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Structure and dynamics of polymer chains grafted to a nanoparticle (NP) surface in one component
nanocomposites (OCNC) are investigated by small angle scattering (SAXS, SANS) and neutron spin echo
(NSE). The OCNC were realized by self-assembly of block-copolymers and subsequent cross-linking
of the core. The sizes of the resulting NPs were narrowly distributed. Owing to equal core and shell
volumes the melt structure is that of a concentrated colloidal dispersion of cores. The melt structure
could be reasonably well described by a Percus—Yevick structure factor. In order to access more deeply
the dynamics, three differently labeled materials with labels at the inner- or outer part and the whole
graft were studied. The experimental data were evaluated in terms of models allowing for site dependent
friction. For this purpose, the Langevin equation containing a friction profile was solved and the dynamic
structure factor in terms of its eigenvalues and eigenvectors was compared to the data. The evaluation
shows increased friction towards the grafting points. In addition, topological restrictions of motion due
to the dense arrangements of micellar cores and the presence of neighboring chains were considered
and compared with those of a corresponding melt. Assuming homogenous relaxation of all grafts did
not yield a satisfactory data description, but rather at least two differently relaxing chain ensembles had

rsc.li/soft-matter-journal to be considered.

Introduction

Polymer nanocomposites (PNC) represent a broad class of
modern materials with a wide spectrum of possible appli-
cations."™” Conventional nanocomposites are manufactured
by blending nanoparticles (NPs) and polymers. Their properties
depend strongly on that of the components: polymers and
(typically inorganic) NPs. Applications of PNC in nanotechnology
need chemical tuning of components and reliable processing.
Conventional nanocomposites consist of NPs (filler) and polymer
matrix mixed at different environmental and chemical conditions.
The main complexity, especially at relatively high-volume fraction
of fillers, relates to the required homogeneous and controlled
distribution of the NPs in the polymer matrix. Recently, polymer
hybrids such as the novel one component nanocomposites
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(OCNCs) have drawn much attention both in basic as well as
in application-oriented research.®'° OCNCs consist of NPs that
are grafted with polymer chains without any matrix (free)
chains. Progress in chemistry facilitates the precise creation
of materials with well-defined grafting density, chain length,
and functionalization."* These OCNCs exhibit novel morpho-
logies, dielectric, and mechanical properties, overcome the
dispersion challenge, and are expected to display structure-
related emergent properties that distinguish them from the
more established field of nanocomposites.

A number of tuning parameters, e.g. molecular weight of
grafted chains, grafting density, size of the NPs (related to NP
curvature) lead to different structural and viscoelastic proper-
ties allowing variation of applications. There are many studies
in the literature which monitor the structural as well as
dynamical features of grafted polymer chains at different time
and length scales.'®’®® Changes in the structural and con-
formational features of grafted polymers were described by a
two-phase model for polymer grafted NPs based on volume
conservation.”® Theoretically, the properties of grafted layers
were described by Alexander”” and de Gennes and Daoud
and Cotton.”® Combined theorical modelling and simulations

This journal is © The Royal Society of Chemistry 2025
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reveal the potential presence of two different polymer layers
present next to the NPs depending on polymer molecular
weight. For sufficiently high grafting density, the simulations
predict the chain sections close to the NP core to be extended
and form a dry layer. Such a dry layer was considered earlier
and is known as the concentrated polymer brush region (CPB),
where the chains are stretched, and the effect of grafting is
maximum. As one moves away from the NP core, a transition to
a melt like region takes place, which is known as semi dilute
polymer brush region (SDPB).?® Small angle neutron scattering
(SANS) experiments performed at NIST by Wei et al. found that
samples with hydrogen labelled segments in the CPB region
demonstrate stretched conformations whereas, those with label-
ling in SDPB region did not show any signature of stretching.*
These SANS experiments were performed on NPs grafted with
polymethylacrylate (PMA) dispersed in solvent with two differ-
ent polymer labelling schemes at moderate grafting density
(0.3 chains per nm?). For the inner labelled chain sections the
corresponding polymer layers next to the NPs are claimed to be
dry, i.e. without any interpenetration from the polymer chains
of neighboring NPs. For outer labelled chain sections, the
polymer chains from neighboring particles interpenetrate
resulting in the formation of a wet layer. On the other hand,
some of us using SANS showed that polyisoprene (PI) chains of
a molecular weight of 5 kg mol ™" (about the entanglement
molecular weight) grafted at SiO, NPs at a grafting density of
0.6 chains per nm” are interpenetrated and do not reveal any
change in conformation compared to the neat melt.>" The
apparent discrepancy between ref. 16 and 17 may relate to
the very different bulkiness (more than factor 3)** of the PMA
and PI monomers. Jhalaria et al. reported that PNC membranes
synthesized by grafting poly(methylacrylate) on silica NPs exhi-
bit significantly higher gas separation capability as compared
to their respective blended PNCs.** Grabowski et al. reported
that polymer grafted PNCs show enhanced energy storage and
reduced dielectric loss than the conventional PNCs.>*

Neutron spin echo (NSE) data obtained from the NIST
samples were fitted with the phenomenological Kohlrausch
Williams Watts (KWW) function.?® The authors reported slower
dynamics in the CPB region as compared to the SDPB region,
which was attributed to stronger confinements in the CPB
region. Holt et al. reported the presence of similar stretched
polymer conformation at the interface of NPs and the polymer
using dielectric spectroscopy and differential scanning calori-
metry (DSC) on solvent free polymer grafted OCNCs.*
Core-modified dissipative particle dynamics (CM-DPD) simula-
tions on grafted polymers under different confinement
strengths shows retardation of polymer dynamics as compared
to the neat polymer.”* The authors demonstrated the inapplic-
ability of the standard Rouse model to these systems whereas,
proper orthogonal decomposition (POD) method calculations
show an increasing radius of gyration of the grafted polymers,
indicating stretching. Kim et al. attributed the decrease in
the relaxation rate of grafted polymers as compared to neat
polymers to the requisite of space filling between NPs felt by
the polymer.**
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Kumar et al. have studied the structure and dynamics of
polymer grafted NPs using experiments as well as theory and
simulations.?”* In contrast to the above results Jhalaria et al.
reported an acceleration of segmental dynamics in polymer
grafted NP membranes as compared to the neat polymers,
which controls the diffusion of gas molecules across the mem-
branes.?® The increase of relaxation rate was attributed to a
decrease in the friction of polymer chains due to stretching.
Using a jump diffusion model, they studied the effect of
grafting on the jump length of polymer segments. On the other
hand, NSE and backscattering data on SiO,-PI NP indicate
that for moderate grafting densities, there is no change in the
segmental dynamics of the grafted polymer chains.*’ The
amplitude of chain motion is diminished due to confinement
imposed by neighboring grafts. This confinement restricts the
chain dynamics to a conical geometry around the grafting site.
In a recent work we showed that the segmental dynamics of
grafted polymers exhibits a wide distribution of relaxation rates
containing both faster as well as slower components irrespec-
tive of the molecular weight.*® All these reports also indicate
the presence of an about of 1 nm thick polymer layer around
the NPs, which relaxes very slowly. On the other hand, PEO
grafted on SiO, does not develop such a layer.*”

