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Abstract:Boththedispersionstateofnanoparticles(NPs)withinpolymernanocomposites(PNCs)

andthedynamicalstateofthepolymeralteredbythepresenceoftheNP/polymerinterfaceshave

astrongimpactonthemacroscopicpropertiesofPNCs.Inparticular,mechanicalpropertiesare

stronglyaffectedbypercolationofhardphases,whichmaybeNPnetworks,dynamicallymodified

polymerregions,orcombinationsofboth.Inthisarticle,theimpactondispersionanddynamicsof

surfacemodificationoftheNPsbyshortmonomethoxysilaneswitheightcarbonsinthealkylpart

(C8)isstudied.Asafunctionofgraftingdensityandparticlecontent,polymerdynamicsisfollowed

bybroadbanddielectricspectroscopyandanalyzedbyaninterfaciallayermodel,whereastheparticle

dispersionisinvestigatedbysmall-angleX-rayscatteringandanalyzedbyreverseMonteCarlo

simulations.NPdispersionsarefoundtobedestabilizedonlyatthehighestgrafting.Theinterfacial

layerformalismallowstheclearidentificationofthevolumefractionofinterfacialpolymer,withits

characteristictime.Thestrongestdynamicalslow-downinthepolymerisfoundforunmodifiedNPs,

whilegraftingweakensthiseffectprogressively.Thecombinationofallthreetechniquesenables

auniquemeasurementofthetruethicknessoftheinterfaciallayer,whichisca.5nm.Finally,

thecomparisonbetweenlonger(C18)andshorter(C8)graftsprovidesunprecedentedinsightinto

theefficacyandtunabilityofsurfacemodification.ItisshownthatC8-graftingallowsforamore

progressivetuning,whichgoesbeyondapuremasseffect.

Keywords:nanoparticles;surfacemodification;segmentaldynamics;slow-down;interfacialpolymer

layer;interlayerthickness;reverseMonteCarlo;SAXS

1.Introduction

Theversatilityofthe(mechanical,electrical,etc.)propertiesofpolymernanocompos-

ites(PNCs)dependsprimarilyonthesystemunderstudy,namelythetype,properties,and

crosslinkingofthepolymer,andthesize,surfacechemistry,anddispersionofthefiller

nanoparticles(NPs)[1–4].Differentchemistriesinducedifferentparticleinteractions,and

thuscontributetoformingdifferentNPdispersions,whichmayrangefromindividually

dispersedtonetworks,withobviousconsequencesforthemechanicalproperties[5–9].

Foragivensystem,itispossibletotunetheseNPinteractionsbysurfacemodification

usingsmallsilanemolecules[10,11].Thelatterimpactnotonlytheinterparticlepotentials,

butalsothepolymer–particleinteractions.Theseinteractionsmayincludemodification

ofvander Waalsinteractions[12],oreffectsonthemonomercageandelasticbarriers

governingthesegmentaldynamicsduetothechangeofsurfacenature(androughness)

fromhardtosoftsurfaces[13–15].ThepresenceofthecoatingofthesilicaNPsintroduces

adifferentphysicalchemistryintermsofdielectricstrength,hydrophobicity,rugosity,and

hardness,thelatteraffectingdynamicalcagingconstraints.Inthisarticle,wetherefore
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refer to the sum of the possible effects of the surface modification on polymer–particle
interactions as “screening”, as we cannot disentangle them in our experiments. Depending
on these interactions, the thermodynamic properties of the polymer may change over some
nanometric distance from the particle, and thus form an interfacial polymer layer [16]. The
properties of this interfacial layer, which possesses a slowed-down dynamics and enhanced
modulus in PNCs with attractive polymer–particle interactions [17], in turn affect the
mechanical properties of the entire sample, particularly if the interfacial layers connect and
percolate [18]. It is thus technologically relevant and fundamentally challenging to study
the impact of silane surface modification on both particle dispersion and polymer dynamics
simultaneously, and analyze the results in a combined approach. More specifically, it is the
goal of the present article to explore the effect of silane chain length on both the structure
and the interfacial layer dynamics, as well as on overlap of interfacial regions which may
lead to the formation of percolated structures.

Polymer dynamics can be studied by quasi-elastic neutron scattering methods, with
spatial and time resolution. On the other hand, broadband dielectric spectroscopy (BDS)
is a laboratory method giving access to spatially unresolved dynamics over a large fre-
quency range [19]. Due to its relative simplicity, it has been applied to many different
nanocomposite systems, as long as some ion or dipole relaxation of relevance can be fol-
lowed. Although we focus in the present analysis on the segmental (α) relaxation and its
shift in frequency with the system formulation, it is important to quantitatively include
the neighboring processes in the description. Conductivity and Maxwell–Wagner-Sillars
(MWS) polarization processes, which we have described in detail in the past [20,21], are
usually rather dominant on the low-frequency side of the BDS spectra. The subtle shift to
lower frequencies of the α-relaxation can thus only be determined if these contributions
are weak and far from the α-relaxation, or are modeled quantitatively. The β-relaxation at
higher frequencies has also a measurable impact on the shape of the segmental relaxation.
Thus, all these contributions need to be included in the models. Finally, in the presence
of a different (slowed-down) polymer phase around the nanoparticles, the non-additive
interfacial layer model (ILM) [22] can be applied to describe the simultaneous presence of
bulk and interfacial segmental dynamics [17,23]. This interfacial layer model description
is based on an average relaxation time over some polymer volume in contact with the
surface. It is known from theoretical and simulation approaches [15] that the relaxation time
follows a steep, double-exponential gradient in space, typically over some 5–10 monomer
diameters. The current ILM analysis of the BDS data provides the interfacial layer volume
fraction and the characteristic time (distribution) of both phases. We anticipate here that the
conversion from interfacial layer volume fraction to its thickness necessitates information
on layer overlap and thus particle dispersion.

As mentioned above, the relative vicinity of NPs, including possible aggregation, has a
strong impact on the macroscopic mechanical properties of the PNCs. Incidentally, particle
arrangement in space also affects the overlap of dynamically slowed-down (i.e., high
modulus [17]) polymer interfacial layers, possibly contributing to the overall mechanical
response. Particle dispersions can be measured by TEM [24,25], with however limited
statistical relevance of some very small pieces of sample. In this respect, small-angle
scattering, in particular of X-rays (SAXS), is a well-known technique to obtain average PNC
structures in a quick and reliable way [26]. The price to pay is the difficulty of analysis, as
particle correlations are intertwined with particle size effects (polydispersity), and possible
large-scale heterogeneities which are also included in the average. Traditional analysis of
SAXS intensities is often based on reading off the position of a structure factor peak, if it
exists, which is hoped to correspond to the most probable interparticle center-to-center
distance encountered in the sample [17,27]. Much of the other information, may it be peak
shape or low-q upturns, are often disregarded, although sometimes sophisticated theoretical
integral–equation approaches, in particular PRISM [28], may be used to predict partial
structure factors of colloid–particle mixtures from thermodynamic interactions [29,30]. In
the past, we have developed numerical methods based on a reverse Monte Carlo [31,32]
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approach [33–35]. Particle polydispersity is fully taken into account, and as a result, sets of
representative particle dispersions compatible with the experimentally observed scattering
are obtained in a simulation box of roughly micrometric size. It is then straightforward
to analyze these dispersions statistically; in particular, in terms of particle spacing or
aggregation. One may note that in the past we have started to combine TEM with SAXS
analyses of PNCs [36,37].

