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Abstract. Understanding the complex structure of polymer blends filled with nanoparticles (NPs) is the
key to designing their macroscopic properties. Here, the spatial distribution of hydrogenated (H) and
deuterated (D) polymer chains asymmetric in mass is studied by small-angle neutron scattering.
Depending on the chain mass, a qualitatively new large-scale organization of poly(vinyl acetate) chains
beyond the random-phase approximation is evidenced in nanocomposites with attractive polymer-
silica interactions. The silica is found to systematically induce bulk segregation. Only with long H-chains,
a strong scattering signature is observed in the g-range of the NP size: it is the sign of interfacial isotopic
enrichment, i.e., of contrasted polymer shells close to the NP surface. A quantitative model describing
both the bulk segregation and the interfacial gradient (over ca. 10 — 20 nm depending on the NP size)
is developed, showing that both are of comparable strength. In all cases, NP surfaces trap the polymer
blend in a non-equilibrium state, with preferential adsorption around NPs only if chain length and
isotopic preference towards the surface combine their entropic and enthalpic driving forces. This
structural evidence for interfacial polymer gradients will open the road to quantitative understanding

of the dynamics of many-chain nanocomposite systems.

Keywords: interfacial segregation, polymer nanocomposites, isotopic polymer blends, chain-mass

asymmetry, small-angle scattering, low-q upturn, concentration fluctuations.
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GRAPHICAL ABSTRACT:
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INTRODUCTION

Polymer nanocomposites (PNCs) made by incorporating hard filler nanoparticles (NPs) into polymer
melts have striking structural and dynamical properties which depend in a subtle way on interactions
between the chains and the particle surfaces, and on entropic effects related to the configuration and
distribution of chains close to the NPs. For strongly interacting systems like poly(vinyl acetate)/silica
where hydrogen bonds form between the carbonyl groups and the silanols, * such properties have
been deeply investigated by scattering experiments — showing the existence of depleted polymer
zones % — and most importantly, broadband dielectric spectroscopy (BDS) evidencing the existence of
slowed-down regions in the sample. ¥4 In weakly interacting PNCs like filled elastomers, BDS and NMR
evidenced a weak impact on dynamics with a slight broadening of the segmental time distribution °
and a low fraction of slowed-down polymer, 7 respectively. In a similar way, recent quasi-elastic
neutron scattering experiments revealed only a small slowing down of the self-dynamics well-above

the glass-transition temperature. >

In order to shed light onto the peculiar behavior of PNCs and chain microstructure, small-angle neutron
scattering (SANS) is a method of choice. & Mixing of hydrogenated (H) and deuterated (D) chains in
blends is generally used to either highlight chain conformation explored with SANS experiments, ° or
in order to match the scattering contribution of other constituents of the material, like the one of NPs
within polymer nanocomposites. 1%1! The latter method, called zero-average contrast (ZAC), 1% allows
following concentration fluctuations of the isotopes, which may reflect single chain conformations, or
local enrichment of chains in some region of the samples. Here, we study isotopic blends of chemically

identical chains of different mass, in presence of nanoparticles.

The thermodynamics of chain mixing is usually described with the mean-field Flory-Huggins formalism.
13 A positive monomer interaction parameter x expresses the propensity of a binary melt to demix for
enthalpic reasons, an effect which is counterbalanced by the mixing entropy of the chains. Within the
random phase approximation (RPA) by de Gennes, * the neutron scattered intensity of fluctuations in
the homogeneous state can be calculated in a mean-field approximation based on the chain form
factors and yx, and it is found to diverge at low g for x > X.. This divergence indicates the onset of
demixing at the so-called “neutron cloud point”. *> When the T-dependence of x makes it cross X, a
critical solution temperature is met, defining the spinodal curve in a ®-T phase diagram. This curve
subdivides the miscibility gap into a metastable region up to the binodal, and an unstable region of
spinodal decomposition. 1® The critical parameter . is directly related to the number of monomers per
chain and this value is lower for a blend of long chains, thus favoring phase separation, with a diverging

correlation length. Beyond this critical point, the mean-field theory fails because it considers only the



average environment of a monomer, and ignores large-scale concentration fluctuations, Y8 the

growth kinetics of which usually follows the Cahn-Hilliard theory. ¥

For polymeric systems, the formation of growing bicontinuous and locally periodic (spinodal)
structures has been evidenced since the 1970s. 2°2! Recently, Cabral and Higgins have highlighted
experimental and theoretical studies of spinodal decomposition in polymer blends, focusing on its
growth dynamics. ?? Inoue et al have shown that the jump into the spinodal region of a solution-cast
polymer blend by drying is both speed and polymer mass-dependent, and that once created, spinodal
structures may be frozen. 2 In the metastable region, nucleation and growth is the dominant
mechanism, but again the polymeric nature of these systems may lead to a high energy barrier for
nucleation, and possibly freeze any structure. ¥’ The temperature-dependence of decomposition has
also been studied by SANS and isotopic labeling, allowing comparison to the Ginzburg-Landau
approach of phase transitions, and identifying the limits of the mean-field theories. 2*?* The phase
diagrams of pure blends are thus relatively well-described by mean-field theories of known limitations.
On the other hand, the effect of the introduction of NPs on the phase behavior is weak and system-

%29 gnd measurements. 3932 Ginzburg

dependent as shown by a few phenomenological theories
predicted the effect of nanoparticles on the phase separation of PNC blends. He showed in particular
that a possible enthalpic compatibilizing effect of NPs is counterbalanced for larger particles (Rne > Rq

of the chain) by the entropic penalty on the chain conformation.

In this article, the question of concentration fluctuations close to NP surfaces in isotopic chain blends
is addressed for various degrees of polymerization, including symmetric and asymmetric blends. This
is motivated by the observation of dynamical heterogeneities in attractive PNCs where interfacial
layers of different — slowed-down — segmental dynamics with respect to the bulk and extending over
2-6 nm around the NPs have been characterized by BDS. A strong impact of chain mass has been
established, the short chains displaying lower relaxation times in the interphase. 333 This effect has
been ascribed to a MW-dependent chain packing in the interfacial layers with a reduction in mass
density for the long chains confined between neighboring particles. Such a reduction is obviously
disadvantageous for the mechanical properties of high-MW PNCs, but it could be counterbalanced by
chain stretching which prevails for long chains. Following this idea, binary blends of otherwise the same
short and long chains have been recently studied showing that the presence of a small fraction of short
chains leads to an improved mechanical reinforcement. 3> Swelling of the interface with the short
chains tends to favor stretching of the long chains as deduced from molecular dynamics simulations.

This behavior motivated our study of PNCs with asymmetric blends.



