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The impact of purely intra-molecular cross-linking on the properties of a polymer melt is studied by neutron diffraction
and quasielastic incoherent and coherent neutron scattering on a system composed exclusively of Single-Chain Nano-
Particles. As reference, a parallel study is presented on the melt of the linear precursor chains counterpart. Associated
to structural heterogeneities provoked by the internal compartmentalization due to cross-links, a dramatic slowing down

of the relaxation of density fluctuations is observed at intermediate length scales.

I. INTRODUCTION

Single-Chain Nano-Particles (SCNPs) are nano-objects ob-
tained by intra-molecular cross-linking of individual macro-
molecular chains. Due to their ultra-small size, softness and
internal compartmentalization, they are believed to be a fun-
damental ingredient in the field of nano-technology'. Con-
cerning practical applications of SCNPs, several proof-of-
concept experiments have confirmed their potential use in
catalysis, biosensing, bioimaging, protein mimicry, drug de-
livery and all-polymer nanocomposites, among other applica-
tions. For instance, metallo-enzyme mimetic SCNPs showed
enhanced catalytic activity? and selectivity> towards a vari-
ety of chemical compounds, as well as in some cases cata-
lyst recyclability*. Moreover, SCNPs can be used as nanore-
actors for the synthesis of other nanomaterials (e.g., gold
nanoparticles’, quantum dots®) and even synthetic macro-
molecules (e.g., water-soluble polymers’, intrinsically con-
ducting polymers®) or as templates for the synthesis of flu-
orescent carbon nanodots” as well as reversible nanocontain-
ers for CO, storage!?. Several SCNPs are able to sense metal
ions!! and even proteins!?. A variety of SCNP systems have
been designed and constructed for bioimaging (e.g., mag-
netic resonance imaging!3, single photon emission comput-
erized tomography!#, fluorescence imaging') and drug de-
livery applications (e.g., controlled delivery of chiral amino
acid derivatives'®, peptides!’, vitamins'®, drugs'®). Also SC-
NPs have been employed for the development of all-polymer
nanocomposites'??. In addition to such applied interest, SC-
NPs can be considered as model macromolecules to address
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basic questions on the effect of chain topology on the mate-
rial properties. For instance, a system composed exclusively
of SCNPs realizes the situation of a purely intra-molecularly
crosslinked polymer bulk. Thus, investigations on a melt of
SCNPs can help address one fundamental question: What is
the impact of the chain topology on the properties of a poly-
meric material and, in particular, how does it behave if cross-
links are of purely intra-molecular character? This basic ques-
tion also arises motivated by previous results obtained on a
nano-composite consisting of SCNPs embedded in a matrix
of flexible linear chains>'23. There, a clear impact of the
presence of SCNPs was found on the dynamics of the ma-
trix at different levels (glass-transition, Rouse dynamics, and,
particularly striking, on the entaglements).

In this work, we present a neutron scattering investiga-
tion on melts of SCNPs. Neutron scattering provides spa-
tial resolution through the scattering vector (Q) dependence of
the measured magnitudes. Energy-resolved experiments have
been applied to both, protonated and perdeuterated systems,
to follow self-atomic (hydrogen) and collective motions, re-
spectively. Complementary neutron diffraction has revealed
the structural features. A bulk sample composed by the long
linear counterpart chains (precursor macromolecules without
crosslinks) has also been investigated as reference. Our study
demonstrates that the structural and dynamical properties at
local length scales including the inter-molecular distances (in
particular, the structural relaxation) are hardly sensitive to
chain topology. Its impact, as revealed by this microscopic
technique, consists of a slowing down of collective dynamics
occurring in the region of the so-called intermediate length
scales (ILS). The ILS region corresponds to length scales
larger than the typical inter-molecular distances but not yet
in the hydrodynamic regime. This is an almost unexplored re-
gion in glass-forming systems and here we apply a recently
developed ansatz’*> to describe it in the linear precursor
melt. In the proposed scenario, a crossover from diffusive-
like collective dynamics at intermolecular length scales to-
ward the viscoelastic coupling of stress and density fluctua-
tions at mesoscales is invoked. The behavior of the melt of
SCNPs indicates a strong shift of such a crossover to larger
length scales. The slower collective dynamics appearing at
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FIG. 1. Schematic representation of the synthesis of a SCNP upon
internal crosslinking of a randomly functionalized linear precursor
chain. The chemical formula of the deuterated precursor chains is
also shown.