In a recent article, we had studied the effect of grafting of alkyl monomethoxysilane
with 18 carbon atoms in the alkyl part (C18) on interfacial polymer dynamics and particle
dispersions, by using BDS and SAXS [12]. In the present article, the effect of a shorter
C8-silane is studied using the same methods and analysis, varying both the grafting density
and the particle volume fraction. By comparing to the previously studied C18-system, the
impact of the alkyl-chain length is highlighted. In a second time, a recent methodological
approach is further developed. Reverse Monte Carlo simulations provide sequences of
particle configurations of scattering compatible with the observed SAXS signals. This has
been combined with the BDS results, which provide the volume fraction of interfacial layers.
The result is a more realistic estimation of the interfacial layer thickness because it avoids
the idealized vision of perfectly dispersed particles underlying simple IPS equations [38],
whereas our approach allows taking into account polydispersity and layer overlap caused
by NPs in close vicinity. This combined method is now investigated further by analyzing
the evolution of the interfacial layer thickness with its volume fraction for each sample,
that is, for different types of experimentally observed dispersions.

2. Materials and Methods

Nanoparticles and surface modification: The silica NPs were synthesized in ethanol
by a modified Stöber method with the final NP concentration of 16 mg/mL. For the
functionalization step, the NP suspension was used as-is without further purification. It
was characterized by SAXS at high dilution (0.3%v). The scattered intensity is shown in the
SI. It revealed a log-normal size distribution of spheres (R0 = 8.4 nm, σ = 18%), leading to
an average NP radius of R = 8.5 nm.

Surface modification of the NPs was performed with n-octyldimethylmethoxysilane
(CH3(CH2)7Si(CH3)2OCH3, termed C8) from Gelest. The grafting reaction was conducted
at 323 K for 3 days in ethanol. To achieve different grafting densities ranging from zero
(bare NPs) to ca. 3 nm−2, different amounts of silanes were added to the NP suspension:
50 mL of the suspension were mixed with 120, 750, 1200, and 1500 µL of C8 silane. After
the reactions were completed, the surface-modified NP suspensions were dialyzed against
ethanol for 3 days. The grafting densities were determined by thermogravimetric analy-
sis (TGA, TA instrument, Discovery, 5 K/min under air) using the weight loss between
473 and 873 K corresponding to the thermal decomposition of the grafted silanes [39]. The
TGA curves are given in SI (Figure S1). The resulting grafting density of C8-molecules on
the silica NPs, between 0.8 and 2.9/nm2, are given in Table 1.

Table 1. NP volume fractions in PNCs, and C8-grafting densities on NPs suspended in solvent, both
determined by TGA.

Bare C8 0.8/nm2 C8 1.3/nm2 C8 2.4/nm2 C8 2.9/nm2

2%v-series 2.0% 1.9% 1.9% 1.5% 0.3%

15%v-series 15.3% 13.3% 12.4% 11.9% 12.6%

20%v-series 22.4% 21.1% 19.5% 18.5% 19.0%

30%v-series 30.7% 28.1% 26.5%
26.1% 25.2%

Nanocomposite formulation: Four series in surface modification at nominal particle
volume fractions of 2%v, 15%v, 20%v, and 30%v have been prepared. The polymer, poly(2-
vinylpyridine) (P2VP) with a weight-average MW of 35.9 kg·mol−1 (polydispersity index = 1.07),
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was purchased from Scientific Polymer Products Inc. (Ontario, New York, United States),
and used as received. The radius of gyration of the chain is 5.2 nm. The polymer dissolved
in ethanol (66 mg/mL) and (bare or surface-modified) NP suspension also in ethanol
(16 mg/mL) were mixed for at least 12 h, then filtered through a 200 nm Teflon filter. The fi-
nal PNCs were formed by evaporating the solvent at room temperature followed by drying
in a vacuum oven at 393 K for 2 days. All samples were hot-pressed at 423 K, and they were
further annealed under vacuum at 393 K for 3 days before the SAXS and BDS measurements.
The silica fractions in PNCs were obtained by TGA (20 K/min, under air) from the weight
loss between 433 and 1073 K. The NP volume fractions, ΦNP, were determined by mass
conservation using the density of neat P2VP (1.19 g·cm−3 by pycnometry) [17] and silica
(2.27 g·cm−3 by SANS) [40]. They are reported in Table 1.

Dielectric spectroscopy: BDS measurements were conducted on a broadband dielectric
spectrometer (Novocontrol Alpha) and a Quatro Cryosystem temperature controller with
a stability of ±0.1 K. The complex dielectric permittivity, ε*(ω) = ε′(ω) − iε′′(ω), was
measured in the frequency range from 2 × 10−2 to 107 Hz (ω = 2πf) using disk-shaped
samples with a diameter of 20 mm and a typical thickness of 0.15 mm. The samples
(without spacer) were sandwiched between two gold-plated electrodes forming a capacitor.
They were first annealed for 1 h at 433 K in the BDS cryostat under nitrogen flow to ensure
that both the real and imaginary parts of the permittivity became constant in the probe
frequency range. Then, isothermal frequency measurements were performed at 423 K, and
from 303 K down to 233 K with an interval of 10 K to specifically follow the β-relaxation
of P2VP. A measurement at the lowest measurable temperature of 103 K was performed
to normalize the permittivity values. After that, the samples were measured again at
293 and 433 K to check reproducibility. The normalization procedure of PNCs is described in
detail in [17] considering two-phase heterogeneous materials [19] with the high-frequency
limit of the real part ε∞ = 3.05 and 3.9 for the polymer and silica, respectively. It allows for
the removal of possible artifacts (mostly thickness variations) and leads to the dielectric
spectra in absolute values.

Dielectric analysis: We aim to describe the segmental relaxation of P2VP in PNCs
by fitting simultaneously the real and imaginary parts of the permittivity. As reported
previously, the contributions of two phases are considered: the interfacial layer close to NP
surfaces and the unmodified bulk polymer far from the particles. In this case, the contribu-
tions of each component are not additive, and the interference terms are explicitly taken
into account in the interfacial layer model (ILM) for heterogeneous systems [22]. Detailed
equations of the model are given in [23] (see also in SI). The bulk polymer contribution was
described by a Havriliak-Negami (HN) function

ε∗(ω) = ε∞ +
∆ε

[1 + (iωτHN)
γ]

δ
(1)

having the same spectral shape parameters γ and δ, dielectric strength ∆ε, and timescale
τHN as the dielectric function of the neat polymer measured independently. The free
parameters of the ILM are the volume fraction of interfacial layer, ΦIL

PNC, and its dielectric
function, εIL*(ω), which is well-described by a symmetrical HN-process (δ = 1). In the
following, the relaxation times are defined by τHN related to the peak position in frequency
fmax, which is used to determine the relaxation time τmax = 1/(2πfmax).

The β-process of P2VP was described in the low-T range (233–303 K), where it can
be observed alone in the accessible frequency window using a single symmetrical HN
function. It was included in ILM using an extrapolation of the low-T data of each sample to
account for the high-frequency contribution of the secondary dynamics to the α-process.
Finally, a purely dissipative d.c. conductivity term and a Maxwell−Wagner−Sillars (MWS)
process described by a symmetrical HN-process were also added systematically to describe
the low-frequency part of the dielectric spectra of PNCs. The MWS process is associated
with interfacial polarization effects in the presence of particles [41].
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SAXS: Small-angle X-ray measurements were performed with a wavelength λ = 1.54 Å
(copper target) on an in-house setup of the Laboratoire Charles Coulomb, “Réseau X et
gamma”, University of Montpellier (France), which was employed using a high-brightness
low-power X-ray tube, coupled with aspheric multilayer optics (GeniX3D from Xenocs,
Grenoble, France). It delivered an ultralow divergent beam (0.5 mrad). The scattered
intensities were measured by a 2D “Pilatus” pixel detector at a single sample-to-detector
distance D = 1900 mm, leading to a q range from 4 × 10−3 to 0.2 Å−1. The scattering
cross-section per unit sample volume dΣ/dΩ (in cm−1), which we term scattered inten-
sity I(q), was obtained by using standard procedures, including background subtraction
and calibration [42].