Although significant numbers of experiments as well as
simulations were performed on unentangled grafted polymers,
only a few studies on the dynamics and structure of weakly
entangled polymer brushes are reported.**™*°

Vladkov et al. used MD simulation to study the dynamics of
interfacial polymer chains near a flat wall in non-grafted as well
as grafted state.*® They found that for unentangled polymers, in
both, grafted and non-grafted state, the dynamics is faster than
in the corresponding neat polymer. For weakly entangled poly-
mers, the non-grafted chains display a reduction of entanglements
due to presence of surface. Whereas grafted polymers show
an increase of entanglements leading to restricted dynamics.
Molecular dynamics and Monte Carlo simulations were performed
on a system of weakly entangled polymer brushes under good
solvent conditions by Reith et al.*® They found that the relaxation
time of monomers is dependent on their location along the grafted
polymer chain with slowest monomers present close to the graft-
ing site and the fastest ones located in the middle of the chain.
Both simulations were performed for flat surfaces.

In this work we focus on the polymer dynamics of grafted
polymer chains in one component nanocomposites (OCNC),
i.e. without an embedding matrix, in the weakly entanglement
regime. The OCNC are built by self-assembly of block-
copolymers of cross-linked deuterated 1,2-polybutadiene
(dPB) in the core and poly(ethylene oxide) (PEO) grafts at
outside. The resulting micellar core has a radius in the order
of 12 nm with little dispersity. Using NSE we address following
points: (i) chain and segmental mobility of the grafted polymer
chain; (ii) the role of the entanglements and confinement on
the chain dynamics. (iii) Role of the heterogenous arrangement
of micellar cores on the dynamic features.

We use dPB-(h,d)PEO micelles with different hydrogen
labelling schemes: labels close to the grafting site, labels at
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hPEO label (fully labelled)

dhPEOQ label (outer labelled)

hdPEO label (inner labelled)

Fig. 1 Micelles with different deuteration schemes: hydrogenated parts
are shown by blue color; deuterated parts are red.

the outer part of the grafts and entire chain labelled grafts
(see Fig. 1). As already demonstrated for weakly entangled melts,""
we show that the role of the heterogenous environments created
by the dense core melt and the entanglement behavior of grafted
polymer chains could be captured using a Rouse mode analysis
with suppressed amplitudes for modes with low numbers. Even
though the grafting density was low, our results show that the
monomeric friction increases significantly close to the grafting
point and decreases to constant friction in the direction of the
chain ends. Furthermore, we demonstrate that dynamic hetero-
geneity needs to be assumed, in order to describe the experi-
mental spectra. We relate this heterogeneity to the structural
peculiarities of the dense core arrangement.

Materials and methods

Synthesis and characterization of polymers

The OCNC materials were synthesized from aqueous micellar
solutions of 1,2 dPB-PEO diblock copolymers, having different
deuterium labels and all of them having a molecular weight of
the dPB block of 6 kg mol™" and 10 to 12 kg mol " for the h- or
d-PEO block. The spherical shape of the micelles was fixed by
cross-linking the dPB cores with 2,2’-(ethylendioxy)diethanthiol
in aqueous solutions using a mild photochemical process.
In all OCNC samples, the sulfur content found by elemental
analysis corresponded almost exactly with the value for 100%
cross-linker incorporation, or in other words, one cross-linking
point per every 5 PB monomer units. Even if not all cross-linker
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molecules might have reacted twice with the polymer chains, it
is clear, that the polymer cores were highly cross-linked.
In addition, it is important to note that only mild radical
cross-linking processes can be used in the presence of PEO.
Harsher reaction conditions cause chain scission and decom-
position reactions due to the sensitivity of PEO towards radicals.
Experiments with a persulfate cross-linking process, described
for the PB-PEO system failed.”” Under such reaction conditions,
a PEO 5 kg mol " polymer was largely decomposed into oligomers
in a test experiment, whereas the photochemical thiol cross-
linking caused only minor chain scission of the PEO. The details
of the synthetic procedures for the block copolymer and the OCNC
samples are given in the ESI,T together with the molecular weight
characterization results.

The molecular characteristics of the different blocks and
chains are listed in Tables 1 and 2. The micellar core radius of
about 12 nm was identified by solution SAXS performed on
OCNC as shown in Fig. 2. To optimize the matching conditions,
deuterated PB (d-PB) was used for the core and a mixture of
h-PEO and d-PEO in the shell. Moreover, for the NSE experiment
also dh- and hdPEO block-copolymers were used as grafts (see
Fig. 1), where the hydrogenated portion of chain lies next to
or away from the core surface. Again, these block copolymers
were mixed with fully deuterated PB-PEO copolymers. Due to the
presence of hydrogenated cross-linker in the core the neutron
scattering length density (SLD) of the core was different from that
of dPB.

The characterization and physical parameter of the basic
polymer components is presented in Tables 1 and 2. Table 3
displays the compositions of the various block-copolymers.

