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Revealing microscale bulk structures in polymer—
carbon nanocomposites using spin-echo SANS

L. V. Tilhonen,® M. P. Weir,” A. J. Parnell, (2 ¢ S. C. Boothroyd,” D. W. Johnson,®
R. M. Dalgliesh,” M. Bleuel,? C. P. Duif, @22 W. G. Bouwman,? R. L. Thompson, {2 ¢
K. S. Coleman,® N. Clarke, @2 W. A. Hamilton," A. L. Washington @’ and

S. R. Parnell (2 =2

We have used spin-echo small-angle neutron scattering (SESANS) to probe the hierarchy of structures
present in polymer—carbon nanocomposites, with length scales spanning over three orders of magni-
tude, from 10 nm to 16 um. The data processing and reduction show a unified approach across two
SESANS instruments (TU Delft and Larmor at the ISIS neutron source) and yield consistent data that are
able to be modelled using well-established hierarchical models in freely available software such as
SasView. Using this approach, we are able to extend the measured length scales by over an order of
magnitude compared to traditional scattering methods. This yields information about the structure in
the bulk that is inaccessible with conventional scattering techniques (SANS/SAXS) and points to a way
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| Introduction

Polymer-carbon nanocomposites’™ exhibit useful structural,

thermal and electrical properties which depend on the volume
fraction, geometry and level of aggregation of the carbon
nanofiller within the polymer matrix. Typically, these nano-
composites have structures present over multiple length scales,
starting with relevant polymer chain dimensions (on the order
of 1-10 nanometres).” The filler material itself may be hier-
archical in nature, which is the case for example with carbon
black. High aspect ratio fillers made from (nominally) two-
dimensional (2D) materials, such as graphene,’ functionalised
graphenes,® or graphene nanoplatelets,” themselves comprise a
wide range of length scales where their thickness, which can be
comparable to polymer chain length scales, is usually orders of
magnitude smaller than their lateral size. Furthermore, 2D
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for interrogating and investigating polymer nanocomposites routinely across multiple length scales.

materials may additionally undergo differing degrees of folding
and crumpling.® Together with agglomeration (also applicable
in the case of carbon black), this leads to the possibility of
structural hierarchies ranging from tens of nanometers to tens
of microns. This depends on several factors, including poly-
mer-nanoparticle interactions, polymer processing methods’
(melt/extruder processed and solvent processed) and thermal
history (heating above the glass transition temperature and
crystallization of the polymer matrix)."® Polymer nanocompo-
site structures can exhibit power law scaling in both the mass-
and surface fractal regimes, due to the roughness of the
resulting nano- and microstructures.

The matrix polymers used in this article, polystyrene (PS)
and poly(methyl methacrylate) (PMMA), are electrical and ther-
mal insulators. They are chiefly chosen as model polymers for
scattering studies (for example, due to the good availability of
well-controlled molecular weight synthesis and/or deuteration).
Additionally, polystyrene is also a suitable polymer of choice for
melt processing. The carbon nanofiller tends to be responsible
for the desirable functionality of the composite, usually in terms
of improved strength and enhanced thermal and electrical
conductivity. Furthermore, the network formed by the nanofiller
after processing is of great importance when understanding and
tuning the final composite properties. For example, whether or
not percolation is achieved within the network is of critical
importance to the sample’s electrical conductivity.'?

The non-destructive characterisation of structures in nano-
composites relies primarily on small-angle scattering. This is
an effective and powerful approach allowing statistical
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averaging over a large sample volume. Scattering reveals domi-
nant length scales such as the average sizes of particles or
agglomerated structures, the regularity (or irregularity) of their
arrangements, and the roughness of phase interfaces or
complex spatial structures. While conventional real-space
microscopy techniques cover a larger range of length scales
than conventional small-angle scattering, they are often not
capable of providing the same level of statistical sampling that
is possible with a (neutron or X-ray) scattering approach. This is
due to the serial nature of image acquisition, which can skew
the data to an unrepresentative portion of the sample such as
surface features which may not represent the bulk majority
phase. High sample opaqueness can severely limit transmis-
sion microscopy methods, while cross-sections are also prone
to sampling problems, as sectioning is destructive and section-
ing artefacts can give rise to distortion.

Small-angle scattering techniques and associated analysis
tools have yielded great insight into materials which exhibit
structures over multiple length scales. A good example of this is
the Unified Fit model of Beaucage,">'* which offers a robust
method to construct hierarchical scattering models where
explicit analytical scattering functions for a given system are
either difficult or impossible to compute.

Small-angle scattering measurements are subject to instru-
mental limitations in the smallest measurable momentum
transfer (q) value corresponding to the largest measurable
length scale. For dedicated ultra-small angle scattering instru-
ments, the maximum accessible length scale is in the region of
several microns. Correspondingly, each instrument will have the
smallest measurable length scale relating to the highest possible
g value, thus defining a measurement range. Theoretically, it is
possible to ‘stitch’ data from different instruments into a single
master dataset with an enhanced g range. This relies on precise
calibration and data reduction, and the comparison of data from
the same sample across different instruments can be helpful in
this regard.

The interpretation and analysis of inverse-space scattering
techniques usually take place by calculating the appropriate
transform of a real-space model that is iteratively evolved until
a good fit is reached. In rarer cases, the data may be trans-
formed directly into real space. A prime example of this is the
correlation function or the CORFUNC approach for a two-phase
system pioneered by Strdbl.'>'® Inverse-space scattering data
are a valid source of structural information in its own right, but
the scientific literature still appears to favour real-space images
for their impact and aesthetic appeal, although reciprocal space
scattering data are often more information rich and statistically
more rigorous.