Scattering analysis by reverse Monte Carlo (RMC): The scattered intensity is described
using a reverse Monte Carlo simulation, following previous approaches [33–35]. N poly-
disperse spherical particles are placed in a cubic simulation box with periodic boundary
conditions, of dimension Lbox = 2π/qmin, where qmin is the experimental minimum q-value,
such that the total volume fraction ΦNP corresponds to the experimental value of the sam-
ple. The scattered intensity of the particles in the simulation box is calculated based on the
individual size of each particle, and converted to absolute units using the contrast based
on the scattering length densities of silica and the polymer: ρSiO2 = 19.49 × 1010 cm−2,
ρP2VP = 10.93 × 1010 cm−2. The calculation is split in the Debye formula [43] at high q, and
a lattice calculation avoiding box contributions [35,44,45] at low q. Particles are then moved
around randomly, while following a simulated annealing procedure leading to agreement
of the theoretically predicted apparent structure factor S(q) with the experimental one.
In all cases, the excluded volume of the particles is respected. Particle configurations
that are compatible with the experimental intensity are saved regularly, and they can be
analyzed a posteriori, for example, in terms of interparticle spacing. S(q) and any statistical
measures are averaged over different particle configurations and represent the result of
the simulation.

It is worth mentioning that depending on the region in q-space, experimental inten-
sities and form factors vary by orders of magnitude. Calculating S(q) by division of two
functions leads to high errors at large-q, which is why the highest q-values have generally
been discarded in our analysis. TGA was systematically used to assess the silica content.
A successful cross-check is shown in the SI, where the structures of two nominally identi-
cal PNCs produced at different moments are compared, and virtually perfect agreement
is found.

3. Results and Discussion
3.1. Nanoparticles in Solvent and Polymer: Dilute Conditions

The shape of the bare and grafted NPs has been studied by SAXS in suspension in
ethanol, under high dilution. The corresponding form factor is shown in the SI (Figure S2),
and one can see that the superposition of the data is remarkable, across the entire q-range.
This implies that although the grafting has taken place as proven by TGA, it has neither
influence on the contrast in ethanol, that is, the grafted and solvated layer is invisible to
X-rays, nor on the particle dispersion at this high dilution. The corresponding theoretical
form factor is also superimposed on the data, and it corresponds to the log-normal size
distribution of spheres reported in the methods section.

These particles have then been incorporated into a P2VP-matrix. A first series of
samples at a nominal volume fraction of 2%v has been prepared and studied by SAXS. The
resulting intensity curves are given in the SI, and they show that some modification of the
scattering length density around the particles is visible in the polymer matrix. Although the
observed deviations are quite small and not visible at low grafting density, they present the
first structural evidence of the impact of grafting. At low q, the samples with intermediate
grafting show a slight decrease, indicating a change in NP interactions towards short-range
repulsion. The highest grafting density has a clearly different shape with a dip in intensity
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called a correlation hole [46], followed by a low-q increase, and it is a typical signature of
aggregation in this nanocomposite.

The structure of PNCs at 2%v has also been studied by TEM. In Figure 1, the series in
grafting density up to 2.4 nm−2 is shown, and compared to a series with 10 times higher
silica content. These pictures illustrate that the NPs are rather well dispersed under all
conditions, that is, there are no large structural heterogeneities.
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(right) with C8-grafted silica. The grafting densities (0–2.4 nm−2) vary from top to bottom as indicated
in the legend. The exact volume fractions of all samples are given in Table 1.

At the higher volume fraction (ca. 20%v) in Figure 1, the dispersion of the particles
is seen to remain rather homogeneous. At the highest grafting densities, the occurrence
of more whitish silica-free zones indicates the presence of spatial fluctuations in particle
density. This is impossible to see in the left-hand figure, due to the high dilution and thus
important average particle distance. Scattering, however, is capable of picking up such
small fluctuations, as shown for the 2%v-samples in the SI. At 20%v, the spatial averaging
as performed by the SAXS experiments will indeed confirm these heterogeneities which
develop upon grafting.

3.2. Dynamical Properties of the NP-Polymer Interface Probed by BDS

Broadband dielectric spectroscopy has been used to probe the segmental α-relaxation
associated with the polymer glass transition. In the dielectric spectra, the α-process is
surrounded at lower frequencies by ionic conductivity and MWS-processes related to the
filler nanoparticles, and at higher frequencies by the secondary β-relaxation of P2VP. All
processes have been included in our analysis, in order to extract the segmental dynamics
in a trustworthy way. In Figure 2, the dielectric loss spectra of the 30%v-PNC series are
presented (15 and 20%v can be found in the SI in Figure S3).
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Figure 2. Comparison of the dielectric loss spectra of neat P2VP (black crosses, data normalized to
the weight polymer fraction, 1 − Φw) and PNCs with different surface modifications of the silica NPs
for the series with nominal ΦNP = 30%v at T = 423 K. Arrows indicate the position of the maximum
of the loss peak in neat polymer (black) and PNC with bare NPs (blue). The black dashed line is a
fit with eq 1 for the α-process, plus the β-process and a conductivity term, while the colored lines
represent the ILM fit with β- and MWS processes, plus conductivity.

The dielectric loss of the PNCs illustrated in Figure 2 is seen to decrease at low frequen-
cies as expected due to MWS and conductivity, before reaching a minimum, followed by
the maximum representative of the segmental relaxation of the polymer. This maximum is
positioned at the right in the pure matrix. The α-relaxation is then slowed down as soon as
the bare NPs are embedded in the polymer matrix (blue curve) before the peak moves back
to the right with surface modification. This phenomenological observation is fundamental
for this article, and confirms our previous findings with a longer graft (C18 instead of
C8, see [12]): the nanoparticle surface induces a slow-down of the neighboring polymer
chains, whereas modification of the same surface with small silane molecules counteracts
this slow-down. We will now analyze the modification of the α-relaxation in terms of the
ILM, which describes the total dielectric response in terms of a bulk (with unmodified
dynamics with respect to the neat polymer) and an interfacial contribution, as well as their
interferences. As a result, the loss and storage permittivity responses are quantitatively
and simultaneously described, and the fits describe well the data in Figure 2 (as well as the
other data shown in the SI). Details of the fits are displayed in Figure S4 in the SI, where
the different contributions—MWS, α (including both IL and bulk contributions which are
linked), β, and conductivity—to the dielectric loss are highlighted for two selected samples.

The main results of the dielectric analysis of these nanocomposites are the properties of
the interfacial layer. An example of analysis of the interfacial layer is provided in Figure 3a,
and the fit parameters are reported for PNCs at all volume fractions in Figure 3b,c. In
Figure 3a, the dielectric loss of a pure interfacial layer deduced from the fit of experimental
data but without bulk contribution (Φbulk = 0), εIL”(ω), is represented for PNCs with 30%v
of silica, and different grafting densities as given in the legend. It corresponds to the sum
of two HN functions for the α- and β-processes as deduced from the ILM fit.
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(ΦNP=30%v,T=423K,silanegraftingasindicatedinthelegend).(b)Volumefractionofinterfacial

layerforPNCseriesat15%v,20%v,and30%vvolumefraction,asafunctionofC8-graftingdensity.

(c)Segmentalrelaxationtimeoftheinterfaciallayer,relativetotheneat,at423Kforthesameseries

asin(b).