Methods
SAXS

Scattering curves were recorded on the SAXS system ‘‘Ganesha-
Air” from (SAXSLAB, Xenocs), operated at JCNS in the research
center Jilich, The X-ray source was a D2-MetalJet (Excillum)
with a liquid-metal anode operating at 70 kv and 3.57 mA with
Ga-K,, radiation (/1 = 0.1341 nm) providing a brilliant and small
beam (<100 pm), which was focused with a focal length of
55 cm to a very small and intense beam at the sample using a
specifically made X-ray optic from Xenocs. Samples were mea-
sured in sealed 2.1 mm borosilicate glass capillaries from
Hilgenberg. The scattered intensity was recorded by a movable
EIGER2-4M detector from Dectris. A Q-range of 0.1-3 nm ™"
was covered. The azimuthally averaged data were normalized in

Table 1 Polymer characteristics of the different basic components; M,;: number average molecular weight; M,,: weight average molecular weight; M,,/
M,: polydispersity; N: number of respective monomers; Vy,on: monomer volume

Polymer M, [kg mol ] My/M, N Vimon at 350 K [m?]
1,2 dPB 6.085 1.02 101 1.07 x 1028
hPEO 10.38 1.01 236 0.65 x 10 2%
dPEO 11.07 1.02 231

hdPEO 5.16 (h) 5.95 (d) 1.01 (h) 1.01(d) 117 (h) 124 (d)

dhPEO 6.01 (d) 6.38 (h) 1.01 (d) 1.01 (h) 125 (d) 145 (h)

Crosslinker 0.182 2.7 x 10728

4380 | Soft Matter, 2025, 21, 4378-4392 This journal is © The Royal Society of Chemistry 2025
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Table 2 Coherent g.on and incoherent g, Cross section densities per monomer ocon = 4n2nj5/2/\/mon, Ginc = 4n2n; (bj2 — 5,-2)/VmOn where b; are the spin
and isotope dependent scattering lengths and the scattering length densities (SLD) pmon = NaZnibj/Vimon

Monomer Pmon [cm %] x 10" Geon [cm ] Vehain X 10** [em?] Density [g cm 2] Gine [cm ]
dPB 6.2 0.52 10800 0.96 0.12
hPEO 2.69 0.34 15200 1.12 4.92
dPEO 7.0 0.577 15100 1.22 0.13
Crosslinker 1.92 0.25 270 1.12 4.16
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Fig. 2 Small angle scattering data. SAXS measured (a) in water solution at room temperature, line shows the fitting curve representing the core—shell
form factor; inset: corresponding SLD profile; (b) in the melt at 363 K, line shows the fit with a Percus—Yevick structure factor and a sphere form factor;
(c) SANS measured on differently labelled polymer grafted NPs hPEO (blue) and hdPEO (green) label (see Table 3) in melt state where the NP core is
matched. The PEO melt reference is shown by red symbols. The data were randomly shifted relative to the reference PEO melt. All the data sets follow a

Debye form factor (black solid line) Q=2 at high scattering vectors.

Table 3 Composition of the various OCNC samples. (Nshey) is an average
number of monomers per shell chain

Deuteration
OCNC sample scheme Shell composition (Nshen)
hPEO label 74% dPEO and 26% h-PEO 234
hdPEO label 47% dPEO and 53% dhPEO 239
dhPEO label 47% dPEO and 53% dhPEO 254

respect to the incident beam, counts per solid angle and
measurement time before subtraction of the empty capillary
and correction for sample thickness. Intensities were put on
absolute scale by standardless absolute intensity calibration.

SANS

The SANS experiments were performed on the SANS instruments
D22 and D33 at Institute Laue Langevin (ILL)** in Grenoble
(France). The matching experiment was performed on the OCNC
carrying the fully labeled shell in aqueous solution of different
H,0 and D,0O concentrations at room temperature on D33*

This journal is © The Royal Society of Chemistry 2025

featuring a sample-detector distance of 12.8 m and a wavelength
of 0.8 nm. SANS experiments on the OCNC in a melt state were
carried out on the SANS instrument D22*° also at the Institute
Laue Langevin (ILL) at a temperature of 363 K, neutron wave-
length 0.6 nm, sample-to-detector length 11.2 m. The raw data
were corrected by their respective transmissions, the scattering of
the empty container and the electronic background (obtained by
measuring '°B,C). The data were calibrated to absolute intensity
by attenuated empty beam measurements. The data reduction
steps were performed using Grasp software.*®

NSE

The NSE experiments were performed on the spectrometer IN15
at ILL.** The temperature was fixed at 413 K. The Fourier
time range covered 0.1 < ¢ < 500 ns and the Q values accessed
were Q = 0.48, 0.77, 0.97, 1.14 and 1.3 nm . While the lower Q
values (Q < 0.97 nm ™) were studied at a neutron wavelength
of A = 1.35 nm, the higher Q were investigated at 1 = 1 nm,
at Q = 0.77 nm ™" data from both wavelengths are available.

Results

Structure

To determine the scattering length density (SLD) of the cross-linked
core we conducted contrast matching experiments. The exact

Soft Matter, 2025, 21, 4378-4392 | 4381
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amount of cross-linker (2,2'-(ethylenedioxy)-diethanthiol) was
obtained by elemental analysis of the core material yielding a
core composition of 77 vol% deuterated PB and of 23 vol% of
cross linkers. Using this composition the SLD of the core was
calculated as pgaicated = 599 % 10 ecm~2. According to the
calculated value the matching conditions for the shell was a
mixture of h-PEO (28 vol%) and deuterated (72 vol%) d-PEO.
Based on this composition, cross-linked micelles were prepared
and dispersed in 6 different D,O/H,O mixtures. The intensity at
lowest values of the momentum transfer (Q — 0) was used to
determine the proper matching condition and estimate the
scattering density of the core. Minimum of scattering intensity
the SLD of the core corresponds to peore = 5.13 x 10*° cm ™2 (see
ESIt). This measured value, corrected to the temperature of
NSE experiment, led to the contrast matching composition
in the shell, at which the scattering from the core is strongly
suppressed in the NSE experiment and only dynamics of
grafted chains can be studied.

To analyze the melt structure built by the micelles, we first
need information about the micelle composition. Considering
the chain volumes of the constituents, at room temperature we
have 15.2 nm? volume per one PEO chain and accounting for a
cross-linker content of 23 vol% in the core an effective volume
per one PB chain of 10.8/0.77 = 14.8 nm®. Thus, no matter
how large the aggregation number will be, core and shell are
occupying very similar volumes.

To obtain the aggregation number, we need to know the
micellar size. Using SAXS we looked on 3 vol% solution of the
cross-linked micelles in water. There the main contrast is
created by the core with a small contribution from the PEO in
the shell. Fig. 2a and Table 4 present the result. The data were
fitted with a core shell formfactor applying the proper scatter-
ing length densities for PEO and PB against water. We arrive at
a core radius of 11.6 &+ 2.1 nm. The detectable shell thickness is
in the order of 6 nm (taken as the decay length, see Fig. 2a
inset), in between the radius of gyration (3.4 nm) and the end-
to-end distance (8.4 nm) of the PEO chains in the corona. We
note that because of the weak scattering contrast between PEO
and water the data are prone to some error. From the core
radius of R = 11.6 &+ 2.1 nm we get an estimation for the

4
aggregation number Nz, from TER3 = 14.8 N g because of the

large uncertainty in the core radius the corresponding aggrega-
tion number is between 245 and 730.