In order to understand the formation of polymer structures, one must keep in mind the formulation
pathway of such systems, which are usually obtained by evaporation after mixing in solvents. It is well-
known that most of the mobility is available only in presence of solvent, thus quenching chain
conformations in the dry and glassy state, % e.g., during neutron scattering experiments ¥’. In true
homopolymer melts and solutions of chains of different mass close to surfaces, there are no enthalpic
reasons besides chain-end corrections for one or the other chain to be attracted to the surface. In this
case, the lower reduction in translational entropy caused by locating a chain close to the surface favors
the adsorption of the longer chains. 8 The isotopic difference between H- and D-chains used in neutron
scattering causes a small energetic preference. Due to differences in the bond length (C-D vs C-H) and
thus electronic polarizability, 3 isotopic polymer mixtures are not ideal systems and possibly phase
separate “° depending on the temperature as described above. An excess low-q scattering has been
observed by SANS and associated with finite-size domains indicating that H/D blend can also be
trapped in a metastable stable. *! Small differences in surface energy also lead to surface-driven phase
separation. Deuterated segments display a lower surface energy and systematically enrich the air
surface in symmetric polymer blends. 4% However, it has been shown that entropic factors may
overcome the energetic interactions in mixtures of short and long chains. ** This behavior points out
the importance of chain-length disparity in blends regarding surface segregation, the reproduction of
which requiring the inclusion of compressibility effects. *® In presence of silica, isotopic substitution
may thus affect interactions with surface silanols and cause a weak enthalpic preference of one type
of chain for the particle surfaces. This argument has been used by Jouault et al ! as a possible
explanation for the H/D chain separation triggered by silica NPs in symmetric polystyrene (PS) blends.
However, such effects are usually weak and they do not impact chain conformations in PNCs, as shown
by the tremendous efforts devoted to the measurement of the chain radius of gyration in PNCs over
the last 20 years. 147 Ag a result, depending on the difference in mass between the long and the
short chains and their energetic preference, the enthalpic and entropic driving force towards the NP
surface may either compensate or reinforce each other — the latter namely in the case where the
longer chains are attracted to the surface. This mechanism might then destabilize the large-scale
distributions of the chains, and trigger new isotopic contrast situations, which in turn should be visible
in SANS experiments. Such a situation was encountered in PNCs by Crawford et al who observed an
excess scattering attributed to the onset of phase separation in presence of silica, without
quantitatively describing it. ¥ Unexplained low-q upturns are commonly encountered in PNCs, and
their description is one of the objectives of the present paper. Effects of particles on the polymer
correlations may induce a low-q increase. At high filler fractions and increasing interfacial attraction,
large-scale heterogeneities that may be associated with “polymer-mediated bridging” are precursor of

spinodal decomposition with a noticeable low-q increase in the polymer structure factor. *® In addition
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to the upturn, a structure factor peak at intermediate q has been observed and backed up by
theoretical work in the framework of the polymer reference interaction site model (PRISM). 85! Both

aspects will be discussed with our results.

The aim of this article is to investigate the large-scale distribution of polymer isotopes in PNCs, which
appear to be induced by the presence of the NPs, but remain quenched after PNC formation. As a
starting point, the pure blends of different chain asymmetry will be studied. Then, striking differences
in behavior as NPs are added to different matrices will be evidenced, and modeled by two types of
large-scale geometric structures: one describes isotropic fluctuations triggered by the presence of the
NPs, but distributed independently of the filler particles throughout the matrix. And the second one is
the surprising formation of isotopic shells surrounding the silica. Such large-scale structures escape
any description by the above-mentioned mean-field theories, and indeed they do not show the
characteristic low- and intermediate-q shapes proposed by RPA, but rather display qualitatively new
large-scale organization beyond mean field. Our results highlight the surprisingly asymmetric behavior
of isotopic blends with respect to chain length close to NPs, and it is hoped to open the road to

understanding the puzzling dynamical properties of polymer blends filled with nanoparticles.

RESULTS AND DISCUSSION

Pure blends. Samples were formulated by mixing hydrogenated and deuterated poly(vinyl acetate)
(PVAc) (Table 1) in solvent before drying, with the samples named HX (hydrogenated) or DX
(deuterated), where X indicates the molecular weight in kg/mol (e.g., D40 for a deuterated 40 kg/mol
chain). The scattered intensity of pure H and D blends (i.e., without NPs) is caused by the local isotopic
fluctuations representative of the chain conformations. The standard description following the random
phase approximation gives the intensity lzpa(q) as a sum of three terms, one for each form factor Pi(q),
with i = H or D, and a third term taking the monomeric interaction ¥ into account >2
Ap® 1 1 2y

= + - &
IRPA(q) 1_‘H NH VH I:)H (q) 1_‘D NDVD I:)D (q) VO

The chain form factor Pi(q) depends on R,", the radius of gyration of each type of chain, and N; and V;
are the weight-average number of monomeric units per chain, and monomeric unit volume. Vo = I'yVy
+I'pVp is the average monomer volume calculated with the volume fraction of H (resp. D) chains within
the matrix, I'n (resp. I'n). In melts, the form factor of ideal Gaussian H or D-chains Pchain(q) is given by

the Debye equation:



q4i4 (eXp(—quS)—l—f-qu;) (2)
g

Prhain(@) =
In Figure 1, the scattered intensity of a symmetric blend of short chains H10/D10 is shown. At high and
intermediate g, the scattering curve is perfectly described by the combination of egs. (1) and (2), with
a virtually identical radius of gyration of R;"" = 3.1 nm for H- and D-chains. The exact chain masses have
been determined by size-exclusion chromatography (SEC) — see Table 1 — and they have been taken
into account as indicated below. The successful description shows that the H- and D-chains are mixed
on a molecular level. Nonetheless, an upturn is observed at small angles. We have tentatively taken

the Flory-Huggins interaction term in eq. (1) into account, for H10/D10 and many other matrices,

spanning the entire mass range as given in Table 1.

Table 1. Characteristics of the hydrogenated (H) and deuterated (D) PVAc. Mw is the weight-average molecular
weight and Pl the polydispersity.