TwoimportantparametersoftheILManalysisaretheinterfaciallayervolumefraction,

ΦIL,givenherewithrespecttothepolymerpart(ΦIL+Φbulk=1),anditscharacteristic

time.ThefirstisplottedinFigure3b.Tworemarkablefeaturescanbeseen:first,the

volumefractionoftheinterphaseisindependentofthesurfacemodification.Secondly,it

increaseswiththesilicavolumefraction,thatis,theavailablesilicasurface.ΦILcanthusbe

usedtodeterminethethicknessoftheinterfaciallayer.Asimplecubicmodelcalculation,

whichignoressilicainteractionsandthusrealparticlearrangementgivesathicknessof

3.7±0.1nmforallPNCs.Amoreaccuratemodeltakingintoaccounttheparticlepositions
fromscatteringandsimulationsandtheoverlappingvolumeisdiscussedbelow. Whatever

theexactvalue,itisstrikingtoseethatthethicknessoftheinterfaciallayerisindependent

ofexperimentalconditions,likesilicacontentandgrafting.Therefore,itseemstoreflectan

intrinsicpropertyofthepolymer-surfacecouple.

Figure3c,finally,representsthecharacteristictimeoftheinterfaciallayer,expressedas

aratiotothevalueoftheneatpolymer.Theselectedtemperature(423K)correspondstoca.

T=1.1Tg,whichistheclosesttemperaturetoTgwheretheoverallsegmentaldynamicsof

P2VPiswell-visibleintheBDSfrequencywindow.TheincreaseoftheratioτIL/τneatthus

representstheslow-downofthepolymerdynamicsinthevicinityofthesilica(i.e.,within

ca.4nmofthesurface,asdiscussedintheprecedingparagraph).Itisinterestingtoseethat

thePNCswithbareparticlespossessaninterfaciallayerwithvirtuallythesamerelaxation

timeforallsilicacontents.Assurfacemodificationisintroduced,thedynamicsaccelerates,

thatis,theratiodecreases,andseemstoleveloffataroundone,whichcorrespondsto

unperturbedsegmentaldynamics.Theeffectofsilanegraftingontheslow-downcanthus

befollowed,andaboveapproximately1.5nm−2,thepureP2VPdynamicsisrecovered.For

comparison,wehavesuperimposedthemainresultofapreviousanalysiswithasimilar

butlongersilanemolecule,C18[12].TheeffectonτILisconsiderablystronger,andwith

already0.5C18pernm
2,thepureP2VPrelaxationisreached.Althoughthestatisticsof

thetwocurvesinFigure3careinsufficientforaprecisedeterminationofsuchathreshold

value,itisclearfromthedecaysthattherelaxationtimeoftheC18-sampleshasalready

joinedthepureP2VPvalueat0.5nm−2,whereastheC8-PNCswilldothesamesomewhere

between1.5and2nm−2.Theratiobetweenthetwothresholdsisthusoftheorderof3or4,

whichisconsiderablylargerthantheratioofabouttwobetweenthealkylchainmasses

(18:8).Asforagivensurfacegraftingdensity,thetotalmassofalkylchainssurroundinga

givenNPisdirectlyrelatedtothemolecularweightofthegraft,itcanbeconcludedthatthe

effectonthedynamicsisnotsimplyrelatedtotheamountofCH2groups,butalsototheir

spatialorganization.Inparticular,onemayspeculatethattheC18groupshaveahigher

propensitytohomogeneouslycoverthesilicasurfaceprovidingamoreefficientscreening
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effect from the polymer chains. The shorter C8 might form locally dense regions due to
a lower steric hindrance, leaving free silica zones, that is, covered by hydroxyl groups
favoring polymer adsorption. Our findings are in qualitative agreement with recent results
from atomistic molecular dynamics simulations of silica-filled polyisoprene, where planar
silica substrates were covered with silane of different alkyl lengths (C3 and C8, i.e., with
3 or 8 carbon atoms in the alkyl part) and different grafting densities [16]. It was found that
the slow-down of the polymer dynamics due to polymer adsorption is weakened upon
silane grafting with a stronger effect of the longest graft at high grafting density. This effect
is concomitant with an increase of the diffusion coefficient of the adsorbed chains, which
almost reaches the one of the bulk polymer chains.

The results shown in Figure 3c demonstrate that it is possible to tune the interfacial
dynamics using grafts with longer or shorter alkyl chains, at different concentrations. The
remaining question to be answered is how such a surface modification affects the structure
of the nanocomposites, and TEM (Figure 1), and in particular, SAXS are the most suited
methods, to be discussed in the next section.

3.3. Structure of PNCs Studied by SAXS

The microstructure of all nanocomposites has been investigated by SAXS. Results for
the 15 and 20%v-series are reported in the SI. They are conceptually very similar to the
30%v-series shown in Figure 4. In Figure 4a, the scattered intensities are plotted for different
grafting densities. The intensities are compared to the form factor measured at high dilution
as discussed before. At high q, where the intensity is sensitive to the surface and the shape
of the particle, a good superposition is observed. Around 3.3 × 10−2 Å−1, the PNC intensi-
ties at these high concentrations begin to deviate. For bare NPs, or low grafting density
up to 1.3 nm−2, the curves present a well-defined peak around 2.8 × 10−2 Å−1. At the
highest grafting of 2.9 nm−2, the curve shows a completely different spatial organization.
As already visible at 2%v (see SI and discussion above), there is a deep correlation hole, and
the intensity deviates from the form factor at higher q-vectors. At low q, a strong upturn
is found. This low-q increase translates the attractive interactions between nanoparticles,
inducing aggregation. They are triggered by the suppression of attractive polymer–silica
interactions caused by surface modification, and thus of the steric protection against aggre-
gation. Depletion interactions induced by the polymer chains (which are about a factor of
two smaller than the particles) may also participate in generating interparticle attraction.
All these features correspond to aggregation and large-scale spatial fluctuations induced by
the high grafting density and they correspond to those reported for nanocomposite melts
by Hall et al. [47] These authors experimentally varied the interfacial attraction via the
polymer. They studied poly(ethylene oxide) and polytetrahydrofuran (PTHF)-systems, the
latter being less attractive because of less hydrogen bonding with the silica. A decrease of
the interfacial attraction in PTHF reduces local order and thus leads to a low-q increase,
and a structure factor peak shifted towards higher q. PRISM integral equations describe
these features, and provide a satisfactory description of polymer-mediated NP concen-
tration fluctuations. The latter ultimately induces depletion aggregation and microphase
separation. In our case, increasing coating coverage decreases the polymer–NP effective
attraction [12] with a qualitatively similar behavior as predicted by PRISM in terms of peak
shift and low-q upturn.

By comparing the families of curves at 15 and 20%v of silica (see Figure S5 in SI) to
the 30%-curves in Figure 4, the series at higher volume fractions are found to bundle at
lower intensities at low q. This is the natural consequence of the increase in silica content,
increasingly highlighting the hard-core repulsion between particles. This repulsion induces
a decrease in the apparent compressibility. As the surface modification is added, some
intermediate upturns at 2.4 nm−2 can be seen at 15 and 20%v of silica, showing that grafting
affects NP interactions in a progressive (and thus tunable) way. One can also follow the
peak positions as a function of volume fraction for bare NPs and intermediate grafting
(while it disappears at the highest grafting): at 15%v, the peaks correspond to center-to-
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centerdistancesof27–31nm,whicharelargerthantwoparticleradii,andindicatesthat

NPsstillhavequitesomespacetore-organize.At20%v,theupturnismoreprominent

atlowq,butthepeaksremainwell-definedleadingtodistancesofca.24to26nm.At

30%v,finally,thepeakpositioncorrespondstoacenter-to-centerparticledistanceofca.

22.5nm.Thisdistanceexpressesthefactthatparticlesinteractrepulsivelyduetotheir

hardcores,andtheydonothavemuchspacetoreorganizeatthisconcentration.There

doesnotseemtobeanysystematicdependencewiththeamountofsurfacemodification.