Now, we turn to the melt data: Fig. 2b shows the SAXS result,
Fig. 2c, the SANS results, both taken at 363 K. They both display

Table 4 Parameters of SAXS and SANS fitting for OCNCs structural data
obtained in solution and in a melt: a core radii R, shell thickness dsne
aggregation of block-copolymers in the micelle N,q4q, interparticle distance
d, Rpy — core radii from Percus—Yevick structure factor, HSR is a hard
sphere radii in the Percus—Yevick model, GD - grafting density

Formfactor (SAXS in solution) Structure factor (SAXS/SANS in a melt)

R/nm Ashen/NM Nygy d/nm Rpy/nm HSR/nm GD/nm 2

11.6 £2.1 6 £ 0.5 245...730 31 14.1 £ 3.0 15.1 0.31...0.32

4382 | Soft Matter, 2025, 21, 4378-4392
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a main peak around Q = 0.2 nm™ " corresponding to an average
interparticle distance of d = 31 nm. Depending on the labelling
of the corona the SANS spectra show some features at higher Q,
which are more pronounced for the inner labeled micelle.
We also note that at higher Q the data from all labeling
schemes nicely follow the formfactor of a corresponding linear
chain, which is well described by a Debye-function. The struc-
tures for the fully labelled micelle at Q > 0.3 nm™ " also appears
in the SAXS pattern indicating that they are related to the
structure factor S(Q).

How do we interpret the main peak? (i) the peak may relate
to a local crystalline like structure. For a bee-type arrangement

the resulting lattice constant would be ¢ = d+/2 = 44 nm. There
would be 2 micelles in the elementary cell taking a volume of
2(14.8 + 15.2)837 = 50220 nm’ from the largest core radius
compatible with the error of dilute solution measurement; the
bee unit cell amounts to 85080 nm?®. Thus, volume filling by far
would not be achieved - and a fce-type structure would make
things even worse (¢ = d+/3, volume 156 300 nm?, 4 micelles in
elementary cell: 10 0440 nm?®). Thus, we may exclude an ordered
crystalline-type structure and have to deal with a disordered
dense phase of the micellar cores, where about 50 vol% is taken
by the cores and another 50 vol% by the shells acting as a kind
of “solvent”. Considering the thermal expansion of about
7 vol% from room temperature to the 393 K of the measurement
we get a micellar volume of 25110 nm® reasonably close to d* =
29791 nm®. Table 5 summarizes the parameters for the different
spatial arrangements. Finally, from the core sizes we may estimate
Y 0.31...0.32 nm~2. Thus, we
conclude that the micellar cores in the melt assume a disordered
dense colloidal arrangement with a very heterogenous topological
landscape for the corona shells; some will expand into the voids
opened by the cores, others in the direction of the next neighbor
cores will be more strongly confined.

Fig. 2b displace the SAXS results from the melt fitted by
combination of a spherical form factor and a Percus-Yevick
fluid-like structure factor including a low Q Porod-like power
law Q>° in order to describe the surface scattering from
air bubbles and other heterogeneities. The power law may
also include a contribution from direct beam. The fit resulted in
micellar core radii R = 14.1 4+ 3.0 nm and an effective interaction
radii (HSR) 15.1 nm in good agreement with estimations above.

Apparently, the structural features seen in the low Q-range
might appear in the NSE experiment. However, it is worth to

the grafting density: GD =

Table 5 Structural parameters depending on the assumed micellar order
with a main peak at Q = 0.2 nm~* corresponding to a nearest neighbor
distance of d = 31 nm (see text)

Number of
Structure Lattice micelles/ Unit cell Micellar
type constant/nm unit cell  volume/nm® volume/nm®
bee a=dV2=44 2 85080 50220
fee a=d\J/3=537 4 156 300 100 440
Disordered d =31 — 29790 25110

This journal is © The Royal Society of Chemistry 2025
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note that the NSE experiment was performed at the tempera-
ture 413 K, well above the SANS measurement (363 K).
Considering the different temperature dependence of polymer
density for PEO and PB, the SLD changes and matching
conditions are closely reproduced. Remarkably, at Q >1 nm ™,
the scattering from PEO chains prevails even at 363 K. In the high
scattering vector range, i.e. the NSE range, we notice a Debye
dependence of Q 2 in all cases. The observation of a Debye
formfactor for the OCNC even for the inner-labeled species
indicates that chain stretching is not observed. Thus, the polymer
conformation of shell chains in all cases agree with that of the

neat melt (Fig. 2c).

Dynamics

Dynamics of OCNC at the conditions described above was
measured using NSE. Fig. 3(a)-(f) compare NSE spectra taken
for the different Q values taken for the inner, outer and fully
labelled shells (Fig. 1).

For the smallest Q the relative difference in spectral decay
for the different labels is largest. The inner labeled melt decays
significantly less than the outer labeled species - the spectral
decay of the fully labeled shell lays somewhere in between. This
scheme is visible for all Q values even though the spread
diminishes with increasing Q. Qualitatively, one may say that
larger scale relaxation that dominates at smaller Q-values are
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sensitive to the position of the label, while the higher Q the
difference in the relaxation dynamics is less pronounced.

As derived from NSE, PEO exhibits an entanglement mole-
cular weight of 2 kg mol*.*” Thus, our grafted chains with a
molecular weight around 10 kg mol ' are in the weakly
entangled range of molecular weights, where the classical local
reptation process is not yet developed.