Name Mw (kg/mol) Pl R (nm)
D10 10.4 1.2 3.1
H10 10.2 1.2 3.1
H20 19.6 13 4.3
D40 39.6 13 6.1
H40 43 1.4 6.3
H110 113 13 10.2
H240 242.7 2.7 15.0

The monomer-interaction term is found to stay below x = 2 107 for all matrices, and choosing x = 0 is
consistent with all intensities reported here. These pure isotopic polymer blends thus display ideal and
homogeneous chain mixing. We found that the low-q upturn observed in Figure 1 cannot be described
by RPA, and that it is much weaker than the upturns related to large-scale isotopic concentration
fluctuations in presence of silica presented below. This feature must be attributed to voids and defects
typical of polymer melts. 133 In order to avoid artefacts induced by the very small-angle scattering in
all the fitting procedures in this article, we have thus chosen to first favor fits of the intermediate and
high-q range, and only afterwards optimize the available low-q scattering as much as possible in

presence of NPs.
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Figure 1. Scattered intensity of pure symmetric H10/D10 (a = 1) and two asymmetric blends (H10/D40, a = 0.26,

vertically shifted x 10; H40/D10, a = 4.1, vertically shifted x 1/10), compared to the RPA fit with x = 0
corresponding to the average of the Debye form factors with parameters given in Table 1.

In order to describe asymmetric blends of different chain mass, the radius of gyration of chains of

different masses has been parametrized using the Gaussian chain statistics:

R = 0.9636 Mw/* (3)
where the weight-average chain mass Mwi is given in kg/mol, and R, in nm. The numerical prefactor
results from a simultaneous optimization of the scattering from blends combining all chain masses
reported in Table 1, ranging from 10 — as shown in Figure 1 —to ca. 250 kg/mol (see S| for additional
scattering of blends). In practice, it leads to a reduction of the number of fit parameters in eq. (1), as
chain scattering is now perfectly known. For the rest of this article, we can thus concentrate on the
analysis of the low and intermediate g-range. For comparison, the case of asymmetric matrices
(H10/D40, and its inverse H40/D10) has been superimposed in Figure 1, with intensities shifted
vertically for clarity. As asymmetric matrices play an important role in this article, we define the matrix

asymmetry parameter a as follows:

a= Mwy/Mwp (4)
where the weight-averaged masses have been used. The description at intermediate and high q of the
samples a = 0.26 and a = 4.1 in Figure 1 using eqs. (1-3) with x = 0 is equally satisfying as with a close
to 1. This indicates that in all the reported cases blending hydrogenated and deuterated PVAc chains
is favorable in absence of silica NPs. As with the symmetric blend, a similar low-q upturn, which is thus

independent of chain mass, is observed in both asymmetric cases.



Nanocomposites. Having characterized both symmetric and asymmetric silica-free blends, and found
no signs of incompatibility, we can now investigate the effect of the presence of NP surfaces on the
polymer structure (see section 4 for the PNC formulation). Our rationale is that differences observed
in dynamics have been related to the presence of polymer surface layers with different properties than
the bulk, like a different composition in terms of chain mass, ¥ or a different mass density close to the
surface. 2 The latter very subtle effect has been revealed by a SAXS analysis, and it will be shown below
that it is too weak to affect our SANS data. The first effect, however, would be reflected in our
experiments by a different isotopic composition, and should lead to signatures visible in SANS. In order
to check the influence of the amount of available surface, two silica beads of different size have been
used. The corresponding form factors are well-described by a log-normal distribution of spherical
objects with a radius of Ryp = 9.4 nm (log-normal polydispersity 17%), and 21.2 nm (12%), respectively
as shown in Sl. Their scattering length density has been determined by independent contrast variation
experiments reported in 2 and in the SI: pxp = 3.59 (resp. 3.63) 10° cm™ for small (resp. big) NPs,
indicating similar density. The spatial distribution of NPs in nominally identical PNCs has been
investigated previously 2 showing the formation of zones slightly denser than the average for PNC
blends of low chain mass, whereas a homogeneous (non-aggregated) hard-sphere dispersion was
found at the highest masses. We now compare the polymer structure in pure H/D blends to
nanocomposites made with the same blends. We note that the R; of the chains is of the same order of
magnitude as the silica particle size (i.e., neither protein nor colloid limiting case), which according to

Ginzburg %® may make the system more prone to phase separation.

In order to highlight the polymer contribution using the ZAC-technique, PNC samples have been

designed in such a way that the average contrast of the silica NPs is always zero 10 12

Apne = pe— Pmat =pPne— (Chpu+Topo) =0 (5)
with the chain volume fractions obeying I'y + I'p = 1. For the two silica beads, I'ijis found to be ca. 60%,
see Sl for exact values used in all calculations. As indicated in eq. (5), the scattering length density of
the matrix pmat is given by the volumetric average of the H and D chains in the matrix with py= 1.38
10°cm?, and pp=7.02 10°cm™ as determined in 2. The intensity scattered by a nanocomposite in the
same symmetric matrix as in Figure 1 (H10/D10, a = 1) with ®xp = 6.9 %v of small silica NPs (Figure 2a)
shows that matching is quite perfect: indeed, no contribution of the silica form factor with its high-q

oscillations — as measured independently by SAXS and shown in S| — is observed.
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Figure 2. Scattered SANS intensity of PNCs with symmetric H10/D10 (a = 1) and asymmetric blends (H10/D40, a
=0.26 and H40/D10, a = 4.1), for (a) small silica NPs, and (b) big silica NPs, ®np = 8%v. Pure matrix scattering is
shown for comparison (black symbols). Chain scattering is described by RPA using the Debye form factor, cf. the
text for the complete model leading to the fits superimposed to the data (solid lines).

The SANS intensity looks like the one observed in Figure 1 and superimposed in Figure 2 for the
symmetric matrix for comparison, with a perfect description of the chain scattering in terms of the
Debye function providing the radius of gyration and the ideal chain conformation: R; = 3.1 nm given by
eq. (3), as in the pure melt. H- and D-chains thus continue mixing on a molecular level. In Figure 2, the
position of the upturn in the pure polymer blend has been indicated by the vertical line for illustration
of the low-q domain with less reliable scattering data. In spite of this feature, the low-q increase is
obviously much higher in presence of NP surfaces by ca. a factor of five, and extends to higher g. This
means that the formation of some large-scale structures has been triggered by the silica NPs. A
stronger low-q upturn is observed in matrix with an asymmetric (H10/D40, a = %) composition (Figure
2a). Surprisingly, the opposite asymmetry (H40/D10, a = 4) induces a new feature: a maximum in
scattering at intermediate angles, around 0.035 A, The structural evolution underlying these changes
necessitates quantitative modeling in order to understand the new spatial distribution of the polymer
isotopes. Before doing so, it is checked in Figure 2b that these observations are robust with respect to
increasing the size of the silica NPs from about 20 to ca. 40 nm. The same behavior is observed as a
function of matrix asymmetry, with strong low-q upturns with respect to the pure melt fora <1, and
a prominent peak showing up for longer hydrogenated chains, a > 1. It is noted that changing the NP
size by a factor of two induces a corresponding shift in the peak position, suggesting that the peak is

related to a change in the matrix composition close to the silica surface.