ILS in the SCNPs —apparently dominated by the slow diffu-
sive component in this framework— is associated to emerging
structural heterogeneities with a characteristic length of about
1 nm. We discuss these findings also in the light of recently
reported results on macroscopic investigations by rheological

and dielectric spectroscopy techniques of these systemsZ°.

Il. EXPERIMENTAL
A. Samples

Protonated and deuterated SCNPs (hNP and dNP) based
on tetrahydrofurane (THF) were obtained from protonated
or completely deuterated copolymer precursors (hPrec and
dPrec) via intramolecular azide photodecomposition at high
dilution conditions. Details about the chemical reactions in-
volved and characterization of hNP and dNP can be found in
Refs.?®?’. The chemical formula of the deuterated precur-
sor (dPrec) is shown in Fig. 1. The THF-fraction x was 0.81
for hPrec and 0.82 for dPrec. Molecular weights M,, were
33.2 Kg/mol and 36.8 Kg/mol with polydispersities M,, /M,
of 1.55 and 1.23 for hPrec and dPrec, respectively. The
glass-transition temperatures T, of 202 K (hPrec) and 199 K
(dPrec), increased by 1 K in the corresponding SCNPs’ bulk.

B. Neutron Scattering Experiments

The QENS experiments on the protonated samples were
carried out by combining the time-of-flight FOCUS instru-
ment®® at the Paul Scherrer Institut in Villigen and the
SPHERES backscattering spectrometer?® at the Heinz-Maier-
Leibnitz Zentrum in Garching in a finally effective explored
Q-range 0.22 < Q0 < 1.84 A~!. The Neutron Spin Echo
(NSE) spectrometer IN11c* at the Institute Laue Langevin

(ILL) in Grenoble was used to study the dynamic structure
factor in the 0.15 < Q < 1.64 A~! range on the deuter-
ated systems®'. In fully deuterated samples the scattered
neutron intensity is dominated by the coherent contribution,
where all atomic pair correlations are approximately equally
weighted®?. Three temperatures well above 7, were inves-
tigated for both kinds of samples. Accessing low Q-values,
the structural properties at large length scales were explored
on the deuterated systems by small angle neutron scattering
(SANS) at the D11 instrument at the ILL33. The integrated
intensity of FOCUS spectra complemented this information
for high Q-values in the neighborhood of the amorphous halo.

Ill.  QENS RESULTS: H-SELF MOTIONS FROM
PROTONATED SAMPLES

Figure 2 shows QENS results after Fourier transformation
into the time domain and deconvolution from instrumental
resolution. The panels on the left correspond to the hPrec
sample, and on the right to the hNP sample. FOCUS (circles)
and SPHERES (diamonds) data are combined.

Nowadays it is well established®* that in glass-forming
polymers above T,, the results on protonated samples —
corresponding to the intermediate incoherent scattering func-
tion of the hydrogens— can be well described above ~ 2 ps by
means of a Kohlrausch-Williams-Watts (KWW) or stretched
exponential functional form

\P
Sinc(QJ) < exXp | — (T) (D

with a stretching exponent 8 close to 0.5. To check that
the melts investigated follow this ‘standard’ behavior, we im-
posed the constant value of 0.5 for the B-exponent in the
fits of the results shown in Fig. 2. As can be appreciated,
this description works rather well for both sets of data, at
least in the accessed dynamic window covered by the exper-
iments. The average characteristic time for H-self-motions
(t) = tHT(1/B)/B, represented in Fig. 3, shows a strong
dispersion in Q, being well approximated by a power law
(1) o« Q7P (i.e. o« Q%) in the Q-range Q < 1 A1,
This relation between dispersion and stretching is indicative
for Gaussian diffusive behavior with an associated sublinear
increase of the mean squared atomic displacement®. Devi-
ations from this asymptotic law at higher Q-values can usu-
ally well be accounted for by assuming a distribution of lo-
cal jumps as the underlying microscopic mechanism for such
an anomalous diffusion, which can be resolved by the QENS
experiments when exploring small enough length scales3%37.
In the framework of the anomalous jump diffusion (AJD)
model, based on these ideas, the characteristic time for the
self-correlation function can be expressed as:

1
1 |8
%(Q) = Tso [1 + nglzj . 2

Here, ¢, is the preferred jump length. The resulting values of
the parameters involved in the description by this model are
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FIG. 2. Fourier transformed and deconvoluted QENS spectra ob-
tained from FOCUS (circles) and SPHERES (diamonds) on the
hPrec (a,b,c) and hNP (d,e,f) samples, and the three temperatures
investigated: 285 K (blue), 320 K (green) and 360 K (red). The Q-
values correspond to 0.46 A1 (a,d), 0.96 A~! (b,e) and 1.76 A~!
(c,f). Solid lines are KWW fits with B = 0.5 to the results above
2 ps.

