the exponent of the polymer relaxation
as well as other parameters such as the particle size.

Fig. 3. (a) The scattering spectra plotted for various annealing times for 77 nm dPS nanoparticles in a 10% cross-linked PBMA matrix
before annealing (&) and at 4 (&), 17 (D), and 37 min (~). (b) The scattering spectra plotted for various annealing times for 30 nm dPS
nanoparticles in a 10% cross-linked PBMA matrix. The films were annealed at 140 8C.

Fig. 4. The evolution of the scattering intensity at various q values, as a function of the annealing time for blends made from (a) 77 nm dPS
nanoparticles and (b) 30 nm particles. The plot is fitted to a stretched exponential (continuous lines).

Fig. 5. The exponent b of the fit of the decays (I(q, t)) in Fig. 4 to a stretched exponential (I(q,t) = I(q,0)exp – (t/t)b), plotted against the q
values for (a) 30 nm particles and (b) 77 nm particles.
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The appropriate parameter to characterize the stretched
exponential dynamic is the average relaxation time, <t>,
which is calculated as <t> = $exp(–(t/t)b)dt using the t and
b values.31 The <t (q)> in 77 nm dPS particles decreases
with increasing q from 16.6 min to 11.4 min for q values
between 2.58 � 10–3 Å–1 and 5.1 � 10–3 Å–1 (Fig. 7a). For
30 nm dPS <t> was also found to decrease with increasing
q in the same manner as the 77 nm particles (Fig. 7b). Such
tendency is similar to that reported previously on dPS-6.
Since I(q) at each q value portrays the density fluctuations
with a size of x = 2p/q, <t (q)> also describes the relaxation
dynamic of the density fluctuation with a size of x. Larger
fluctuations would require more time to change than a
smaller fluctuation. Therefore, <t (q)> increases with in-
creasing x and thus increases with deceasing q. For q ap-
proaching q = 0, <t (q)> converges toward the relaxation
time of the gyration radius, <tR g>, which is the largest size
of the system, <t (q)>R g = 34 min.

The <t (q)> of 30 nm particles is found to be larger than
the <t (q)> of 77 nm when measured at the same q values
(Fig. 7b). The <t (q)> and <tR g> describe the dynamic of
particle deformation under the applied stress, s (t), and de-
pends directly on the relaxation time of the confined poly-
mer (ta). During the film formation, PBMA particles
around smaller dPS particles undergo a small deformation
as compared to around large particles, thus, they store less
stress. Therefore, one expects smaller particles to deform
more slowly than large ones if the PS behaves dynamically
in the same manner in the two particles. To derive ta
from <t (q)> and <tR g> , we assume the polymer to exhibit
a single exponential relaxation with a time ta and use the
following differential equation (eq. [1]).

½1� dsðtÞ
dt
þ sðtÞ

ta
¼ G

d3ðtÞ
dt

where G is the high shear modulus and the deformation
strain, (3(t)), defined by Rg(t)/Rg(0) or I(q,t)/I(q,0). Equation
[1] applies only if the time and the position dependence of

3(t) and s (t) can be separated. It is easy to accept that the
stored strain, s(t), decrease with increasing the time in the
same manner as 3(t). If we take 3(t) and s(t) as exponential
with relaxation time, <t (q)> or <t R g> , we found

½2� hti � G

sð0Þ ta

The PBMA particles around small dPS particles undergo
a small deformation compared to around large dPS ones.
Thus, one expects the stored stress, s(0), in the case of small
dPS particles to be lower than that in large ones. If we take
s(0) to be proportional to the dPS particle diameter, D (s(0)
! D), we found ta ! <t> . D. In Fig. 8, we compare the
plots <t> . D versus q for 77 nm and 30 nm dPS particles.
The <t> . D of 30 nm particles is found to be lower than
that of 77 nm, which could infer that the relaxation time of
confined polystyrene, ta, of 30 nm is smaller than that of
77 nm.