Indeed,wefoundthatthepeakpositionsfollowaΦ−1/3-lawforthethreeseries(seeSI,

FiguresS6andS7)andtheslightvariationsobservedupongraftingarecompatiblewith

thevariationinvolumefractionbetweensamples(Table1

Nanomaterials 2023, 13, x FOR PEER REVIEW 10 of 18 

 

 

grafting affects NP interactions in a progressive (and thus tunable) way. One can also fol-

low the peak positions as a function of volume fraction for bare NPs and intermediate 

grafting (while it disappears at the highest grafting): at 15%v, the peaks correspond to 

center-to-center distances of 27–31 nm, which are larger than two particle radii, and indi-

cates that NPs still have quite some space to re-organize. At 20%v, the upturn is more 

prominent at low q, but the peaks remain well-defined leading to distances of ca. 24 to 26 

nm. At 30%v, finally, the peak position corresponds to a center-to-center particle distance 

of ca. 22.5 nm. This distance expresses the fact that particles interact repulsively due to 

their hard cores, and they do not have much space to reorganize at this concentration. 

There does not seem to be any systematic dependence with the amount of surface modi-

fication. Indeed, we found that the peak positions follow a Φ−1/3-law for the three series 

(see SI, Figures S6 and S7) and the slight variations observed upon grafting are compatible 

with the variation in volume fraction between samples (Table 1). 

 

Figure 4. (a) SAXS results of P2VP PNCs with 30%v of silica: scattered intensity as a function of 

wave vector, for different grafting densities as given in the legend. (b) Apparent structure factors 

obtained by dividing by the average form factor of the NPs. 

In Figure 4b, the apparent structure factors obtained by division of the experimental 

intensities by the average form factor of the nanoparticles as measured in dilute suspen-

sion are presented. The apparent structure factor is a generalization of the structure factor 

of monodisperse spheres, where it is given by the Fourier transform of the pair-correlation 

function. Here, all pair correlations are weighted by the different particle volumes, and 

the apparent structure factor roughly coincides with the true one for low enough polydis-

persities. In any event, in all model calculations below, the polydispersity is taken into 

account. The apparent structure factors provide the same information as the intensities, 

but they focus on the interactions. For instance, the absence of interactions, as in ideal 

gases, would result in a constant, 1. In this log-lin representation, one observes the close 

vicinity of all curves at the highest grafting. In particular at low q, the highly repulsive 

character is visible, the low-q limit for monodisperse spheres would give exactly the com-

pressibility relative to an ideal gas. At intermediate q, a peak is reached, with higher order 

peaks decreasing towards 1. Once again, the notable exception is the PNC at the highest 

grafting, where the structure factor has a completely different shape: the low-q upturn 

and the correlation hole are clearly visible, and at high q, a strong peak is reached at a 

position at the right-hand-side of the other samples. This peak position corresponds to a 

shorter typical center-to-center distance of 14 nm, to be compared to 2RNP = 17 nm. The 

same is observed for the lower volume fractions, 15 and 20%v. Our interpretation of this 

result is that the system has developed into a highly aggregated one, where the internal 

structure is probably optimized towards higher density by peculiar correlations between 

larger and smaller beads. 

).

Figure4.(a)SAXSresultsofP2VPPNCswith30%vofsilica:scatteredintensityasafunctionofwave

vector,fordifferentgraftingdensitiesasgiveninthelegend.(b)Apparentstructurefactorsobtained

bydividingbytheaverageformfactoroftheNPs.

InFigure4b,theapparentstructurefactorsobtainedbydivisionoftheexperimental

intensitiesbytheaverageformfactorofthenanoparticlesasmeasuredindilutesuspension

arepresented.Theapparentstructurefactorisageneralizationofthestructurefactorof

monodispersespheres,whereitisgivenbytheFouriertransformofthepair-correlation

function.Here,allpaircorrelationsareweightedbythedifferentparticlevolumes,and

theapparentstructurefactorroughlycoincideswiththetrueoneforlowenoughpolydis-

persities.Inanyevent,inallmodelcalculationsbelow,thepolydispersityistakeninto

account.Theapparentstructurefactorsprovidethesameinformationastheintensities,but

theyfocusontheinteractions.Forinstance,theabsenceofinteractions,asinidealgases,

wouldresultinaconstant,1.Inthislog-linrepresentation,oneobservestheclosevicinity

ofallcurvesatthehighestgrafting.Inparticularatlowq,thehighlyrepulsivecharacteris

visible,thelow-qlimitformonodispersesphereswouldgiveexactlythecompressibility

relativetoanidealgas.Atintermediateq,apeakisreached,withhigherorderpeaks

decreasingtowards1.Onceagain,thenotableexceptionisthePNCatthehighestgrafting,

wherethestructurefactorhasacompletelydifferentshape:thelow-qupturnandthe

correlationholeareclearlyvisible,andathighq,astrongpeakisreachedataposition

attheright-hand-sideoftheothersamples.Thispeakpositioncorrespondstoashorter

typicalcenter-to-centerdistanceof14nm,tobecomparedto2RNP=17nm.Thesameis

observedforthelowervolumefractions,15and20%v.Ourinterpretationofthisresultis

thatthesystemhasdevelopedintoahighlyaggregatedone,wheretheinternalstructureis

probablyoptimizedtowardshigherdensitybypeculiarcorrelationsbetweenlargerand

smallerbeads.

TheapparentstructurefactorsmeasuredforallPNCsatallsilicacontentshavebeen

fittedbyareverseMonteCarloalgorithm[33–35],asdescribedintheMethodssection.

Theresultisasequenceofparticleconfigurations,thescatteringofwhichiscompatible
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withthemeasuredstructurefactor.InFigure4b,thecorrespondingfitfunctionshavebeen

superimposedonthedata.Thefitqualityisseentobequitegoodforallsamplesexcept

thehighestgraftingdensities,wherethestrongcorrelationholeisdifficulttoreproduce.

Theoriginofthismismatchisunclearatthecurrentstage,butitmightbeduetodeviations

oftherealsilicaNPsfromidealspheres,whichmayaffectlocalinteractionsinclose

contact.Oncethesequenceofconfigurationsisavailable,astatisticalanalysisoftheparticle

positionscanbeperformed.Asweareinterestedintheactionofthegraftsandpossibly

adsorbedpolymeronthecorrelationsbetweenparticles,theinterparticlespacing(IPS)

distributionfunctionhasbeendeducedfromtheparticlepositions.Thisfunctionisa

generalizationofthepair-correlationfunctionforpolydispersespheres,withafocusonthe

interparticlespacing:itexpressesthenumberoftimesacertainsurface-to-surfacedistance

isencounteredinthesimulationboxrepresentingtheconfiguration.Theresultsareplotted

forallsamplesinFigure5intermsofthenormedIPS,thatis,thenumberoftimesagiven

surface-to-surfacedistanceisfound,normedtothesamenumberforahard-spheregas

ofsamecharacteristics.ForananalysisofuncertaintiesinIPSandacomparisonwithg(r)
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(a)15%v,(b)20%v,and(c)30%v.

Thelow-distancelimitofthenormedIPSfunctioninFigure5expressestheprobability

ofcontactwithrespecttothehard-spheregas. WhereasthisnumberislowforthebareNPs

(presumablyduetothestericbufferactionoftheadsorbedpolymerchains),theincreasein

contactprobabilityisseentobehighestforthelowestvolumefraction,andforthehighest

graftingdensities.Moreover,thereisanotablepreferenceforparticlestobeclose,within

typicaldistancesofca.1nm.Arounddistancescorrespondingtoaboutoneortwoparticle

radii,thatis,above10nm,thereissomestructurevisible,whichisduetothesecondlayer

ofneighbors.Athighdistances,finally,thenormedIPStendsto1,implyingthatthereisno

differenceatlargedistancesbetweenPNCsamplesandhard-spheregases.