TABLE 1. Values of the parameters involved in the AJD fitting the
hPrec results described with KWW functions with =0.5.

TK)  [()ps) [lo(A)
285 82 0.64
320 9.4 0.58
360 1.7 0.53

collected in Table I. Note that in this case, hydrogen dynamics
is followed by the experiments and consequently the obtained
parameters correspond to these particular nuclei.

IV. COLLECTIVE FEATURES FROM DEUTERATED
SAMPLES

The neutron results on the deuterated samples reflect col-
lective features. Figure 4 shows the differential cross-section
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FIG. 3. Scattering vector dependence of the average characteris-
tic time (t) = t#T(1/B)/B for H-self motions obtained for hPrec
(empty symbols) and hNP (filled symbols) at 285 K (blue circles),
320 K (green squares) and 360 K (red diamonds), imposing $=0.5
(fits shown in Fig. 2). Lines are fits of Eq. 2 to the hPrec (solid lines)
and hNP (dotted lines) results.

TABLE II. Values of the parameters involved in the AJD fitting the
hNP results described with KWW functions with $=0.5.

TK)  [()ps) [lA)
285 103 0.63
320 9.8 0.56
360 1.5 0.51

measured on the samples —revealing static properties, in par-
ticular the structure factor S(Q)- and in Fig. 5 we can see
representative NSE curves representing the normalized dy-
namic structure factor S(Q,7)/S(Q). We first consider the
results corresponding to the linear precursor chains. As can
be seen in Fig. 4, the structure factor presents a well de-
fined amorphous halo centered at around Q. =1.4 AL
In main-chain polymers, this peak can usually be attributed
to correlations between atoms belonging to nearest neighbor
chains?®, separated by an average inter-chain distance of about
d =~ 27/Qmax. Here,d = 4.5 A. To describe the low-Q re-
gion of S(Q), a constant function has been considered, as ex-
pected for a homogenous system at large length scales with re-
spect to the inter-molecular distances. There, long-range den-
sity fluctuations are reflected by the structure factor. A low-Q
contribution that can be accounted for by a law o< Q™*, with
x=3.5 has also been considered. This additional scattering is
usually found in fully deuterated polymer melts and could be
attributed to the presence of micro-bubbles. As shown in the
inset of the figure, the power law persists down to the lowest-
Q values accessed in the SANS experiment.

For the intermediate temperature investigated, Fig. 6 shows
the NSE results on the normalized S(Q,t) at different Q-
values. Let us remind that for Q ~ Q4 these data directly
reveal the temporal evolution of inter-chain correlations. In
the terminology of the Mode Coupling Theory (MCT)340,
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FIG. 4. Differential cross section of dPrec (up-triangles: D11; down-
triangles: FOCUS) and dNP (crosses: D11; pluses: FOCUS). Dotted
line is a description of the data for dPrec at ILS. The solid line de-
scribes the dNP data below ~ 0.3 A~!, including an Ornstein Zernike
contribution (dahed-dotted line) and a e< Q™ law, with x=3.5 (dashed
line). The inset shows the low-Q experimental results and contribu-
tions for both samples, with the same codes.
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FIG. 5. Normalized dynamic structure factor measured by IN11c
at Q0 = 027 A~!-i. e, in the ILS region— (upper panels) and at
0=1.39 A-l4 e, at QOmax (lower panels) on dPrec (left panels) and
on dNP (right panels) at 280 K (blue circles), 320 K (green squares)
and 360 K (red diamonds). Continuous lines are fits of stretched ex-
ponentials with B = 0.43 (280 K), 0.47 (320 K) and 0.55 (360 K),
and dashed lines in (c) with § = 0.30.