To access the influence of entanglements in the transition
regime, a bulk PEO melt of slightly smaller molecular weight as
that of the grafts i.e. blend of hydrogenated and deuterated PEO
with a molecular weight of 8 kg mol~" was studied separately at
different temperatures from 350 K to 450 K.*" To account for
the effect of entanglements, the NSE data from the melt sample
were evaluated in terms of a Rouse mode analysis.*®*° This
analysis allows to scrutinize the spatial confinement of the chain
motion in assigning smaller mode amplitudes to the low index
Rouse n. We call the associated parameters “topological para-
meters” since they describe the influence of topological interaction
on the chain dynamics. Technically, a modified Fermi function is
employed, to systematically describe the change of the Rouse
mode amplitudes from low to high mode numbers p as:

1

- 1+ exp((pcross - p)/pwidth) (1)

fcross (,17 )

where peross and pyiam describe the mode number at the cross over
point and the width of the transition respectively. With inclusion
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Fig. 3 Comparison of the NSE spectra for the samples with inner hdPEO (red circles), full hPEO (blue triangles) and outer dhPEO (black squares) labelling

(from above) (a) Q = 0.48 nm™%; (b) Q = 0.77 nm ™t (A = 1.35 nm); (c) Q =
(A=10nm); H Q =13nm™* (4 = 1.0 nm).
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076 nm™t (4 =1.0nm); (d) Q = 0.97 nm~t (A = .35 nm); (e) Q = 1.14 nm™*
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of this function, the single chain dynamic structure factor, written
in terms of Rouse modes, assumes the following form:

1 1 ul 1
S(Q,1) = ﬁexp<—g<rwm2(1)>Q2> Zexp{—6Q2|n — m|lseg2}

n.m

N
X exp{ —3%&2 Q2 Zl%fcmss (p) cos <1£Nn> cos <l%>
p

R )
2)

with Q: momentum transfer during scattering; N: number of
monomers; (Feom (¢)) denotes the center of mass mean squared
displacement; R.” = y,’N the chain end to end distance; l,: the

wi* .
monomer length; w = 4 the elementary relaxation rate and
seg

it = K Thes”

z , the so called “Rouse rate’’; with kg the Boltzmann
G0
constant; T: the absolute temperature; £y: the monomeric friction
coefficient. For the neat melt the time dependent center of mass
displacement follows a cross over in time from sub-diffusive
behavior at short times to Fickian diffusion at longer times as
reported previously.*!

Dynamics of grafted chains in OCNC

Rouse mode analysis. The NSE data obtained from OCNC
were initially evaluated in terms of Rouse mode analysis as
described above (eqn (1) and (2)). In contrast to the linear melt,
however, the polymer chains in the OCNC are fixed at one end.
Therefore, the translational diffusion is that of the full micelle
and not visible within the NSE time window. In order to capture
the dynamics of polymer chains fixed at one end, we assume
a virtual polymer chain of double the molecular weight as that of
the real chain. We model the dynamics of half of this virtual chain
by considering only the odd modes such that one end of the real
chain will always have a node at the grafting point.>! Technically a
change of the p-summation in the dynamic structure factor
starting from p = 1/2 and continuing to N — 1/2 represents this
approach. We fix (reom>(£)) = 0 as grafting precludes the possibility
of individual chain translational diffusion. Therefore, the modified
dynamic structure factor is expressed as:

1 & 1
50,0 =33 ew{ 0% -t}

nm

<o 50" ptomto 5F) 5)
x(l—emﬂ—2WO"““G%>>4)}
(3)

As a first attempt to model the spectra, we fitted the spectra
resulting from the differently labeled samples jointly with eqn (3).
To connect with the reference melt*" we fixed the Rouse rate
to that of the neat melt (wl* = 1.91 nm* ns™"). The following
parameters were obtained: peross = 5.30 = 0.03 and pyigsm = 2.05 £ 0.03.
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The achieved goodness of the fit was 7> = 16.5 Fig. 4 compares the
spectra with the fitting results (dashed lines). As the relatively
large * = 16.5 shows, the fit to the data is not satisfactory, but
misses some of the main features of the results: especially the fit
does not reproduce the significant relaxation of the outer part at
Q=0.48 nm ™', while for the inner part the relaxation at larger Q is
overpredicted.

We further note that the inflection point of f..oss(p) (eqn (1)) for
the grafted chain is rather similar for a free chain in the PEO melt
(Peross = 5.3 compared tO pPeross = 4.23) — most of this difference may
be explained by the larger chain length of about Z = 5 entangle-
ments, while the neat melt corresponded to Z = 4. The crossover
width for the grafted chains is significantly broader than that for
the melt (Puigen = 2.05 VS. Pwiaen = 0.61), indicating that (i) the
confinement for both, the free and the grafted chain, is of similar
origin and (ii) the heterogeneity for the grafted chains in the OCNC
appears to be much larger. Nevertheless, we point to the inability
of the mode analysis to correctly describe the data.

Spatial variation of friction. Based on the results so far, we
hypothesize that the reason for the discrepancies between fits
and data most likely arises from the assumption of constant
monomeric friction along the chain. The pronounced decay of the
dynamics structure factor in particular for the outer labelled
dhPEO sample (see Fig. 1 and 3) as compared to the model
prediction is in line with this speculation. We have shown in the
past that the grafted polymer chains are characterized by a wide
distribution of monomeric relaxation times instead of a single
value.>® The variation of relaxation times was related to the site
dependent constraints experienced by the grafted polymer chains.
All these observations encouraged us to modify our approach to
include site dependent friction in the description of grafted
polymers. This adds further complexity to the Rouse mode analysis
approach. The assumption of nonuniform friction is also sup-
ported by simulations that predicted a significantly varying mono-
mer density in such OCNCs."”

The related Rouse problem with site dependent Rouse rates
was solved numerically delivering the eigenvalues as well as the
eigenvectors that are both needed to calculate the dynamic
structure factor in an equivalent way as it is done for the
standard Rouse problem. Finally, to model the grafting point,
the associated friction was set to a very high value.

In order to introduce site dependent friction, we use a
diagonal mobility matrix with diagonal values modulated by a
function describing the relative segment dependent friction
(see ESIY). In order to effectively model a fixed end point we

- . . i
assume H(1,1) =10 000. The friction modulation fric(i) = ? as
0

well as the mode modifications fioss(p) (topological para-
meters) are obtained by fitting.

As a first Ansatz for the friction profile, we imposed eqn (4)
allowing a large and versatile variation of friction along the
chain. The grafting point is located at 7 = 1.