WhencomparingthenormedIPSfunctionsforthedifferentvolumefractionseries,it

appearsthatthefamilyofcurvesgetscloserwithincreasingsilicacontent.Simultaneously,

theincreaseofprobabilityofcontactbecomessmaller,thatis,itapproachesthehard-sphere

gas.Thismeansthattheimpactofgraftingonstructureathighvolumefractionissmaller,

presumablyduetothehighercrowdingwhichleaveslessspaceforreorganization,as

discusseddirectlywiththestructurefactorsinFigure4.

TherearedifferentwaystoanalyzetheIPS,ortoexpressitintermsofpropertiesof

realspaceconfigurations.InFigure6a,thenormedcontactprobabilityisplottedforallPNC

samples.Itisseentoincreasewithgrafting,andtodecreasewithsilicavolumefraction.

Thelattereffectindicatesthat,athighersilicacontents,theparticlestructuresarecloserto

thatofahard-spheregas,andlesssubjectedtochangesinducedbysurfacemodification.As

thefirstneighboringparticleisusuallyinclosecontact,andasthedistancetoanyparticle
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isexpressedbytheIPS,onecanintegratetherawIPSfunctiontodeterminethedistance

whereasecondparticleisencountered.InFigure6b,thisdistanceisshown,forallsilica

contents,asafunctionofgraftingdensity.Thedistanceisseentoberatherlarge(around

4–5nm)at15%v,implyingaratherlooseassemblyofparticlesatlowgrafting,beforeit

decreasesathighgrafting,meaningthat,onaverage,asecondparticleis“pulledin”into

closecontact.Thiseffectisseentodecreaseforhighervolumefractions,whereparticle

assembliesaredenseranyhow.Nonetheless,acriticalthresholdvalueofabout1.5nm−2

seemstopersist.InFigure6b,thereappearstobeanartefactat15%v,whereanincrease

inthesecond-particledistanceisseenat1.3nm−2. Wehaveattemptedtounderstandthe

originofthisincreaseandwehavecheckedifitcanbetracedbacktoslightuncertainties

intheabsoluteintensity. Wehave,therefore,repeatedthesameMonteCarloanalysis

forthreesampledatasetsat1.3nm−2,shiftingtwoofthemby±2%whichcorresponds
totheuncertaintyinpositioningthesampleintensitywithrespecttotheparticleform

factor(seeSI,FigureS8).TheresultingindicatorsinFigure6,includingthe“twoparticle

distances”,havebeenconvertedintoanerrorbar.Theincreasedvalueat1.3nm−2and

15%vofsilicainFigure6bisseentopersistwithintheerrorbar. Weconcludethat,while

wedonothaveanyphysicalexplanationforsuchaneffect,itsorigindoesnotlieina

wrongpositioningofthescatteringcurveinabsoluteintensity.Inthelastplot,Figure6c,a

differentanalysisisproposed.Hereafixeddistance,correspondingtothelengthoftwo

C8molecules(2L=2.5nm)hasbeenusedasupperboundfortheintegralovertheraw

IPS.Theresultisthenumberofneighborstypicallyencountereduptothisdistance.This

numberobviouslyincreaseswiththevolumefraction,butalsowiththegraftingdensity,

andthelattereffectisagainstrongerforthelowestsilicafraction.Finally,onemaynote

thatFigure6
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when the signature of aggregation with respect to hard spheres is most developed. The
contact values are higher for C18 than for C8 in Figure 6a, indicating denser assemblies.
In parallel, both the strong decrease of the distance between two NPs and the increase of
the number of neighbors within a shell corresponding to the size of two silanes are clearly
shifted towards lower grafting densities, in Figure 6b,c, respectively. As observed for the
dynamical features in Section 3.2, the influence of the longer alkyl-chain length of C18 is
stronger than C8 to favor NP aggregation by reducing the buffer effect of the polymer
segments at the silica surface. As with the dynamics, by again comparing the threshold
values in Figure 6, it appears that the C18 effect is stronger than the mass effect of (18:8)
expected from the ratio between the alkyl chain masses.

3.4. Determination of the True Interfacial Thickness by Combining BDS, SAXS, and RMC

A key result of the ILM analysis of segmental dynamics of the interfacial layer dis-
cussed above is the volume fraction of the polymer layer slowed-down by the presence
of the silica. Based on an idealized cubic model, this volume fraction has been converted
into an estimation of the interfacial thickness of a few nanometers. Having measured the
particle dispersion by SAXS, and having sets of particle dispersions compatible with this
experimental intensity at hand, it is possible to refine this value by taking overlap between
particle layers of the obtained configuration explicitly into account. It is thus important to
study the relationship between dispersion and interfacial layers more in detail.

The idea is to use the concept of interfacial thickness to characterize the type of particle
dispersion. For a given 3D particle arrangement, there should be a specific relationship
between the thickness and the volume fraction of the interface, due to overlap. Perfectly
ordered and well-dispersed particles, like in a cubic crystal, for example, have an interfacial
volume proportional to the particle surface, as long as the interfacial thickness is small
enough to avoid overlap. In the presence of overlap, the interfacial volume fraction
increases less strongly with thickness than in the ideal case. For the ideal cubic case, simple
geometric expressions are available, including overlap [17]. As soon as particles tend to
agglomerate, they are, however, of limited use.

In Figure 7a, the evolution of the interfacial volume fraction ΦIL
PNC with a (hypo-

thetical) interfacial layer thickness is plotted exemplarily for different types of dispersion,
corresponding to PNC samples with 15%v silica content, with either bare particles or high
silane grafting (2.9 nm−2). The silica content is also represented and is seen to meet the
experimental volume fraction with high accuracy. Note that the silica and the layer volume
fractions are determined by the same algorithm based on the positions of N particles in the
simulation box, thereby providing a cross-check of the algorithm. Another verification lies
in the fact that ΦIL

PNC-curves saturate at values approaching 1 − ΦNP, which is why we
have left the silica in the definition of ΦIL

PNC (ΦIL
PNC + ΦNP + Φbulk = 1) as opposed to

the pure polymer part discussed in Figure 3b.
The two ΦIL

PNC-curves in Figure 7a follow different laws despite their close silica
contents. For very small thicknesses, PNC with bare NPs display a steeper slope, meaning
that the dispersion is better, and more interfacial volume is created with every Angstrom of
thickness around the more individually dispersed particles. On the contrary, in the highly
aggregated case, there is immediate overlap of interfacial layers, leading to a reduction of
volume of the latter. For bare NPs, the maximum available polymer volume is thus reached
with ca. 15 nm thickness, while 25 nm are needed to cover all the particle-free regions of
the sample in the aggregated case. The evolution of the interfacial volume fraction with
thickness shown in Figure 7a for different grafting densities thus characterizes the quality
of the dispersion. In Figure 7a, the determination of the real thickness corresponding to
the total interfacial layer volume fraction is exemplarily shown, and a thickness of 4.6 nm
is found for the bare system, based on an interfacial layer volume fraction determined by
BDS of ΦIL

PNC = 0.31.



Nanomaterials2023,13,748 14of18

Nanomaterials 2023, 13, x FOR PEER REVIEW 14 of 18 

 

 

free regions of the sample in the aggregated case. The evolution of the interfacial volume 

fraction with thickness shown in Figure 7a for different grafting densities thus character-

izes the quality of the dispersion. In Figure 7a, the determination of the real thickness 

corresponding to the total interfacial layer volume fraction is exemplarily shown, and a 

thickness of 4.6 nm is found for the bare system, based on an interfacial layer volume 

fraction determined by BDS of ΦILPNC = 0.31. 