these measurements would constitute the direct microscopic
observation of the structural relaxation in the system. As
shown in Fig. 6 the curves can be well described by KWW

functions
S(0,1) t\?
50,0) < [‘ (%) ] @

The values obtained for the  parameter are displayed in Fig. 7
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FIG. 6. Normalized dynamic structure factor measured by IN11c at
320 K and the different Q-values indicated. Lines are fits of stretched
exponentials with free -values and prefactor fixed to 0.96.
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FIG. 7. Scattering vector dependence of the stretching parameter ob-
tained from KWW fits to the dPrec NSE data at 280 K (blue circles),
320 K (green squares) and 360 K (red diamonds). Horizontal lines
show the average value for each temperature.

as function of the scattering vector. They show a kind of mod-
ulation with the structure factor around an average value of
0.47 for 320 K. With increasing temperature, we observe a
tendency of this value to increase, reflecting a less stretched
feature of the dynamic structure factor. To determine the char-
acteristic times of the NSE curves we have assumed a Q-
independent f3-value equal to the average obtained for each
temperature, namely 0.43 for 280 K, 0.55 for 360 K and the
above reported value of 0.47 for the intermediate temperature.
Applying Eq. 3 with these fixed values for to all NSE results
the descriptions are good, as can be appreciated in Figs. 5(a)
and (b). The average characteristic times obtained are shown
as empty symbols in Fig. 8. At high Qs, they show a kind of
maximum reminiscent of the deGennes narrowing proposed
for simple diffusion*!, 7.(Q) ~ S(Q)7,(Q).

Approaches merely based on diffusive mechanisms predict
for 7, a continuous slowing down with decreasing scattering
vector in the low-Q region well below the structure factor
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FIG. 8. Q-dependence of the average collective characteristic times
() =T(1/B)7y/B determined from the NSE experiments (empty
symbols: dPrec; filled symbols: dNP) at 280 K (circles, $=0.43),
320 K (squares, $=0.47) and 360 K (diamonds, =0.55). The
dashed-dotted lines are descriptions of the collective times for the
precursor in terms of an (anomalous jump) diffusive component
(shown as the dashed line for the 280 K case) and a Q — 0 com-
ponent affected by a cutoff factor (see Appendix).

peak. Therefore, they obviously fail in reproducing the ex-
perimentally observed acceleration of the collective dynam-
ics at intermediate length scales. Around a given Q.-value
located in the ILS region, the collective response of glass-
forming systems crosses over from being dominated by diffu-
sion to a region where it is dominated by the viscoelastic cou-
pling of stress and density fluctuations. Only beyond a certain
length scale —somehow related with Q.— the system would ap-
pear as viscoelastically homogeneous. This crossover is cap-
tured by a model proposed by Novikov et al.?* that was later
reformulated for the case of glass-forming polymers, or sys-
tems showing stretched relaxation behavior in general®. Such
an extended approach was applied>*>*? to the case of poly-
isobutylene (PIB), using the NSE data previously resported in
Ref.**. The application of this model to the dPrec results is
explained in detail in the Appendix of this paper. It provides
the description of the collective times shown as dashed-dotted
lines in Fig. 8. For the precursor melt, O, ~ 0.6 A~

We now move to the bulk made of SCNPs. Regarding the
local structure, Fig. 4 shows that the amorphous halo of the
SCNPs’ bulk is exactly at the same position as that of the
precursor chains. The average inter-molecular distances and
short-range order are thus hardly disturbed by internal cross-
links. The collective motions involved in the structural relax-
ation as revealed by NSE in the neighborhood of Q,,,, take
also place in a very similar way in the two melts, as can be
seen in Figs. 5(b) and (d). On the contrary, the decay of
the S(Q,r) at ILS is dramatically affected by the presence of
intra-molecular cross-links. These features are directly evi-

denced in Fig. 5. While close to Oy, the NSE results on the
SCNPs can be very well described by KWW functions with
the same [-values as for the melt of precursor chains —and
actually with very similar characteristic times—, at lower Q-
values (below ~ 0.6 A~!) the decay becomes more stretched
and its characteristic time is longer. As shown in Fig. 5(c)
for 0 = 0.27 A-1, if still a KWW functional form is im-
posed, the description of the curves demands lower values of
the stretching exponent 3. These values decrease with de-
creasing O (B(Q ~05A 1)~ 04; B(Q~03AH)~03;
B(Q=0.15 A=) 2~ 0.2). Thus, the SCNPs results were an-
alyzed using such Q-dependent f-values (the same for the
three temperatures investigated) for 0 < 0.6 A" and im-
posing the f-values describing the precursors data at higher
QOs. The average characteristic times obtained in this way are
represented in Fig. 8 with filled symbols. For 0 < 0.6 A~!
—approaching the ILS—, they tend to continuously increase to-
ward larger length scales, reminding a diffusion dominated-
like dynamics in a wide Q-range. In fact, they can be ap-
proximatelly accounted for by the purely diffusive component
deduced for dPrec from the previous analysis. In the above
commented framework for collective dynamics at ILS, for the
melt of SCNPs the crossover to a non-diffusive characteristic
time at Q. would be strongly shifted to low Q-values (even
below those accessed by the IN11c window), implying that
the SCNPs bulk would behave viscoelastically homogeneous
only at extremely large length scales.