There is no signature of the silica form factor in any of the intensities plotted in Figure 2, and the
stronger low-q increase must be related to the polymer, which was intended to present a

homogeneous H/D mixture. Apparently, this is not the case in PNCs, and large-scale isotopic
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fluctuations are observed despite molecular mixing, as if the silica surface favored H/D segregation
into zones having different chain mixing ratios. We have chosen to describe this segregation by the
presence of zones of isotopic composition I'y**® different from the nominal matrix composition I'y
entering the above definition of pmat: ['w**8=1"w + AL'v*%6. The sign of the “visibility” of segregation AI'y*®8
cannot be determined, lack or gain of H-chains in the segregated zones leading to a symmetric result.
We thus report its absolute value |AI'v**8|. The existence of such segregated zones has two effects on
the scattering: first, the zones themselves contribute to the scattering. Secondly, their isotopic
enrichment contributes to a corresponding isotopic depletion of the matrix — pmat changes due to
volume conservation of H- and D-chains. This shifts the equilibrium of eq. (5), and in principle confers
visibility to the NPs even if their contribution remains weak in the present case. The shape of the zones
is unknown, and we described them by spheres of radius Rsg, Which is a fit parameter related to the
position of the low-q upturn in Figure 2. Moreover, we have introduced a fuzzy surface because this
appears to be the expected situation, and set the fuzziness to 20% (cf. Sl). Note that choosing a
different fuzziness (including sharp interfaces) has no impact on the fits or the outcome of our
approach: the only important feature is the total sphere mass. The last parameter to be set is the
number density of theses fuzzy balls representing the volume phase separation of H- and D-chains. A
natural choice is to set this number equal to the number of silica nanoparticles, with the underlying
idea that segregation —which is absent in the pure blends (Figure 1) —is linked to the spatial distribution
of the NPs. In the SI, different choices are explored for the number density of segregated zones, which
is found to be rather constrained around one fuzzy ball per silica NP. The model for the total SANS

intensity with segregated zones and silica NPs thus reads:

1(q) = APseg” Dseg Vseg Pseg() Sseg(al) + Inebye(q) + Apne” P Ve Prr(q) Sne() (6)
Here the RPA expression for chain scattering in eq. (1) has been renamed Ipesye in order to emphasize
that x has been set to zero. Note that this expression is applied to the entire polymer material as there
is no complete phase segregation. The contrast prefactors Apseg and Apne have been expressed with
respect to the matrix, and are based on the isotopic composition I'y**® of the segregated zones, which
in turn affects pmat. Mseg denotes the volume fraction of the segregated zones in the sample which is
given by the product of their number density and volume depending on Rseg and the (fixed) fuzziness.
Moreover, the apparent structure factor of the silica NPs, Sne(q), has been obtained by division of the
SAXS intensity by the average NP form factor, while the one of the segregated zones is a priori
unknown. We have thus only two fit parameters in eq. (6): Rseg and AI'\*¢¢, all others being fixed or re-
calculated by mass conservation. Note that in all cases SAXS and SANS experiments were performed

on the same piece of sample.
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The outcome of the fit procedure with silica, segregated zones, and matrix polymer has been
superimposed to the H10/D10- and H10/D40-data in Figure 2a. Two options for the structure factor of
the segregated zones have been investigated (see SI) with either uncorrelated zones (Sseg(q) = 1) or
Sseg(d) = Sne(q). The description of the large-scale structure based on the silica dispersion Sye(q) was
found to reproduce the scattering best. This is in line with the observation that the slopes of the SAXS
and SANS intensities are parallel at low g. The resulting radius of the segregated zones, Rseg, is found
to be 15.8 nm, i.e., about 1.5 times larger than the silica radius. By no means, however, can the
segregation model in eq. (6) reproduce the peaked intensity of the H40/D10 PNC as discussed below
for each scattering contribution. The same observations are true for the bigger NPs reported in Figure
2b. Again, the silica has almost no visibility due to only a slight violation of eq. (5), and the segregated
(thus contrasted) zones are found to dominate the scattering at low and intermediate g. Note that the
bigger silica NPs have a mass higher by about a factor of ten, with a corresponding decrease in the NP
number density. Nonetheless, the SANS intensities of the a = 0.26 and a = 1 samples based again on
the silica structure factor also for the segregated zones are satisfactorily described, with a radius Rseg
again larger than Rnp (Rseg = 23.5 nm on average, see Sl), whereas the peaked a = 4.1 obviously needs

an additional structural element.

The most surprising result of this study was triggered by the inversion of the chain asymmetry to long
H-chains with short D-chains (a > 1). As shown in Figure 2, a new feature is present in the intermediate
g-range for the H40/D10 PNCs: a well-defined peak shows up, approximately towards the end of the
Guinier plateau of the NPs. This feature can be rationalized by isotopic enrichment close to the silica
surface leading to the formation of a contrasted polymer shell. Such a structure can create the intensity
maximum, while also contributing at low-q to the intensity upturn. This peak may likely be related to
the “microphase polymer peak” observed in homopolymer-based PNCs with attractive interactions.
Extensive prior studies combining small-angle scattering and non-mean-field integral equation theory
based on PRISM demonstrated that the partial structure factor resolving the polymer-polymer
concentration fluctuations correlates with that of the silica NPs. 85254 The filler-induced polymer peak
is located at the NP scale — as observed here — and it is due to the exclusion of polymer chains from
the occupied space of correlated NPs, thus evidencing an imprinting of NP order on the adsorbed
polymer layers detected. It was reported in contrast-matched SANS experiments of Kim et al >° for
dense polymer solutions and Sen et al >> for symmetric isotopic PS blends in presence of silica. Note
that an analogous peak in the structure factor was also reported in the phase-separated structure of
binary molecular mixtures confined in a porous material. °® In our case, the shell with local H/D
deviation highlights the NP shape and makes the NPs gain additional visibility as compared to the

previous case (a < 1), where only bulk segregation was observed. The fits for a > 1 in Figure 2a and 2b,

12



for small and big NPs, respectively, have been obtained with a model taking both the segregation and

the isotopically visible shell into account.