 

Figure 7. Volume fraction of interfacial layer ΦILPNC as a function of interfacial layer thickness with 

respect to the entire sample (ΦILPNC + ΦNP + Φbulk = 1), for different NP dispersions. The dashed lines 

represent the silica volume fraction of each sample as determined by the same algorithm. (a) 15%v-

PNCs, circles are bare NPs (ΦNP = 15.3%v), and diamonds are high silane grafting (C8 2.9 nm-2, ΦNP 

= 12.6%v). (b) 30%v-PNC with bare NPs (30.7%v) compared to the prediction of an (here inappro-

priate) cubic model with overlap correction [17]. 

In Figure 7b, the total interfacial layer volume fraction has been reported for the 

30%v-PNC made with bare NPs. Results for the highest grafting density are given in the 

SI (Figure S10). It is found again that the grafting has only limited impact on the dispersion 

at such high silica content, and thus the ΦILPNC-curves are quite similar. It is instructive, 

however, to superimpose the prediction of the cubic model (including possible overlap 

between neighboring layers) used in the literature to the RMC-analysis of experimental 

data in Figure 7b. Clearly, the large interparticle distance between all spheres in the cubic 

model leads to a much stronger increase of the ΦILPNC–function with thickness. It is con-

cluded that it is by no means suitable for dense and possibly aggregated structures as 

studied here. 

The procedure of comparing ΦILPNC to the experimental value of the interfacial vol-

ume fraction determined by BDS can be generalized to all samples, and the corresponding 

thickness can be read off following the downward arrow. The interfacial layer thicknesses 

reported in Figure 8 for all nanocomposite samples, as a function of grafting density, rep-

resent a key result of the present study, together with Figure 3c where the time scale of 

the interfacial dynamics is plotted. It needs to be emphasized that the true thickness could 

only be obtained by a combination of static structural (SAXS) and dynamic methods 

(BDS), with the help of RMC simulations. As a result, the interfacial layer thickness is 

found to be remarkably constant with both the grafting density and the silica fraction in 

PNC. An average value of 4.9 ± 0.2 nm is found, where the error bar has been determined 

from the standard deviation and the number of points. Moreover, it is found to be com-

patible with the value obtained with C18-surface modification (5.0 ± 0.5 nm) with a lower 

error bar due to a lesser dispersion of the points [12]. In the presence or absence of surface 

modification of any type (C8 or C18), the range of interactions between the polymer seg-

ments and the silica surface is thus constant, intrinsic to the polymer–surface couple, or 

possibly intrinsic to the transmission of cage constraints [13] from one polymer layer to 

Figure7.VolumefractionofinterfaciallayerΦIL
PNCasafunctionofinterfaciallayerthickness

withrespecttotheentiresample(ΦIL
PNC+ΦNP+Φbulk=1),fordifferentNPdispersions.The

dashedlinesrepresentthesilicavolumefractionofeachsampleasdeterminedbythesamealgorithm.

(a)15%v-PNCs,circlesarebareNPs(ΦNP=15.3%v),anddiamondsarehighsilanegrafting(C8
2.9nm−2,ΦNP=12.6%v).(b)30%v-PNCwithbareNPs(30.7%v)comparedtothepredictionofan

(hereinappropriate)cubicmodelwithoverlapcorrection[17].

InFigure7b,thetotalinterfaciallayervolumefractionhasbeenreportedforthe

30%v-PNCmadewithbareNPs.ResultsforthehighestgraftingdensityaregivenintheSI

(FigureS10).Itisfoundagainthatthegraftinghasonlylimitedimpactonthedispersion

atsuchhighsilicacontent,andthustheΦIL
PNC-curvesarequitesimilar.Itisinstructive,

however,tosuperimposethepredictionofthecubicmodel(includingpossibleoverlap

betweenneighboringlayers)usedintheliteraturetotheRMC-analysisofexperimentaldata

inFigure7b.Clearly,thelargeinterparticledistancebetweenallspheresinthecubicmodel

leadstoamuchstrongerincreaseoftheΦIL
PNC–functionwiththickness.Itisconcluded

thatitisbynomeanssuitablefordenseandpossiblyaggregatedstructuresasstudiedhere.

TheprocedureofcomparingΦIL
PNCtotheexperimentalvalueoftheinterfacialvol-

umefractiondeterminedbyBDScanbegeneralizedtoallsamples,andthecorresponding

thicknesscanbereadofffollowingthedownwardarrow.Theinterfaciallayerthicknesses

reportedinFigure8forallnanocompositesamples,asafunctionofgraftingdensity,repre-

sentakeyresultofthepresentstudy,togetherwithFigure3cwherethetimescaleofthe

interfacialdynamicsisplotted.Itneedstobeemphasizedthatthetruethicknesscould

onlybeobtainedbyacombinationofstaticstructural(SAXS)anddynamicmethods(BDS),

withthehelpofRMCsimulations.Asaresult,theinterfaciallayerthicknessisfoundto

beremarkablyconstantwithboththegraftingdensityandthesilicafractioninPNC.An

averagevalueof4.9±0.2nmisfound,wheretheerrorbarhasbeendeterminedfromthe
standarddeviationandthenumberofpoints.Moreover,itisfoundtobecompatiblewith

thevalueobtainedwithC18-surfacemodification(5.0±0.5nm)withalowererrorbardue
toalesserdispersionofthepoints[12].Inthepresenceorabsenceofsurfacemodification

ofanytype(C8orC18),therangeofinteractionsbetweenthepolymersegmentsandthe

silicasurfaceisthusconstant,intrinsictothepolymer–surfacecouple,orpossiblyintrinsic

tothetransmissionofcageconstraints[13]fromonepolymerlayertothenext.Depending

onthegrafting,however,thestrengthoftheinteractionvaries,inducingastronger(inthe

caseofbare)orweaker(forgrafted,longermoleculeshavingahigherimpact)slow-down

ofthesegmentaldynamics.



Nanomaterials 2023, 13, 748 15 of 18

Nanomaterials 2023, 13, x FOR PEER REVIEW 15 of 18 

 

 

the next. Depending on the grafting, however, the strength of the interaction varies, in-

ducing a stronger (in the case of bare) or weaker (for grafted, longer molecules having a 

higher impact) slow-down of the segmental dynamics. 

 

Figure 8. Thickness of the interfacial layer determined by a combination of BDS, SAXS, and RMC, 

as a function of C8 grafting density. The average value over all volume fractions is represented by a 

solid line. Dashed line: average value considering a cubic NP arrangement with overlap. 

4. Conclusions 

The segmental dynamics of polymer nanocomposites has been studied by BDS, using 

the interfacial layer model to separate the interfacial polymer volume fraction from its 

characteristic time. The latter is found to evolve with NP surface modification by C8-grafts: 

the presence of surfaces of bare silica NPs has a strong impact on the segmental dynamics, 

resulting in several times longer relaxation times due to the possibility of hydrogen bond-

ing between the pyridine ring of P2VP and the hydroxyl groups at the silica surface. Upon 

grafting, the interface appears to be screened from the polymer, and the interfacial slow-

down of segmental relaxation vanishes. For C8-grafts, this happens above a typical graft-

ing density of about 1.5 nm−2, whereas it happens much earlier (ca. 0.5 nm−2) for C18 grafts. 

This effect is considerably stronger than the difference in alkyl mass might suggest. An-

other remarkable result is that the volume fraction of the interfacial layer stays approxi-

mately constant for all grafting densities and the graft length. 