The decay times, <t (q)> and <tR g>, contain useful infor-
mation about the relaxation time of the confined polystyrene
in the nanoparticles in nanoblends. The evolution of these
times with temperature and the particle size will be used to
obtain information on the effect of confinement on the poly-
mer dynamic.

Protocol for measuring the dynamic of polystyrene
nanoparticles in a close-packed structure

To apply the stress locally to polymer nanoparticles, we
also propose the following procedure: When suspensions of
polymer particles are evaporated below the glass transition
temperature (Tg) of the polymer, the particles remain spheri-
cal and form a close-packed structure separated with voids
(Scheme 2, stage II). The presence of a large interface area
(polymer/air) in the voids makes the particles a confined
system, which could affect the polymer dynamic and, conse-
quently, the kinetic of particle deformation and void closure.
The presence of the voids applies Laplace pressure in the in-
terstices due to the air/polystyrene surface tension (gp/a),
PLap = agp/a /R, gp/a = 0.03 N/m2. This tends to deform the
particle and close the voids to yield a bulk-like polymer
(Scheme 2, stage III). If the particles are glassy, the voids
should remain unaffected by Laplace pressure during the
time of the experiment, and when the system is annealed
above the polymer Tg, the particles deform and the voids
close. If one can probe the closure of the interstices, then
this can be used as a nonintrusive method to study the dy-
namic of confined polymers in nanoparticles. We used the
small-angle neutron scattering technique to probe the defor-
mation of the particles during annealing. Previous experi-
ments used atomic force microscopy to monitor the change
in the free surface corrugation during annealing of submi-
cron size particles.32–35 The dynamic of free surface corruga-
tion in polyacrylate was found to be similar to the bulk
dynamic.34,35

The SANS spectra of films made from 93 nm PS particles
at 45 8C before annealing exhibit a well-defined narrow first
peak followed by two small peaks (Fig. 9). The position of
the first peak, q*, corresponds to a characteristic distance of
D* = 2p(3/2)1/2/q* = 99 nm, which is almost equal to the
hydrodynamic diameter of the particles measured by dy-
namic light scattering. It is well-accepted that the drying of

Fig. 6. Rg(t) vs. the annealing time for blends made from 77 nm
dPS nanoparticles in 10% cross-linked PBMA annealed at 140 8C.
Rg is calculated using the Guinier representation.
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suspensions of monodispersed particles form a face centered
cubic structure (FCC).25 The contrast in the neutron scatter-
ing comes from the difference between the PS in the par-
ticles and the voids between them. The strong contrast in
the SANS when the suspensions are dried below Tg infers
that the particles remain spherical and separated with voids
(Scheme 1, stage II).

Dynamic of void closure in 93 nm particles at the bulk Tg

When the PS samples are annealed at 100 8C both the
first, second, and the third peaks decrease progressively and
broaden during annealing (Fig. 9). After 30 min, the second
peak disappears while the first peak turns into a broad max-
imum, and at 60 min both peaks have disappeared. The in-
tensity measured at the first peak decreases steadily during
annealing until it becomes purely the incoherent scattering
from the PS (Fig. 10). The steady decrease of the intensity
results from the progressive closure of the voids under the
action of Laplace pressure. The scattering intensity varies as
I(t) ! (Vvoids(t))2, where Vvoids is the volume of the voids
between the particles. A random close-packed structure cor-
responds to a volume fraction of the solid of 0.64 and frac-

tion of the voids of 0.36.36 Thus, the intensity can be written
as I(t) ! (Vvoids(0))2(0.36 – 3(t))2, where 3(t) is the deforma-
tion strain of the sample and Vvoids(0) is the initial volume of
the voids or I(t)/ I(0) ! ((0.36 – 3(t))/(0.36 – 3(0))2.