In practice, the (third) NP term in eq. (6) is extended, now including both the NP core and the isotopic

surface layer in a core-shell form factor, Pcs(q):

1(q) = APseg” Pseg Vseg Pseg(q) Sseg(q) + Inebye(q) + Pes(a) Swe(q) (7)
Due to the heterogeneity with both core and shell profile, a single contrast and volume fraction do not
factor outin eq. (7). They are part of the entire expression for P.s(q), but average values @shei and Apshei
and thus the shell visibility A" can be defined. The sign of the latter quantity is negative if one
chooses a positive AI'y*®8. In practice, the interface has been described by a free scattering length
density profile pshei(r) (N, = 20 to 40 shells of thickness AR = 5 A) extending up to the limit defined by
the total silica volume fraction and the presence of the segregated volumes. Its scattering contribution

P.s(q) reads:

YN i i in(qry)-grjcos(qry)]?
Pes(q) = Zifg; ?ﬂris(pshell(l) — Pshen(i + 1))3 %} (8)

In eq. (8), the “shell” number zero refers to the silica core, and the shell number Np+1 represents the
matrix, where N, is the number of shells outside the silica particle. The last term of the sum, pshen(Np) -
pshell(Np+1), is thus the contrast with respect to the matrix. The scattering length density of the matrix
is always adjusted such that the total amount of H-chains in the system (and thus equivalently, D-
chains), remains constant. This isotopic conservation is the mechanism behind the strong visibility of
the silica via its shell leading to the peak at intermediate g although NPs are nominally matched
following eq. (5) — see also °. A reverse Monte Carlo (RMC) algorithm has been applied to find the best
fit under the constraint of a smooth scattering length density profile, following recent work by Cors et
al, > while simultaneously optimizing the size and visibility of the segregated zones as above. The
overall fit quality is illustrated in Figure 2 with an adequate description of the peak for both PNCs filled

with small and big NPs.

This study has been extended to various chain-mass couples enlarging the matrix asymmetry
parameter range from 0.25 to 17. A table summarizing all PNCs investigated here is given in section 4
and the corresponding SANS spectra are given in Sl. The fit quality for different values of a highlights

the robustness of our approach.

As an outcome of egs. (7) and (8), segregated zones are present for all matrix asymmetry parameters
a, on top of which isotopic shells exist around the NPs for a > 1. Two parameters describe the geometry
of the segregated zones: their visibility Al'+*°¢, and their total volume fraction ®s; deduced from Reg.

We have investigated the dependence of both on the matrix asymmetry parameter a in Figure 3. In
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Figure 3a, the visibility of the segregated zones is plotted. For a < 1, it is found to be low and
approximately constant (ca. 0.07), whereas it increases significantly for a > 1. At the same time, the
segregated zones volume fraction ®.; dominates the matrix volume at a < 1 in Figure 3b, and
decreases to low values (= 5%) for a > 1. This is accompanied by a decrease of Reeq to about 60% of the
silica radius. Around a = 1, there is a discontinuous jump in @, caused by the “resolution” in a-steps.
Note that we have plotted the normalized fractions of polymer with respect to ®pol = Dspell + Dseg +
®mat. The reason for the jump is the presence of shells for longer H-chains, which appears to be sudden
for the chosen discrete values of the matrix asymmetry. Indeed, the shell volume fraction ®@ghenis non-
zero only for a > 1, and actually prevails in the matrix as can be seen on the right-hand-side of Figure
3b, Dsneir> Dseg. Thus, the segregated zones are preponderant in volume for PNCs with longer D-chains,
but they become smaller — albeit with a higher visibility |AI's**8|— in the opposite case in order to

reproduce the intensity of the low-q upturn.

In some sense they are replaced by the shells, i.e., a striking difference in behavior is found for long D-
or long H-chains. The segregation is triggered in both cases by the silica NPs, but it is localized close to
the silica surface only for long H-chains, with the clear empirical indication of the systematic presence
of a peak in the scattered SANS intensity. In spite of the scattering in the data points in Figure 3b,
several conclusions can be drawn. There seems to be no tendency with increasing a above 1, i.e., @shell
appears to remain approximately constant. Secondly, if one changes the particle size as shown in the
SI, @shen evolves on a slightly lower level (some 15% less), thus remaining within the uncertainty given
by the scattering of the data points. The shell volume fraction is thus not sensitive to changes in NP

size, in spite of strong variations of the particle number and surface.
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Figure 3. (a) Visibility AT'w of the segregated zones, shell and matrix, and (b) normalized polymer fractions
Dshell/ Ppol, Pmat/Ppol, and Dseg/Dpor as a function of matrix asymmetry parameter. Full and empty symbols are for
PNCs filled with small and big NPs, respectively. Colored bars are guides to the eye for the average polymer
fractions and their dispersion. The polymer fractions obtained for big NPs are shown in the SI.
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Before characterizing in detail the isotopic profile of the shell, we propose a single segregation
parameter B, linked to the volume fraction and degree of segregation of the zone, without being

sensitive to neither the exact choice of their number density, nor the silica volume fraction:

eseg = |ArHseg| q)seg/ Dnp (9)

By multiplying the volume and the visibility, this parameter represents the total amount of segregated
matter, in analogy with a density. As a conclusion on the bulk segregation behavior of nanocomposites

with H/D matrix blends, we have plotted in Figure 4 the segregation parameter G as a function of

|” |”

matrix asymmetry parameter a. For simplicity, we have named the zones “no shell” and “shell” for a
<1 and a > 1, respectively. The available data points are found to be regrouped around an average
value of about 0.15, in spite of the differences in fit parameters and NP sizes. The scattering is indicated
by the yellowish zone defined by the standard deviation of the points. This surprising representation
suggests that the average quantity of bulk segregation is independent both of silica size and of matrix
asymmetry. In other words, if more segregated zones are present, they are less visible, as one could
already suspect when comparing Figures 3a and 3b. Also, segregation is triggered by the presence of
the silica, and the BOsg-parameter includes a normalization with respect to the silica volume fraction.
The result of data points lying mostly between 0.1 and 0.2 in spite of a variation of the silica content
from 4 to 20% (see section 4) implies that the amount of segregated matrix material is proportional to

the silica volume fraction.
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Figure 4. Average degree of H/D segregations Bseg and Oshell in PVAc nanocomposites with small (full symbols)
and big silica NPs (empty symbols) as indicated in the legend, as a function of matrix asymmetry a.

The same segregation parameter as in eq. (9) can be defined for the shells, based on their average
volume fraction and visibility. The result has been superimposed as blue symbols in Figure 4. The data

are again quite scattered, but the same order of magnitude as for the bulk segregation is found —
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naturally only for a > 1, where shells exist. This representation thus underlines the importance of
matrix asymmetry: some bulk segregation is always present, but shell segregation is present to the
same degree (Osnei = Oseg), thus doubling the total amount of segregated chain material, only for long
H-chains. The isotopic profile pshei(r) has been optimized by RMC in order to provide the best fit, while
simultaneously adapting the parameters of the segregated zones for each nanocomposite sample. The
resulting fits are decomposed into the different contributions in Figure 5a, and compared to the silica

scattering measured in independent SAXS experiments, for small silica NPs (see Sl for big NPs).
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Figure 5. (a) Scattered SANS intensity of asymmetric H40/D10 PNC (a = 4.1, ®np = 8.7 %v) compared to the silica
structure measured by SAXS of the same sample (S(q), red curve) for small NPs. The blue line is a fit to the SANS
data following eq. (7). The purple dashed line and the orange dotted line correspond to the contributions of the
contrasted polymer shell and the segregated zones, respectively. Chain scattering is described by RPA using the
Debye form factor as described in the text. (b) The two solutions (blue and red) of scattering length density
profiles within the shell compatible with the scattered SANS intensity, for small NPs (data in a) and big NPs in an

equivalent PNC (o = 4.1, ®np=9.1 %v, data in Figure 2b).