The dispersion state of the same samples has been studied by SAXS, and the resulting 

intensity curves interpreted using a reverse Monte Carlo simulation of polydisperse par-

ticles in a simulation box. From visual inspection of the apparent NP structure factors, the 

structure of the nanocomposites is found to depend more strongly on grafting for the 

lower NP volume fractions than for the higher ones, where less space for rearrangements 

is available. In any case, at high grafting density, an aggregated state is reached for all 

silica contents. This interpretation is confirmed by a recently developed analysis, which 

focuses on the interparticle spacing distribution functions for each sample. These func-

tions can be analyzed in terms of, for example, probabilities of close contact, or the number 

of neighboring particles in a given shell, and these indicators reflect the morphological 

transitions triggered by grafting. This SAXS analysis reveals a threshold in C8 grafting 

density of about 1.5 nm−2. Moreover, the three-dimensional representations of the disper-

sion state available through the RMC simulations allow for a precise determination of the 

interfacial layer thickness, in agreement with the corresponding volume fraction meas-

ured by BDS. It is thus the original combination of BDS, SAXS, and RMC which enables 

the determination of the nanometric interfacial layer thickness. Finally, the evolution of 

0

2

4

6

8

0 1 2 3

C8 15%v
C8 20%v
C8 30%v

e IL
 (n

m
)

grafting density (nm-2)

Figure 8. Thickness of the interfacial layer determined by a combination of BDS, SAXS, and RMC, as
a function of C8 grafting density. The average value over all volume fractions is represented by a
solid line. Dashed line: average value considering a cubic NP arrangement with overlap.

4. Conclusions

The segmental dynamics of polymer nanocomposites has been studied by BDS, using
the interfacial layer model to separate the interfacial polymer volume fraction from its
characteristic time. The latter is found to evolve with NP surface modification by C8-
grafts: the presence of surfaces of bare silica NPs has a strong impact on the segmental
dynamics, resulting in several times longer relaxation times due to the possibility of
hydrogen bonding between the pyridine ring of P2VP and the hydroxyl groups at the silica
surface. Upon grafting, the interface appears to be screened from the polymer, and the
interfacial slowdown of segmental relaxation vanishes. For C8-grafts, this happens above a
typical grafting density of about 1.5 nm−2, whereas it happens much earlier (ca. 0.5 nm−2)
for C18 grafts. This effect is considerably stronger than the difference in alkyl mass might
suggest. Another remarkable result is that the volume fraction of the interfacial layer stays
approximately constant for all grafting densities and the graft length.

The dispersion state of the same samples has been studied by SAXS, and the result-
ing intensity curves interpreted using a reverse Monte Carlo simulation of polydisperse
particles in a simulation box. From visual inspection of the apparent NP structure factors,
the structure of the nanocomposites is found to depend more strongly on grafting for the
lower NP volume fractions than for the higher ones, where less space for rearrangements
is available. In any case, at high grafting density, an aggregated state is reached for all
silica contents. This interpretation is confirmed by a recently developed analysis, which
focuses on the interparticle spacing distribution functions for each sample. These functions
can be analyzed in terms of, for example, probabilities of close contact, or the number of
neighboring particles in a given shell, and these indicators reflect the morphological transi-
tions triggered by grafting. This SAXS analysis reveals a threshold in C8 grafting density of
about 1.5 nm−2. Moreover, the three-dimensional representations of the dispersion state
available through the RMC simulations allow for a precise determination of the interfacial
layer thickness, in agreement with the corresponding volume fraction measured by BDS. It
is thus the original combination of BDS, SAXS, and RMC which enables the determination
of the nanometric interfacial layer thickness. Finally, the evolution of the interfacial layer
volume fraction with (hypothetical) thickness for different dispersions shows that this
function is also a valuable tool for the analysis of particle dispersions.

The impact of the alkyl-chain length of the silane graft is found to be stronger for the
longer molecules, both on segmental dynamics and on the structure. It is noteworthy that
the dynamics is modified on a well-defined range of about 5 nm, whatever the amount or
type of graft. The relaxation time depends on these parameters, and different behaviors
are observed for dynamics and structure. In BDS, the effect of the longer molecules is
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considerably stronger than the one expected from the nominal increase in total grafted
mass, as one can deduce from the shift in the threshold values. In SAXS, the observed
shift is also found to be stronger than the one caused by the grafted mass only. Both in
dynamics and structure, grafting longer molecules at the same grafting density has thus a
stronger impact.

To summarize, surface-modification can be used to control both the particle dispersion
and the slow-down of the polymer interphase in nanocomposites. Structure is controlled
by introducing (for bare) or reducing (for grafted NPs) a steric chain buffer action between
particles, possibly concomitant to depletion in the latter case, and dynamics by screening
direct interactions of polymer molecules with the silica surface. The modification of the
segmental dynamics by the presence of surface-modified NPs has a strong impact on Tg and
the overall segmental dynamics of the material, and thus on the mechanical properties of
the material. In parallel, modifying the particle dispersion, with aggregation or percolation,
also influences the mechanical properties like moduli and resistance to rupture, or, in the
case of carbon black fillers, conductivity. We believe that this study, which combines several
techniques for a precise determination of interfacial thicknesses, will open the way to
new investigations and hopefully control of macroscopic material properties by molecular
design of interfacial layer properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13040748/s1, Figure S1: Percentage of weight loss versus
temperature for the surface-modified NPs with different grafting densities in ethanol; Figure S2: SAXS
intensities (symbols) and modeling by log-normal distribution (line) of bare spherical particles of
colloidal silica suspension (a) and of the C8 surface-modified NPs (b) diluted in ethanol (ΦNP = 0.3%v).
(c) SAXS intensities (symbols) of P2VP nanocomposites filled with bare and surface-modified NPs at
low volume fraction (ΦNP = 2.0, 1.9, 1.9, 1.5, and 0.3%v, for bare and C8-NPs with grafting density
from 0.8 up to 2.9 nm−2). The line is the NP form factor in P2VP/silica contrast for comparison with
the PNC data; Figure S3: Dielectric loss spectra of P2VP PNCs with different surface modifications of
the silica NPs for the series with ΦNP = 15 (a) and 20%v (b) at 423 K. The solid lines represent the
ILM fit with additional MWS and conductivity terms at low frequency and the β-process at high
frequency; Table S1: ILM fit parameters of silica-P2VP PNCs using eqs (S1–S3); Figure S4: Frequency
dependence of the imaginary part of the dielectric permittivity (squares) in 30%v-PNCs at T = 423 K
for (a) bare NPs and (b) C8 1.3 nm−2 grafted NPs. The solid lines represent the ILM fits as discussed
in the main text, including dc-conductivity, MWS and secondary β processes (dashed and dotted lines
as indicated); Figures S5: Top row: SAXS scattered intensities of P2VP-silica PNCs of different surface
modifications for (a) 15%v-series, (b) 20%v, and (c) 30%v. The particle form factor is superimposed
(black line). Bottom row: corresponding apparent structure factors with RMC fits (solid lines) for
the series at (d) 15%v, (e) 20%v, and (f) 30%v; Figure S6: Comparison of the SAXS intensities of two
similar P2VP-nanocomposites with C8 surface-modified NPs (grafting density = 1.3 nm−2). The
arrow indicates the position of the repulsive peak; Figure S7: Center-to-center distance d associated
with the peak position in Figure S4, d = 2π/q0, as function of the grafting density (a) and the silica
volume fraction (b). Log-log scale in (b). The solid line is a fit to a power law with exponent equal to
−1/3; Figure S8: (a) Structure factor of the 15%v-PNC at 1.3 nm−2 considering a shifted I(q) by ±2%
(red and blue data). Solid lines are the corresponding RMC fits. (b) IPS vs. surface-to-surface distance,
normed to the same quantity in a hard-sphere gas of same parameters, using the data in (a); Figure S9:
Pair-correlation function for the 15%v-PNCs with different grafting density of C8-silane as indicated
in the legend; Figure S10: Volume fraction of interfacial layer ΦIL

PNC as a function of interfacial
layer thickness with respect to the entire sample ΦIL

PNC + ΦNP + Φbulk = 1, for 30%v-PNCs with
different grafting density. Circles are bare NPs (ΦNP = 30.7%v) and squares are high silane grafting
(C8 2.9 nm−2, ΦNP = 25.2%v). The dashed lines represent the silica volume fraction of each sample as
determined by the same algorithm.
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