NG
fric(i) = fricO + fricn exp ( <nntl‘ric) ) (4)

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Results from a joint fit with egn (3) (dashed lines) and egn (3) and (4) (solid lines) to the spectra with different labels: (a) dhPEO, (b) hdPEO,
(c) hPEO, the Q values from above are Q = 0.48, 0.77 (0.76 at / = 10 nm), 0.97, 1.14, 1.3 nm~2. (d) Friction profile in relative units corresponding to the fit
with egn (3) and (4) (solid lines). The numbers along the abscissae numerate the monomers away from the grafting point at 1.

where fricO is the baseline fixed to 1, fricn is the amplitude of
the Gaussian term, nfric a width of the Gaussian distribution
and 7 is the number of segments along the chain. In addition,
we kept the mode suppression mechanism in place: the result-
ing friction profile is displayed in Fig. 4d. As one would expect
close to the grafting point for the first 15% of the segments the
friction is enhanced by up to a factor of 1.7. The solid lines in Fig. 4
display the calculated spectra. As may be seen the improvement is
only marginal. The overall goodness of the fit now becomes y* =
14.9 compared to > = 16.5 for constant friction; for the fitting
parameters of the joint fit we have: the Rouse rate varies between
the grafting point towards the chain ends from wl* = 1.3310 +
300 to 2.2210 & 500 nm* ns~*, the amplitude of the Gaussian term
fricn describing the site dependent friction amounts to 0.58 +
0.008 and its width nfric to 0.16 + 0.006.

In a next step we investigate whether a more elaborate
friction profile could improve the fit. The approach is described
in the ESI,} and does not lead to significant improvements.

We conclude that even with a sophisticated very flexible
friction profile independent of starting parameters we always

This journal is © The Royal Society of Chemistry 2025

find a result (Fig. 4 and Fig. S2, S3, ESIf), where in the
neighborhood of the grafting point friction increases by up to
a factor of 2; the increased friction encompasses around the
first 15% of the grafted chain. From then on, the friction stays
constant until the chain ends. Even though allowed by the
fitted profile (Fig. S1, ESIt), none of the fits indicated a further
decrease of friction towards the chain ends. The details of the
fit results using profiles including the option of variable
topological parameters peross and pywiamn are displayed in the
ESL7

Motional heterogeneity. Reflecting on the structural peculia-
rities of densely packed micellar cores with the grafted chains
experiencing very different topological environments - some of
these chains extend into the voids in between the spherical
cores other are strongly confined by the next neighbor cores, we
consider motional heterogeneity for the grafted chains (see
Fig. 5c¢). Different chains are situated in different topological
environments and will undergo different dynamics. Such a
view is also in line with recent simulations'”'® that revealed
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Fig. 5 Fermi cut off functions for the two heterogeneously relaxing ensembles: (a) varying friction part (red); ensemble with very weakly varying friction
(blue); (b) red and blue cut off functions for the case of two ensembles differing only in their topological parameters (the friction is fixed to the value of the
corresponding linear melt); green line: comparable linear melt (see text); (c) rough schematical representation of heterogeneities for the dynamics of a

grafted chain: black chain is more confined than the red one.

heterogeneity within the nanocomposite as e.g. pockets of lower
density. Lower density always results in higher mobility.
We induce dynamic heterogeneity in tentatively allowing for
two different groups of topological parameters pcross and pwidth
accompanied by two different friction profiles of the relaxing
ensembles. We note that the experiment does not resolve the
position of an individual graft attached to the core, and there-
fore, the different chain ensembles could be distributed widely
across the outer shell. Furthermore, we point out that naturally
one should consider distributions of different topological con-
straints as well as friction profiles. However, given the expres-
siveness of the data, such an approach the data do not permit.

Finally, allowing different topological parameters for the two
heterogenous fractions, we arrive at an overall goodness of the
fit of > = 9.87. This goodness was achieved assuming two equal
fractions of differently relaxing grafts. We note that the fit
reveals one ensemble with friction variation similar to those
found earlier (Fig. 4d). This part is also characterized by a
broadly varying cut off function (red line in Fig. 5a), while
the other ensemble displays very few topological constraints
(blue line in Fig. 5a) and experiences nearly constant friction
The minimum in y* is not very pronounced - adjacent combi-
nations of relaxing ensembles (0.4 < ¢ < 0.6), where ¢ is
volume fraction of the component with a variable friction
profile, lead to > = 10.7, and 10.5 respectivly. Thus, we could
not evaluate the exact proportion of the two ensembles. Fig. 5a
displays the outcome for a 50: 50 partition showing the cut off
function for the two ensembles.

As an alternative, we consider to what extent the assumption
of different topological parameters only, for the two ensembles,
is able to describe the observed dynamics (x> = 11.6). Fig. 5b
displays the cut off functions. Qualitatively similar to the
former case one component exhibits a broad cut off with a
large number of modulated mode amplitudes, the other com-
ponent shows a mode cut off rather similar to that of the neat
melt. Implying different topological environments and keeping
friction constant, also a fit of the proportion of the ensembles is
possible. We find 58% for the ensemble corresponding to the

4386 | Soft Matter, 2025, 21, 4378-4392

red line in Fig. 5b, while the other ensemble with the more
pronounced cut off assumes a proportion of 42%, well in line
with, above result. Finally, Fig. 6 compares the data description
by the two approaches. We note that the relatively sharp cut offs
for one component are most likely an artifact of the fit that,
because of the discreteness of the modes, has difficulties as
soon as the pyiqen becomes smaller than about 0.5.

As the y® values indicate, the quality of the data description
is somewhat better for the approach employing site dependent
friction. For the outer labeled sample, the approach varying
only the topological parameters is closest to the data; in
particular the plateauing of the spectra at the higher Q-values
is well reproduced. For the inner labeled sample and lower Q
the site dependent friction approach is somewhat closer to the
data, while for the higher Q the reverse holds. Finally, for the
fully labeled sample the data description using the site depen-
dent friction approach tends to be closer the measurement. We
should note that number of fitted parameter for the first model
is 8, while for the second case only 5 parameters are varied.

Fig. 6 also displays the obtained friction profiles. As already
observed for the homogenous case, again we find significant
site dependent friction, now for the ensemble undergoing the
broad cut off feature, while the ensemble with the sharp cut off
displays nearly constant friction.

Discussion

The OCNC presented in this study do not demonstrate any
visible two-phases structure mentioned by Midya et al*®
In their simulations they observe a dry layer of extended chains,
where only few monomers from the surrounding GNPs were
present, and an interpenetration layer of unperturbed chains,
where significant overlap between grafted chains of the sur-
rounding GNPs occurred, presumably to maximize their con-
formational entropy. By dielectric spectroscopy and DSC the
dynamic suppression at the interface affected by the chain
stretching was found.*® Our neutron scattering experiments,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Results from a joint fit with egn (3) and (4) allowing for heterogeneously relaxing ensembles with two different cut off profiles for the topological
constraints and site dependent friction (solid lines); dashed lines shows fitting only the topological parameters with one common constant friction to the
spectra; (a) dhPEO, (b) hdPEO, (c) hPEO. The Q values from above are Q = 0.48, 0.77 (0.76) at (A = 10 nm), 0.97, 1.14, 1.3 nm~* (d): friction profile for the
two heterogeneously relaxing ensembles: cyan line: fraction with broad cut off; blue line: fraction with sharp cut off features.

performed at comparable grafting density do not evidence
either two-phases structure of the grafted chains nor stretched
grafted chain conformation.