The analysis of the different contributions to the total fit in Figure 5a is instructive in several respects.
First, it turns out that the peak is not caused by the shell contribution only, although it has some
influence (ca. 25% of its value) on the exact peak shape via its form factor oscillation. The peak is caused
by the segregated zones, which however need to adjust their radius to small values (Rseg = 7.2 nm, in
the same range as the silica radius), which leads to the very low volume fraction @, of 4%. Therefore,
the amount of segregated polymer material is absolutely insufficient to describe the low-q upturn even
if one keeps in mind that the lowest g-values are partially affected by voids or defects. We have
checked (see Sl) that no satisfying fits of the sharpness of the peak and the low-q behavior can be
produced by either neglecting the isotopic shell, or the segregated zones. In order to reproduce the
dominant low-q scattering which follows the silica structure factor as shown in Figure 5a, the visibility

of the silica gained through the presence of its shell is crucial.
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The scattering length density profile within the shell has thus been optimized in order to obtain the
best fits of the peak region in shape and intensity. Two examples for profiles around small (resp. big)
particles are shown in Figure 5b, as a function of the shifted radius r — Rnp starting from the silica
surface. The variation of scattering length density is found to extend over ca. 10 nm (resp. 20 nm) for
small and big NPs independently of o for a. > 1 (see Sl). The spatial extension of the interfacial layer
thus corresponds roughly to half of the interparticle spacing, i.e., a large part of the available space
between neighboring NPs, the rest (ca. 25%, resp. 35% for the big NPs — see Figure 3b and Sl) being
occupied by the matrix. The shape of these profiles is peculiar, if one superimposes the two possible
solutions of opposite sign in red and blue with respect to the nominal silica scattering length density,
it looks like a fish. The occurrence of two solutions results from the squared contrasts in egs. (7) and
(8). It means that we cannot identify from the SANS analysis which isotopic enrichment (higher H or D
concentration with respect to the ZAC condition) takes place in the segregated zones and the shell. It
is clear, however, that they have opposite visibility with respect to the matrix. A thermodynamic
argument in favor of the preferential adsorption of H-chains is provided below. From a pure scattering
point of view, the symmetry of the two opposite profiles of the fish indicates that there is no
unsymmetrical contribution like a mass density depletion 2 close to NPs. In the following, we propose
a thermodynamic argument to break the H/D symmetry, arguing that only long H-chains may be
enriched at the interface. For the profile, one might have expected a monotonously decaying function
starting from the silica surface and progressively approaching the matrix. Note that the latter
corresponds to the fish tail by volume conservation, and it is flat by definition of a homogeneous
matrix. It will be shown below, though, that a monotonously decaying function can be extracted from
the data. Indeed, the exact shape of the scattering length density profile is impacted both by the shape
of the segregated regions, and also by the possible geometrical superposition of the segregated zones
(Dseg = 4%, Rseg = 7.2 resp. 15.4 nm for small and big NPs) in space with the shells surrounding the silica
described by an isotropic model. Concerning fuzziness, it has been varied over a large range as shown

in the Sl. Good fits are obtained up to 40% of fuzziness, confirming the fish-like shape in all cases.

At this point, one may wonder about thermodynamic equilibrium of the nanocomposites both in terms
of spinodal phase decomposition and equilibration of the adsorbed polymer layers. > To address this
guestion, we have measured the SANS and SAXS intensities of a selected PNC sample with o = 6.3 (see
details in Table 2) after annealing under vacuum at increasing temperatures up to 180°C. The SAXS
results in Figure 6a clearly show that the filler structure is not modified upon annealing, whereas the
SANS intensities in Figure 6b shows only a partial decrease of the low-q upturn — possibly resulting
from large-scale reorganization of the voids and defects. In the intermediate g range, the polymer peak

remains at the same position, indicating thermodynamically stable polymer shells.
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Figure 6. Scattered SAXS (a) and SANS (b) intensities of PNC with asymmetric blend (H40/D10, a = 6.3, ®np =
8.7%v, small NPs) measured at room temperature after consecutive annealing histories: 96°C for 9 days, 145°C
for 9 days and an additional 9 hours at 180°C, as indicated in the caption. RT corresponds to the original sample
without annealing.

In the graphical abstract, a possible configuration is depicted, with segregated zones overlapping with
the profiles close to the silica. Such an interaction is not captured by the isotropic scattering length
density profiles, and the model provides an average solution. It is, however, possible to conclude on

the exact shape of the profile by analyzing the impact of the geometry on the scattering.

In Figure 7, the idealized situation underlying eq. (7) is illustrated on the left, while the real, crowded
situation is shown in the middle. In Figure 7a, both the segregated zones and the silica with its polymer
shell are thought to be independently suspended in the matrix, without any overlap. The core-shell
form factor of the silica shell is calculated by an angular average over the entire solid angle 4t around
the silica NP center, and it thus corresponds to an angularly averaged p(r) to be extracted from Pcs. In
reality, as depicted in Figure 7b, the close presence of the segregated zones due to the crowding

necessarily influences the latter average. We will now pursue this idea quantitatively.

7 i \
o/

Polymer shell

2y

Figure 7. Schematic representation of the ideal (a), real (b) and after geometrical transformation (c) situations
of PNCs with asymmetric ratio o > 1 (long H chains, short D chains). In all cases, one can distinguish a segregated
zone (dark red) and a silica NP surrounded by an interfacial polymer layer (blue) suspended in the polymer matrix
(light red). Colors highlight the different scattering contrasts due to different H/D ratios: blue corresponds to an
excess of H and red to an excess of D with respect to the ZAC condition.