Is there any structural evidence for the existence of hetero-
geneities responsible for such a dynamical behavior at ILS?
SANS experiments provide the answer to this question. As
can be seen in Fig. 4, in the Q-region around 0.1 A~' SANS
results on the melt of SCNPs show indeed a pronounced in-
crease of the scattered intensity with respect to that in the
precursor. Such an excess can be well accounted for by an
Ornstein-Zernike expression,

1
loz o W 4)

A value of about 9 A for the characteristic length & is ob-
tained. To fully describe the SANS results in the whole range
investigated, this function is added to a low-Q contribution.
The latter follows a similar power-law as that found for the
melt of precursor chains, and might therefore be attributted to
the same origin —presence of micro-bubbles in the samples.

V. DISCUSSION

The dynamics of glass-forming polymers above Ty is very
complex and involves different processes and mechanisms for
relaxation. The relevance of each of these contributions de-
pends on the length scale of observation. At relatively local
length scales, of the order of inter-molecular distances (equiv-
alently, Q-values in the range 1-2 A~!), the main dynamical
process is the ¢-relaxation related with the vitrification phe-
nomenon. Let us first focus on the results obtained in such
a Q-range. As already mentioned above, collective motions
reveal nearly identical features for the melt of SCNPs and the
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melt of linear precursor chains at this level. Regarding the
self-motions, the Fourier transformed QENS results on the
hNPs sample are also very similar to those on hPrec, as can
be appreciated from Fig. 2. After evaluation in terms of the
AJD model, we can see in Fig. 3 and Table II that the val-
ues of the characteristic times and AJD parameters used to fit
them are indistinguishable, within the uncertainties. This im-
plies that the atomic motions in the ¢-relaxation regime can
be qualified as corresponding to an anomalous sublinear diffu-
sion with underlying discrete primary steps and are very much
the same for both melts.

The differences in the behavior of the two systems start
when smaller Q-values (equivalently, larger length scales) are
explored. They are clearly patent in the coherent structure
factor. The deviations set in at Q =~ 0.6 A-!. This is the
range where also the crossover from o-relaxation to the so-
called Rouse dynamics is expected to occur in glass-forming
polymers. At large length scales, connectivity plays a crucial
role in the dynamics of inter-connected objects like macro-
molecules. The universal predictions of the ‘bead-spring’-like
model proposed by Rouse* are expected to describe the dy-
namics for a melt of linear chains at sufficiently large length
scales, as long as entanglement effects are absent (or for times
shorter than the entanglement time, for entangled chains). The
identification and characterization of the crossover between
a-relaxation and Rouse dynamics are non-trivial problems
that were subject of studies in the past>**®. To check the valid-
ity and explore the crossover regime at microscopic level, two
kinds of correlation functions can be used. One of them is the
incoherent scattering function corresponding to self-motions
of atoms within the segment. This function has been ad-
dressed in this work by QENS on hydrogenated polymers. In
principle, within the uncertainties, the results on both samples
at low-Q values are compatible with the Rouse predictions®
for incoherent scattering of a KWW functional form with
B=0.5 and characteristic time following a Q~*-dependence.
At the same time, as shown in Fig. 3, the results can also be
reasonably described by the extrapolation of the above intro-
duced AJD model toward the lowest Q-values reached. This
indicates that, as in other polymers>? the crossover between
both dynamical regimes takes place in a very subtle way and it
is not easy to clearly define their limits. A detailed scrutiny of
this crossover is beyond the scope of this work, where we want
to focus on the impact of the cross-links on the observed dy-
namical features. Conversely, due to the strong O-dependence
of the incoherent scattering in the low Q-regime and the lim-
ited energy resolution of the spectrometers, the accuracy in
the determination of the characteristic times prevents a pre-
cise quantification of their differences. From a direct com-
parison of the FOCUS results at low Q-values, a small differ-
ence could be envisaged between the two melts (see Fig. 9).
The spectra corresponding to the SCNPs are slightly narrower,
pointing to a subtly slower dynamics at large length scales.