OCNC are heterogenous not only concerning the core-shell
structure of the building blocks - in our case: the elementary
micelles — but also as a consequence of the inability of the
shells to homogenously fill the space in between the core
structures. In separation membrane technology this heteroge-
neous space filling is used to design specific permeabilities.'”"*®
Also, spatially varying topological constraints related to neigh-
boring chains contribute to the heterogeneity of the chain
motions. Interestingly, the slowing down of relaxation modes
of tethered polyisoprene (PI) was found to be related to the
interchain correlations.>® It suggests the entropic attraction
force produced by the space-filling constraint on tethered PI
chains in the self-suspended materials produce linkages between
individual chains that couples their relaxation dynamics. This, in
line with our results, indicates the heterogeneity of chain motion.

This journal is © The Royal Society of Chemistry 2025

In this work we have dealt with the modified dynamic properties of
the matrix established by polymer grafts in comparison to a neat
melt. In the following we elaborate on the measured heterogeneity
of the chain dynamics and the associated cross over functions, the
associated asymptotic segmental displacements along the chain
and the related site dependent friction.

Dynamic heterogeneity

The experiment was designed such as to probe different parts
of the polymer matrix from the grafts in labeling different
fractions of the grafted chains. An inspection of the measured
spectra without any evaluation directly showed the different
dynamics of the outer part of the grafts compared to the
portion close to the NP core (Fig. 3). These differences were
relatively largest at smallest Q, where the experiments probe
larger scale motion.

By judiciously contrast matching the global scattering
between the micellar core (or the NP) and the outer shell we
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were able to approach contrast matching such that the chain
dynamics could be studied without “elastic” contributions
from structural features. We note that the SANS experiments
(T = 363 K) shown in Fig. 2 were performed well below the
temperature of the NSE experiment (7 = 413 K). As a conse-
quence of different thermal expansion coefficients of PEO and
PB, contrast matching was expected to be valid for the higher
temperature. “Elastic”’ contributions from structural features
would add a constant to the spectra that would be very difficult
to distinguish from a constraint on the dynamics. The models
consistently display spectra that at longer times decay less than
the measured spectra. However, if there was some elastic
contribution from imperfectly matching the contrast, the
experimental spectra (Fig. 3, 4 and 6) would be located above
the predicted spectra.

The various approaches undertaken to rationalize the spectra
added further complexity to the modelling. First, we performed
Rouse mode analysis i.e. we imposed topological constraints on
all chains in an equal manner leading to large discrepancies
between model and spectra. In particular, the sample with the
outer labels could not be described. Adding spatially varying
friction improved the fit quality but again could not describe
the data from the outer labeling. While the initial decay of these
spectra was better described than before, in particular the line-
shape of spectra that showed plateauing at longer times was not
modelled at all. Also, more sophisticated friction profiles that are
presented in the ESI, T could not improve the situation. This result
agrees with the simulations of Hore et al.>* reporting about non-
applicability of Rouse model to the dynamics of grafted chains.

Guided by the very inhomogeneous structural features,
these failures led us to assume heterogenous dynamics:
i.e. we considered two different ensembles of relaxing grafts
exhibiting different topological constraints (e.g. as presented in
Fig. 5c¢) and different friction profiles. Allowing explicitly for
such heterogeneities the fit quality could be significantly
improved. As Fig. 6 evidences, the spectra arising from high-
lighting different parts of the chains now are well described.
Thereby, we noticed that apparently the most important differ-
ence of the ensembles lies in the topological constraints, which
they are undergoing. Looking on the dense colloidal arrange-
ment of cores with its voids such heterogeneity is immediately
evident. Employing different constraints at constant friction
also provides a reasonably good representation of the spectra. If
we compare the solid (modulated friction) and the dashed
(different constraints only) lines in Fig. 6 both approaches
display strengths and weaknesses, while the overall goodness
of the fit favors the combination of different constraints and
site dependent friction.

We conclude that the most important ingredient to obtain
satisfactory data description is the assumption of hetero-
geneously relaxing ensembles of grafts. As suggested by the
structural features, these ensembles mainly differ in the extent
of constraints they undergo. The effect of heterogenous friction
appears to be a secondary phenomenon. We hypothesize that
at higher grafting densities the influence of site dependent
friction might well increase significantly.
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Asymptotic segmental displacement

The limiting square root mean squared displacement (MSD) for

a segment n \/(r,2(t — o)) along the grafts displays the aver-
age maximum displacement a segment along the chain may
undertake. Note that in contrast to the neat polymer chains,
this MSD is not symmetric with respect to the chain center but
increases from the grafting point onwards. This is an interest-
ing repercussion of grafting polymer chains on NPs. Rapid
increase of asymptotic displacements towards the chain end
represents the motional range of the outermost monomers that
are not confined by topological constraints. In terms of Rouse
mode analysis eqn (3) and (4) provide information about this
limiting MSD of each segment along the chain. For the case of
eqn (3) we have:

) 4 2N71/21 prn 2
<’n (Z - OO)> - ;Re pzzl/z Pﬁ:ross(p) Cos (T) (5)

For the case of site dependent friction from eqn (4) (r,”(t » o))
may be calculated. For our final result of heterogenous dynamics
Fig. 7 presents the thus calculated limiting segmental MSD for the
segments (monomers) along the chain as a function of the
monomer number 7.