Segregated zone
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The first idea that comes to one’s mind when looking at Figure 7b is to simply include the presence of
the segregated zones in the angular average. However, this is inconsistent with the conservation of
volumes underlying our approach, because in eq. (7) the segregated zones have already been treated
independently. Including them in the angular average of the Pcs term would thus amount to counting
them twice. Maintaining conservation of all volumes, it is possible to pass from the situation in Figure
7b to Figure 7a by moving a segregated zone from the crowded environment “far away” into the matrix
as illustrated by the arrow in Figure 7b. This remains consistent with our analysis under the condition
that in turn a corresponding piece of matrix is moved to the original position of the segregated zone.
The silica with its polymer shell now contains two contributions, the true interfacial profile pin(r) in any
direction free of segregated zones, and the contribution of the matrix polymer replacing the
overlapping segregated zone, as illustrated by the scheme in Figure 7c to reproduce the geometrical
constraint shown in Figure 7b. By construction, pin(r) is not affected by the segregated zone, but is
restricted to a portion of the solid angle. It is thus necessary to replace the 4m-average over a
homogeneous environment underlying eq. (7) for Pcs by an average over the two contributions. The
result is the experimentally observed p(r), and it will be possible to deduce the real interfacial profile

pint(r) by subtraction.

In order to perform this angular average, some geometrical considerations are necessary. First, one
needs to estimate the distribution of distances between the silica and its neighboring segregated
zones, of number N’seg per NP. It is not possible to access the distance distribution and we have
introduced the surface-to-surface distance between the silica NP and the segregated zones, A (see Sl
for details). A negative value of A indicates that the polymer of the segregated zones is squeezed onto
the silica. In Figure 7c, the volume fraction of the shell occupied by the fuzzy sphere is called {(r). A
few examples of Y(r)-functions calculated using a given set of the two free parameters of our model
(N’seg and A) are shown in SI. We now have the numerical tool to proceed to the angular average. Any

spherically symmetric object has a form factor amplitude which reads:

o sin(qr)

Fes(a) = |, p(r) 4m r?dr (10)

Rnp  qr

where the angular average is performed over a constant and thus produces the 4rnr?dr contribution of
each volume element, i.e., spherical shells. This is the continuous version of the square given in eq. (8),
which had been discretized for numerical purposes. As illustrated in Figure 7c, each shell contains two
contributions, one is the matrix scattering length density replacing the segregated zone, pmat, and the
second one the desired gradient profile, pint(r). The volumetric weight of the former is N’seg Yi(r), while

the one of the latter is (1 - N’seqs(r)), where we have directly included the scale-up for several
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segregated zones in the vicinity of one silica bead; this remains valid for low N’sg, below their overlap.

As a consequence, the average p(r) in eq. (10) can be written as the sum of two terms:

p(r) = Néeg‘l’(r)pmat + (1 - Néegq"(r)) Pint (1) (11)

Note that the geometrical transformation described above leads to the replacement of the scattering
length density of the segregated zone by pmat. As a result, eq. (11) can be solved for the interfacial
gradient profile, with the “fish profile” p(r) as input. The result depends on the choice of the
parameters, N'seg and A. The number of neighboring segregated zones is quite directly estimated to 4
+ 2, because too low numbers do not give any influence as one can guess from the structure of eq.
(11), and too high numbers are unphysical due to volume constraints. They also produce unphysical
profiles, beyond the maximum possible scattering length densities of pure H or pure D polymer zones.
The determination of the second parameter, A, is more delicate. As stated above, the position and
spatial extension of the fuzzy segregated zone with respect to the silica NP has a direct impact on the
range of Yi(r), and thus on the shape of pint(r). We have systematically varied A, and analyzed the shape
of the resulting interfacial profiles. It results that a continuously decaying profile is found for rather
squeezed configurations with A values close to -Rseg, Whereas choices of positive or slightly negative A
do not improve the profile shape (see Figure S17 in Sl). Although there is no a priori argument to
exclude any oscillating —fish-like — scattering length density profile, we judge that the physical situation
speaks in favor of the simplest gradient. Indeed, the silica surface has been shown to induce the
presence of the polymer shell around it, and one spontaneously expects that the influence of the NP

surface decays with distance.

We thus conjecture that the simplest solution is also the most physical one: for A close to -Rsg and
N’seg = 4 to 5, the profiles plotted in Figure 8 are retrieved with eq. (11) for small and big NPs. Due to
the contribution proportional to the contrast squared, the SANS analysis itself does not allow
concluding about the type of chains (H or D) present at the interface. However, as long chains are
entropically more inclined to be localized at surfaces, this suggests that there is an enthalpic
preference for H-chains to go to the silica surface, because only in this case of long H-chains the two
driving forces do not counteract. As a result of our analysis for each NP size, the interfacial profile has
a typical decay range equivalent to the width of the fish, and corresponds to local enrichment of long
H-chains on the silica surface, with I'y = 75% in volume fraction directly at the surface. Then, the profile
decays towards the resulting matrix chain mixture (59.4%H and 40.6%D), which remains close to the
ZAC condition. Within error bars, these values are found to be robust for all PNC samples with o above

1.
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Figure 8. Scattering length density profiles within the shell in asymmetric H40/D10 PNCs (a = 4.1) with small (a)
and big silica NPs (b), ®np= 8.7 and 9.1%v, respectively. Only the solution with an enrichment in long H chains is
represented (circles), and the real interfacial profile (diamonds) is calculated using eq. (11) with A =7 nm, N’seg=
4in(a)and A =15.2 nm, N’seg=5 in (b). A values are found to be close to Rseg = 7.2 resp. 15.4 nm for small and
big NPs.

This analysis confirms our hypothesis that the spatial extension and relative amplitude expressed by
the fish-shaped contrast functions reflect the reality of the unusual isotopic distribution around the
NPs. Our model thus extracts in a first time the average picture which includes the overlap with
segregated zones, yielding a fish-shape. By then taking the geometry of the zones into account, a
monotonously decaying function similar in range is retrieved. It describes the reality of the interface

in absence of the perturbation induced by bulk segregation.

CONCLUSIONS

To summarize, we have studied the spatial distribution of PVAc chains of different chain mass in a
polymer nanocomposite with attractive silica-polymer interactions. The starting point was to identify
any local enrichment of longer or shorter chains close to the nanoparticle surfaces in order to
contribute to the understanding of the puzzling dynamics of these systems. The use of H- and D-chains
allowed investigating their spatial fluctuations by SANS, under ZAC conditions where the silica NPs are
invisible to neutrons. The first surprising result of our study is that while chains mix at a molecular level
in all situations studied here, they do present spatial fluctuations of two different types in PNCs,
depending on the matrix asymmetry. In all cases, bulk segregation is found and quantitatively
described — we underline that this is virtually never done in the literature where low-q upturns are

usually discarded, although it is also found in theoretical work and compared to SAXS experiments,
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which however do not resolve chain structure.  The total amount of bulk segregation is found to
remain roughly constant. In terms of the phase diagram of such complex polymer and NP blends, we
interpret this as the signature of an approach of the spinodal phase separation line of the H/D system
caused by the ternary interaction with the silica NPs. This creates metastable H/D concentration

fluctuations which however are quenched in the process of solvent evaporation.