The other correlation function for which the Rouse model
formulation is provided, is the single chain dynamic structure
factor. This is available by NSE on labeled samples where
hydrogenated and deuterated chains are mixed, and relates
to pairs of atoms intra-molecularly connected. Studies on
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FIG. 9. Normalized FOCUS spectra obtained at 320 K and the differ-
ent Q-values indicated for hPrec (solid line) and hNP (dashed line).
The dotted line shows the instrumental resolution function.

such melts of polymers have demonstrated the validity of the
Rouse model in its range of applicability>*. This is however
severely limited for long chains at long times. Long linear
chains can easily interpenetrate. At long times, the topolog-
ical constraints emerging from interpenetration together with
chain uncrossability —the entanglements— lead to deviations
from standard Rouse-like dynamics that can be accounted for
invoking the tube concept and related reptation mechanism
proposed by deGennes and Edwards>*. The single chain dy-
namic structure factor of the melts here investigated will be
subject of future work, where we will address the impact of
intra-molecular cross-linking on entanglement fomation with
a direct microscopic insight. Here we comment that in a re-
cent work?® including a rheological study of the melts here
presented, an almost complete dissapearance of the rubbery
plateau has been found for the melt of SCNPs with respect to
the precursor system. Such a striking effect suggests a strong
suppression of the entanglements and was attributed to the in-
ternal multiloop topology of the SCNPs*/~4° Tt is well known
that in ring polymers the entanglement formation is strongly
hindered with respect to their linear counterparts>®-2,

In the present paper, the NSE experiments were carried out
on fully deuterated samples. They thus address the collective
features involving all atomic pair correlations, independently
of belonging to the same or different chains. There is no theo-
retical framework that expresses the accessed observable —the
dynamic structure factor— in terms of Rouse model or simi-
lar approaches considering chain dynamics as key ingredient.
We have thus applied a recently proposed ansatz to describe
the reference results on the dPrec melt sample. It is worth
noting that such an approach had only been considered un-
til now for the case of PIB, and seems to work reasonably
well also for PTHF from the present study. In this framework,
the NSE results on the SCNPs point to a strong shift of the
crossover to viscoelastically homogeneous behavior toward
much larger length scales than in the linear precursors. In
fact, our SANS experiments show that internal cross-linking
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induces an excess of density fluctuations at nanometric length
scales with respect to the melt of linear topology. The pres-
ence of cross-links also manifests in a more complex relax-
ation of the dynamic structure factor at such length scales.
Its functional form becomes markedly more stretched than in
the melt of linear chains and the characteristic times increase
dramatically with decreasing Q-value —at least in the window
covered by the NSE experiments. These effects could be at-
tributed to the emergence of new constraints in the SCNPs
melt, related to the internal domain topology and leading to
certain correlations to persist over longer times. Additional
mechanisms for relaxation would thus need to appear in the
internally cross-linked melt, in order to reach the complete de-
cay of the dynamic structure factor. Close to cross-links and
in particular within small domains, chain conformation and
packing would differ from the average in the bulk material.
Neighboring segments chemically connected by the internal
crosslinks induced during SCNPs synthesis could feel an ex-
tra friction to relax, provoking the retardation of the decay
of the density fluctuations at the corresponding length scales.
The topological complexity induced by intramolecular bond-
ing would be expected to require the occurrence of a hierar-
chy of relaxation mechanisms to reach the full relaxation of
the SCNPs in the melt. In fact, the dielectric spectroscopy
investigation reported in the above referred work?® points to
the appearance of an additional dynamic contribution to dipo-
lar relaxation slower than the a-process that would be related
with the relaxation mechanism involving the internal domains
in the SCNPs.