In the Fig. 7 we present the asymptotic square root displace-
ments for the cases of site dependent friction and for topo-
logical constraints only. We observe a rapid increase of the
limiting displacement starting from the grafting site. The effect
of grafting decreases rather quickly and at a length scale of half
of the tube diameter, topological constraints take over and
this increase is impeded. Blue and red code the effect of only
topological constraints. We realize one strongly confined
ensemble and a second one, where the constraints are signifi-
cantly more relaxed. The ensembles with site dependent fric-
tion behave similarly. The strongly constrained fraction of
chains behaves as those in the former case, while the less

confined part exhibits an about twice as large +/{r,2(t — 00)).
At the chain ends all ensembles experience increasing motional
freedom. The weak oscillations relate to the Fourier type
description of the segmental motion, where finite size effects
occur. The average displacement size of the more constraint
components amounts to about 1.8-2.0 nm, which corresponds
to approximately half of the tube diameter and agrees quite well
with the results of a Rouse mode analysis on the neat melt.*!
In addition, we observe a less constrained component that in
the approach with site dependent friction amounts to about
4 nm, while assuming topological constraints only it gradually
increases up to 6 nm. Thus, for both approaches we find a less
constraint fraction, which does not appear in the neat melt.
Concerning the structure, we may associate these less restricted
monomers with chains extending into voids created by the
colloidal arrangement of the cores.

We conclude that in both models we find that the topo-
logical constraints acting on the segments along the chain are
reduced compared to those in the corresponding linear melt.
As suggested by the dense colloidal structure of the core

This journal is © The Royal Society of Chemistry 2025
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assembly, we also found strong evidence for heterogenous
dynamics with chain ensembles that are differently con-
strained. The separation into two fractions of about equal size
has a slight preference with respect to the goodness of the fits,
but clearly ensembles governed by a distribution of constraints
would be more realistic but would over interpret the data.

Finally, we note that for unentangled grafted chains a
similar confinement effect related to neighboring chains was
described by Mark et al®' They hypothesized that longer
entangled grafted chains would be the subject of a combination
of grafting effect and chain-chain entanglements. From our
experiment and analysis, we conclude that the dynamics
of grafted weakly entangled polymers is controlled by con-
straints imposed by neighboring grafts together with topo-
logical constraints related to the dense colloidal arrangement
of the core NPs.

Friction profile

Our NSE experiments on differently labelled grafted polymer
chains and their analysis establishes that the segmental friction
coefficient varies depending on the location along the grafted
chain. We discuss the friction modulation in terms of the

3kp Tleo®

Rouse rate wi* = e that is directly related to friction:

0
in the first, topological only approach, which was performed by

Rouse mode analysis, we had to fix the Rouse rate wi* and thus
friction to the value obtained in the reference melt wi* =
1.91 nm®* ns™' - otherwise the fit compensated large mode
suppression by choosing unphysically high Rouse rates.
With this choice the inflection point of the Fermi type cut off
function, defining the mode suppression, increases by one
mode and significantly broadens indicating higher heteroge-
neity of relaxation dynamics compared to the neat melt.
Allowing for site dependent friction using a very flexible
friction profile that allowed both for a change (increase or
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decrease) of friction towards the grafting point as well as an
additional further reduction towards the chain end, we consis-
tently found that independent of starting conditions and
the number of variable parameters friction always increases
towards the grafting point, typically by a factor in the order of
1.5 to 2 (see Fig. S2 of the ESIt). Starting beyond the first 15% to
20% of segments the segmental friction becomes constant and
does not further depend on the location along the graft. Thus,
again consistently a further decrease of friction towards the
chain end was not observed. We like to note that on the basis of
site dependent friction alone without considering topological
fitting fails completely. Thus, for our OCNC with a high volume
fraction of NPs (micellar cores), the consideration of topologi-
cal hindrance is mandatory. The relatively weak modulation of
friction by about a factor of 2 probably owes to the low grafting
density of 0.32 chains per nm?.

As was eluded to above, the inability to well describe the
spectra within a picture of homogenous relaxation dynamics of
all grafts, led us to allow for chain ensembles that relax
differently: they were assumed to undergo different spatial
constraints and were subject to different friction profiles.
As mentioned above, a more realistic assumption of a distribu-
tion of differently relaxing ensembles would be pushing the
boundaries given by the quality of the data. Fig. 6d displays the
best results. Here it was assumed that two equal fractions of
grafts relax differently. Aside from the different topological
hindrance expressed by the cut off function displayed in
Fig. 5a, also the friction profiles, as shown by Fig. 6¢c, are rather
different. While for the topologically more severely restricted
ensemble the Rouse rate varies between 1.0080 < wil* <
1.812 nm* ns~ " with a significant increase towards the grafting
point, the less restricted ensemble undergoes nearly constant
friction with 1.3290 < wi* < 1.442 nm® ns™". The combination
of more constraints accompanied by stronger friction appears
to be very reasonable. The dependence of local monomer
relaxation on their location along the grafted polymer chain has
been considered by Reith et al using computer simulations.>®
They found the fastest segments located in the middle of the
chain with gradual decrease of the relaxation time close to the
chain end. Our experiment shows a significant increase of friction
in the neighborhood of the grafting point but from then on
constant friction.

Conclusion

We studied polymer grafted one component nanocomposites
(OCNC) based on self-assembled polymer micelles in the melt,
where the PB in the core was densely cross-linked. The grafted
polymer chains were labelled at the inner- the outer-part and
fully labelled. We studied the chain dynamics of these grafts by
neutron spin echo spectroscopy. The molecular weights of the
grafts were chosen in the range of about 5 entanglement
molecular weights. We employed Rouse mode analysis to
capture the dynamics as well as conformational features of
the grafted polymers. While this analysis accurately describes
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the characteristic relaxation and entanglement tube diameter
for pure polymer chains, it fails to access the complex features
of grafted polymer chains. We demonstrate that the grafted
polymer chains can be characterized by a distribution of
friction coefficients and hence a distribution of the monomer
relaxation rates along the polymer. Stepwise increasing com-
plexity we find that the monomeric friction along the chain
increases towards the grafting point. Furthermore, owed to the
dense colloidal structure of the OCNC melt, in order to satis-
factorily describe the NSE data, we needed to consider motional
heterogeneity in the sense that not all grafts undergo the same
friction profile and more importantly also undergo different
topological constraints. Even with this approach some deficien-
cies in the description of the spectra from the grafted chains
remain. The approach uncovers many interesting features of the
grafted polymer dynamics. Although we observe constraints simi-
lar to entanglements, there is strong evidence that the constraints
do not act equally on the whole chain ensemble. Naturally the
assumption of just two different ensembles is an oversimplifica-
tion and a distribution of different chain environments would
have been more realistic, but the determination of the corres-
ponding distribution function could not be extracted from the
data. Nevertheless, we note that both the observation of a site
dependent friction as well as the evidence of heterogenous chain
environments is a novel exploit.
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