Using a generalized Hertezian model37,38 for the deforma-
tion of particles in a close-packed morphology, and assum-
ing film shrinking occurs in the z direction, the governing
equation can be written as eq. [3] when the deformation is
averaged over all directions and over the entire film.36

½3�
6:69ð1� nÞgp=a

R
¼
Z t

0

Gðt � t0Þ d3
3=2

dt0
dt0

where G(t) is time dependent shear stress, gp/a is the surface
tension between the PS and air, n is the Poisson’s ratio of
polystyrene (n = 0.33), and R is the particle radius.

Near Tg and for short times, the compliance of PS is do-
minated by the glassy relaxation process.47 If we assume the
PS in this condition to exhibit a single relaxation time,
t(G(t) is an exponential), the tclose can be calculated from
eq. [3] as the time for which 3(tclose) = 0.36 to give eq. [4]:

½4� tclose �
0:0479 G

gp=a

R � t

where G is the high frequency shear stress (G * 1 GPa) and
R the particle radius. From eq. [4], we can estimate t &
37 s for D = 93 nm. When the relaxation time was calcu-
lated by numerically resolving eq. [3], using the strain 3(t)
from I(t)/I(0) ! ((0.36 – 3(t))/(0.36 – 3(0))2 we found t &
44 s. The polystyrene dynamic in the glassy regime near the
Tg is more likely to be a stretched exponential (G(t) =
exp(–(t/t)b)) with an exponent b = 0.4.30,39 In this case, we
estimated the average relaxation time, <t> (<t> =
$exp(–(t/t)b)dt), by numerically resolving eq. [3] with 3(t)
from I(t)/I(0) ! ((0.36 – 3(t))/(0.36 – 3(0))2, which leads
to <t> & 47 s. This shows that the various methods for cal-
culating the relaxation time yield similar values.

Contrary to the first method described here, this method
gives an absolute value of the relaxation time of the con-
fined polystyrene in nanoparticles. The evolution of <t>
with a change in temperature and particle size will be used

Fig. 7. (a) Average relaxation time, <t(q)>, plotted against q for blends of 77 nm dPS particles in 10% cross-linked PBMA matrix. <t(q)> is
calculated from the fit of the scattering intensities (I(q) vs. time) to a stretched exponential (Fig. 4). (b) Comparison of the plots <t(q)> vs. q
of the 77 nm (dPS-6) (&) and 30 nm dPS-1 (&) particles. <t(q)> is calculated from the fit of the scattering intensities (I(q,t)) to a stretched
exponential.

Fig. 8. Relaxation time, <t(q)> . D plotted against q for 77 nm
(dPS-6) (&) and 30 nm dPS-1 (&). <t(q)> is calculated from the
fit of the scattering intensities (I(q) vs. time) to a stretched expo-
nential.
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in further work to obtain information on the effect of con-
finement on the polymer dynamic.

Conclusion
We presented two methods to probe the dynamic of poly-

mers in nanoparticles in two different environments:
(i) nanoblends and (ii) close-packed structures. We use neu-
tron scattering to probe the kinetic of nanoparticle deforma-
tion under the action of applied stress at the nanoscopic
level. For the nanoblends, we prepared the samples by water
evaporation of suspensions of glassy PS and elastic PBMA
(cross-linked) nanoparticles at T g

PBMA < T ev < T g
PS. This

leads to storage of elastic stress in the cross-linked PBMA
particles around the PS. During annealing at T annealing >
T g

PS, the PS particles deform, and this deformation is probed
by SANS. The characteristic time from this method can be
used to obtain information on the relaxation time of con-
fined PS nanoparticles in nanoblends. In the close-packed
structure, the voids between the spherical particles apply
Laplace pressure to the particles, which deforms the particle
and closes the voids. The kinetic of void closure is used to
obtain information on the dynamic of confined PS in nano-
particles. These two methods give new possibilities to probe,
in a nonintrusive manner, the dynamic of confined polymers
in nanoparticles, which ultimately could bring conclusive in-
sight in this field.
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