Finally, we compare or results on the melt of SCNPs with
those previously obtained on nano-composites consisting of
mixtures of poly(methyl methacrylate) (PMMA)-based SC-
NPs and linear chains of polyethylene oxide (PEO)?=23. In
those works, the mutual influence of both components on
the dynamics was addressed by neutron scattering on labeled
samples. Due to limitations of the experimental window, the
most thorough studies were carried out on the PEO compo-
nent. For this component, a shift in the glass-transition tem-
perature revealing slower segmental dynamics as well as a
slowdown of the Rouse modes were observed upon mixing
with the more rigid SCNPs. These effects were also found
in blends of the linear counterparts, and can in principle be
attributed to the large dynamic asymmetry displayed by the
two components of the mixture; therefore, they would not be
expected in our SCNPs melt, where all the structural units
are chemically identical. We find nevertheless hints for slow-
down and stretching of the dynamical response at large length
scales, that are not related to enhanced inter-molecular fric-
tion due to a neighboring more rigid component. On the
other hand, the main effect observed when the topology of the
PMMA-like component in the nano-composite changes from
a linear chain to a SCNP, is a striking tube dilation for PEO
chain dynamics. As shown by the rheological measurements
on the SCNPs melt above commented?®, an effective disen-
tanglement is also observed upon internal cross-linking of the
PTHF chains. Thus, creation of internal loops in the macro-
molecules seems to induce a release of the topological con-
straints for chain dynamics in both kinds of systems, despite

their very different intrinsic properties.

VI. CONCLUSIONS

SCNPs are fascinating nano-objects for their potential use
not only in a large variety of fields in the nano-technology
arena, but also as model systems to investigate fundamen-
tal problems of polymer dynamics. In particular, here we
have addressed the question of how intra-molecular cross-
linking affects the atomic motions and the collective features
at length scales of the order of the inter-molecular distances
and larger, exploring the regime of the so-called intermedi-
ate length scales region. With this aim, we have performed a
parallel investigation on the melt composed by linear chains
as reference. For this reference sample we have found ‘stan-
dard’ self-motions describable by the anomalous jump diffu-
sion model in the whole Q-range investigated, pointing thus to
a very smooth crossover from ¢-relaxation toward Rouse-like
dynamics. We have also shown that the recently proposed
ansatz to describe the collective dynamics at ILS for glass
forming polymers>> based on that developed by Novikov et
al.* works rather well for the linear precursor melt. We note
that this kind of investigations are very scarce in the literature
and therefore this work has also contributed in this direction.
The impact of intra-molecular cross-linking is hardly resolv-
able at length scales of the order of the inter-molecular av-
erage distances as microscopically explored by both, the dy-
namic structure factor and the incoherent scattering function
of hydrogens addressed by our quasielastic neutron scatter-
ing experiments. The effects set in at larger length scales,
towards the intermediate length scales regime, where also the
crossover from segmental to Rouse dynamics is expected. A
subtle slowdown of the hydrogen self-motions can be inferred
from the low-Q results on the hNP-samples. The main effect is
observed on the coherent scattering: structural heterogeneities
are revealed by SANS, and the decay of the dynamic structure
factor exhibits marked extra-stretching as well as much longer
characteristic times than the precursor melt. The emergence of
a hierarchy of complex additional mechanisms for relaxation
of internal loops in the SCNPs would be at the origin of these
observations for collective dynamics. Future experiments on
the single chain dynamic structure factor (isotopically labeled
macromolecules in a melt of SCNPs) may elucidate the impact
of intra-molecular cross-links on chain dynamics at a molec-
ular level for these intriguing systems.

ACKNOWLEDGMENTS

We acknowledge financial support of the Basque
Government, code: IT-1175-19 and the Ministerio de
Economia y Competitividad code: PGC2018-094548-B-100
(MCIU/AEI/FEDER, UE). This work is based on exper-
iments performed at the FOCUS instrument operated by
the Swiss spallation neutron source SINQ, Paul Scherrer
Institute, Villigen, Switzerland, and SPHERES (Heinz
Maier-Leibnitz Zentrum (MLZ), Garching, Germany), and



Melts of Single Chain Nano-Particles

has been supported by the European Commission under the
7th Framework Programme through the ’Research Infrastruc-
tures’ action of the ’Capacities’ Programme, NMI3-II Grant
Number 283883.

Appendix: Model to describe the collective relaxation at
mesoscales in glass-forming systems. Application to the linear
precursor melt.

The window spanned by NSE in our experiments covers the
neighborhood of the structure factor peak and the so-called
intermediate length scales regime. A model has been recently
proposed to describe the collective dynamics of glass-forming
polymers there, and successfully applied to the case of exist-
ing data on polyisobutylene (PIB)>*>43_ This model consists
of an interpolation formula that embeds the mesoscopic (non-
diffusive) and the high-Q (diffusive) limits of the collective

times in an analytical expression as proposed by Novikov et
24
al.”:

1 — ;einéLz + 1
TC(Q) TCQ%() T(,D(Q) .