Even more surprisingly, in the case of the long H-chains, an additional interfacial segregation
mechanism is evidenced by a clear sign in the scattered intensity, a peak located in the silica-size range,
which moves as the silica size is changed. Note that this feature is robust with changes to both H and
D chain masses keeping a > 1, as shown by the many examples in the Sl. As the silica itself remains
unchanged, this must be due to a modification of the isotopic density close to the NPs. We have thus
enlarged our scattering model to accommodate also the contribution of an isotopic shell, while of
course maintaining bulk segregation and volume conservation of all isotopes throughout the sample.
As a result, shell scattering is described by a scattering length density profile around the NPs with a
peculiar, fish-like geometry. From all our attempts to describe this profile in different manners, it
results that such a profile must be present to describe the data. We have then shown that the
geometric detail of the fish-profile can be explained by the superposition with anisotropic
contributions. The latter stem from the segregated globular zones which are present in all samples
(Figure 7). Taking into account the geometrical superposition allows extracting the purely interfacial
gradient, i.e., not affected by the segregated zones. The corresponding decay is found to extend over
ca. 10 — 20 nm into the bulk, and amounts to a local enrichment of ca. 75% in H-chains, as compared

to the average matrix value of 60%.

To summarize, there is thus strong evidence for an isotopic (H) enrichment close to the NP surfaces in
presence of long H-chains, which combine entropic and enthalpic preference for the silica. This
mechanism results in an overall stronger segregation because it adds interfacial segregation to the
bulk one. The silica thus destabilizes the H/D mixture, inducing different types of segregation
depending on the chain mass asymmetry. As a conclusion, a surprising variety of spatial segregation
phenomena is triggered by the combination of particle surfaces, chain mass, and isotopic differences
in such systems. On the other hand, the chain conformations themselves do not seem to be impacted,
suggesting that although chains have a tendency to separate, they are locally mixed and at equilibrium
at small scales. Combining knowledge of the present spatial distribution with comparative studies of
dynamic properties of isotopically labeled systems with pure hydrogenated systems may thus finally
enable molecular understanding of the striking dynamic properties of PNCs with attractive interactions

towards the particles.
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EXPERIMENTAL SECTION

Materials. Hydrogenated and deuterated poly(vinyl acetate)s of different chain mass ranging from ca
10 up to 110 kg/mol were synthesized via reversible addition-fragmentation chain transfer (RAFT)
polymerization. All details are given in 2. H240 in Table 1 is a commercial product from Scientific
Polymer Product Inc. Molecular weights were obtained by SEC at 25 °C in THF (Agilent 1310B 1260
Infinity Isocratic HPLC). Two different batches of spherical silica NPs were synthesized by a modified
Stéber method *8 in ethanol where they are electrostatically stabilized, with a final NP concentration
of 16 mg/mL. They have been characterized by SAXS in ethanol at 0.3 vol % dilution. For each batch,
the scattered intensity revealed a log-normal size distribution with an average NP radius of 9.5 and

21.3 nm for the small and big NPs, respectively (see the Sl for details).

PNC formulation. The hydrogenated and deuterated polymers dissolved in MEK were mixed with the
proportions calculated to obtain a nominal silica content of 9 vol % in the final PNCs. In some cases,
the silica content was varied to cover a range of concentrations from ca. 4 to 20%v. All samples were
prepared using the H/D volume fraction ratio of PVAc necessary to fulfill the ZAC condition (ca. 60/40,
see Sl for details). After 12 h of mixing, the solvent was evaporated by progressive casting over 1 day,
thus forming nanocomposites. The procedure was completed by 3 days under vacuum at room
temperature. Exact PNC loadings were determined by thermogravimetric analysis (TA Discovery, 20
°C/min, under air) from the weight loss between 200 and 900 °C. The silica volume fraction, ®yp, was
determined by mass conservation using the densities of neat PVAc and silica, 1.25 and 2.22 g/cm?3,

respectively. All the PNC samples studied are described in Table 2.

Table 2. PNC samples characteristics

Silica size o Mwy (kg/mol) Mwy (kg/mol) Dpp (%V)

0.26 10.2 39.6 9.2
0.27 10.6 39.6 10.6
0.49 19.6 39.6 9.3
0.98 10.2 104 4.3
0.98 10.2 104 6.9
0.98 10.2 104 12.4
1.09 43 39.6 9.0

Small NPs | 1.88 19.6 10.4 10.8
2.85 113 39.6 8.0
3.02 19.6 6.5 8.3
4.13 43.0 104 8.7
5.95 38.7 6.5 9.1
6.13 242.7 39.6 8.8
6.31 41 6.5 8.7
17.38 113 6.5 8.3
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0.26 10.2 39.6 8.3
0.26 10.2 39.6 15.7

0.49 196 39.6 8.4

. 0.98 10.2 10.4 6.4
Big NPs 0.98 10.2 10.4 206

2.85 113 39.6 8.0

4.13 43 10.4 9.1

6.13 242.7 39.6 8.9

10.87 113 10.4 8.9

Structural Analysis. SAXS experiments were performed using an in-house setup of the Laboratoire
Charles Coulomb, “Réseau X et gamma”, University of Montpellier, France. A high-brightness low-
power X-ray tube, coupled with aspheric multilayer optics (GeniX3D from Xenocs), was employed. The
scattered intensities were measured by a two dimensional “Pilatus” pixel detector at a sample-to-
detector distance D = 1.9 m, leading to a g range from 5.5 x 1073 to 0.2 A™L. To extend the g-range,
additional SAXS experiments were conducted on beamline ID02 *° at the European Synchrotron
Radiation Facility (ESRF, Grenoble FR) at a wavelength of 1 A with D = 30.7 m, yielding a low-q value of
2.3 x 10* AL. The scattering cross section per unit sample volume d2/dQ (in cm™?), which we term
scattered intensity I(g), was obtained by using standard procedures including background subtraction
and calibration. 8 SANS experiments were performed on D11 at the Institut Laue-Langevin (ILL,
Grenoble FR) using different configurations covering a g-range from 3 x103t0 0.6 A1: D=24m; D =
8 m; and D = 1.4 m, all with a wavelength of 4.6 A. Samples with a thickness of ca. 0.12 mm were
mounted between two quartz windows. Empty cell subtraction, calibration by 1 mm light water in
Hellma cuvette, and absolute determination of scattering cross sections I(q) were performed using
standard procedures. The reduction of raw data including corrections for detector sensitivity and
background noise was performed by the program Lamp. ® In all cases, the same piece of sample was

used for both SAXS and SANS measurements.
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