(A.1)

The non-diffusive (Q-independent) time ‘L}Q—’O should reflect

the viscoelastic coupling of stress and density fluctuations on
scales long enough compared to atomic dimensions, but not
yet in the hydrodynamic limit?*. Its contribution to the total
collective time is affected by a Gaussian cutoff factor 08
to ensure that it is present only on length scales beyond a char-
acteristic length &.. This characteristic length is expected to
be & ~ 27/Qumar. On the other hand, the collective diffu-
sive time 72 (Q) can be obtained in the spirit of a Skold>3-like
renormalization,

s Lo (@
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The approximation for the diffusive contribution was gener-
alized to the case of the observed anomalous diffusion. In
particular, to account for the full phenomenology observed
for glass-forming polymers, the incoherent scattering func-
tion was assumed to be that corresponding to the AJD model
above introduced, i. e., Eq. 1 together with the expression for
the characteristic time Eq. 2. Then, the collective diffusive
counterpart of 7;(Q) can be expressed as:

(A2)

1

S B

T(,D(Q) = Ts0 |:1+Q(2%,23:|
The model for collective times of the precursor was applied
using the information on self-atomic motions obtained by
QENS on the protonated sample. Figures 10 and 11 show the
experimental times obtained using the same Q-independent
B-parameter to fit both correlation functions. It was chosen
as that better describing in average the collective results. The
solid lines in Fig. 10 are fits of the hydrogen self-correlation
times to Eq. 2. The resulting parameters are given in Table II1.
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FIG. 10. Scattering vector dependence of the average characteristic
time (1) = t/'T'(1/B) /B for H-self motions obtained for hPrec using
B =0.5 (empty symbols, same as in Fig. 3) and the same f3-value as
for describing the NSE results (filled symbols). Lines are fits of Eq. 2
to the latter.

TABLE III. Values of the parameters involved in the application of
the model.

7K [B [()ps) [6Ad) (A [(t27%ps)  [E(A)
285 0.43 | 105 0.73 — — —

280 043 |- - 4.4 |560 2.2
320 047 |11.3 0.64 22 150 2.3
360 0.55 |1.8 0.48 1.7 13 2.6

We note that the characteristic time 7,(Q) involved in the cal-
culation of 72 corresponds to the self-part of the dynamic
structure factor, in which all nuclei, not only the hydrogens,
are involved. Therefore, it might differ from the characteristic
time experimentally determined from QENS measurements
on protonated samples. In fact, in the case of PIB, where
molecular dynamics simulations were available, a proportion-
ality factor was found of about 2 between 7,(Q) calculated
averaging over all the nuclei and 7/ (Q). Therefore, we have
assumed that 2(Q) can be approximated by Eq A.3 with the
same /, as that determined for 77 (Q), and Tso =A ‘L‘fa (for
the collective results at 280 K, the information extracted from
the QENS measurements on the protonated sample at 285 K
was used). Then, the only free parameters involved in the ap-
plication of the model (combining Eqs. A.1 and A.3) were A,
<TCQ_>O) and &.. The resulting fitting curves are shown by the
dashed-dotted lines in Fig. 11, and the values of the parame-
ters are listed in Table III. For illustrating the model, in Fig. 12
the two contributions to the total model curve are represented:
that from the mesoscopic time (indicated by the arrow) af-
fected by the cutoff factor, and the collective (anomalous) dif-
fusive characteristic time. The implicitly used self-correlation
time is also depicted.
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FIG. 11. Collective characteristic times measured on dPrec (filled
symbols) and characteristic times for H-self motions determined
from the QENS experiments on hPrec (empty symbols) for the three
temperatures investigated: the red diamonds correspond to 360 K,
the green squares to 320 K and the blue circles to 280 K (dPrec) and
285 K (hPrec)). Solid lines are fits of Eq. 2 to the incoherent times
and dashed-dotted lines of the model for collective times.
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FIG. 12. Tllustration of the components of the model for collective
dynamics to the case of the precursor melt at 320 K (symbols: ex-
perimental results; black solid line: total fitting curve). The dashed-
dotted line is the mesoscopic contribution (affected by the cutoff fac-
tor) and the dashed line, the diffusive component. Its self-counterpart
is represented by the dotted line. The arrow indicates the value of the
asymptotic TCQHO-Value. The structure factor function is also shown
as the green solid line.
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