A limitation for measurements of nanocomposites using
standard small-angle scattering techniques is that the samples
tend to exhibit structural length scales beyond the lowest
observable g. These can take the form of density inhomogene-
ities of dispersed nanofillers or large-scale aggregate networks
of up to several microns. This has been observed for instance in
polymer nanocomposites with carbon black,"”"® spherical
silica,"”*® nanoclay*' and silver nanoparticles."> To address
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this limitation, suitable ultra-small-angle scattering techniques
can be used.

Spin echo small angle neutron scattering (SESANS) is a
powerful statistical averaging technique that covers length
scales from 10 nm up to 10-20 pum (depending upon the
instrument), which enables a full statistical average of the
sample structure over macroscopic illuminated volumes
(rem?). It is therefore well suited to the study of polymer
nanocomposites, which normally contain nanoparticles, mass
fractals and agglomerates with length scales in the nanometre
range up to microns. SESANS also yields information on the
spatial arrangement and length scales within a sample in real
space, thus providing an interesting counterpoint to real space
imaging and reciprocal-space scattering.

There are now a number of SESANS instruments at neutron
sources around the world*** along with developments of
related techniques.*®*”* Rather than measuring the structure
factor of a sample directly, the method relies on measuring the
change in beam polarisation caused by the sample. Depolarisation
is measured for different real-space correlation lengths, the experi-
mental spin-echo length, and the obtained data can be directly
related to a Hankel transform of the sample structure factor. In the
past, we have applied SESANS to polymer nanocomposites, where
we looked at the behaviour of extruded polystyrene with fullerene
Cgo Nanoparticles.>*>* In this previous work, SESANS was able to
measure the larger extended network; furthermore, it was used to
quantify the resulting structural changes depending on where the
composite was sampled, i.e., at which extruder position, and also
how the feeding composition affected the structure. In another
work,"" we used SAXS and SANS to look at graphene oxide (GO) in
polymer composites. The resultant small-angle scattering (SAS)
spanned over two decades in reciprocal space and we were able to
observe well-exfoliated sheets of GO in both PS and PMMA.
However, larger length scale structures were only observed via
AFM images, where these were on the micron length scale.

In this article, we demonstrate the effectiveness of SESANS
for studying polymer—carbon nanocomposites with hierarchical
length scales, revealing larger structural length scales that have
been previously accessible via conventional scattering measure-
ments. The nanocomposites studied consist of polymers loaded
with graphene oxide (GO), graphene nanoplatelets (GNP), and
carbon black (CB), with a broad range of length scales and
structural complexity. There has been growing interest in
graphene oxide®” and graphene nanoplatelet*® nanocomposites
as they allow improved mechanical,””° thermal**™** and elec-
trical properties,”*™® filtration properties in membrane
materials,*®"” and emulsion stabilisation in composite poly-
mer systems.*®*® Graphene oxide and graphene nanoplatelet
composites have structural elements with lateral sizes on the
order of 5 microns, whose aggregates are understood to perco-
late throughout the sample forming macroscopic networks.>®
The treatment of graphene to form graphene oxide, which is
relatively rich in functional groups, disrupts the planar network
of (sp®) bonded carbon and thus make it more prone to
wrinkling when compared with graphene nanoplatelets. These
two materials can therefore be compared as platelet-like

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00578c

Open Access Article. Published on 01 October 2024. Downloaded on 11/28/2024 1:49:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

additives with very different propensities to wrinkle, buckle, or
fold. Carbon black, in addition to its traditional role as a
reinforcing additive to rubber, has shown promise as a dual
nanofiller for improved mechanical properties,®>* and
improved thermal®*° and electrical properties® °
composite materials. Carbon black is understood to show
length scales from the structural units of its constituent
nanoparticles® (70 A) and carbon black aggregates (500 A) to
larger agglomerate structures which may form a percolated
network,’"®® thus providing a structural counter-example to
the platelet-like GO and GNP. SESANS measurements are
combined with traditional small- and ultra-small-angle scatter-
ing techniques (SAXS and USANS respectively) and optical
microscopy for validation and demonstrating the simultaneous
resolving power of large and small structures.

in nano-

Il Scattering models

Despite SESANS, USANS, and SAXS all having different func-
tional forms, the necessary transformations can now be imple-
mented in modern scattering analysis software. This allows
standard forms of the scattering intensity (I(gq)) to be used
across all the methods.

For the SESANS data, this work makes use of the highly
general Guinier-Porod model®® which allows good empirical
estimation of single length scales with the surface or mass
fractal substructure. The model can be used as an empirical
approximation for various scattering systems, ranging from
densely packed or swollen polymers to platelet systems or dense
particles with smooth surfaces. Details on the form of the
Guinier-Porod model are provided in Appendix, Section VI E.

For USANS and SAXS data, a simple power law is applied in
the absence of a distinguishable length scale. When multiple
length scales can be distinguished, the unified fit model"*"*
provides an appropriate empirical approximation.

In all cases, the scattering data were analysed using the open
source software SasView. The SasView package comprises a
library of small angle scattering models and uses a least squares
fitting algorithm to fit the scattering data. SasView has recently
been updated to include the necessary Hankel transforms to
relate the scattering models to data measured using SESANS.**
The theoretical derivation of this is detailed in ref. 65. These
transforms allow a chosen scattering intensity function I(g) to be
transformed into a sample correlation function as would be
measured in a SESANS experiment, allowing direct fitting of
SESANS data. This means that common small angle scattering
models can easily be applied across the various scattering
techniques and compared for consistency.

lll Materials and methods
A Sample preparation

The nanocomposite samples were prepared by solvent proces-
sing using N-methyl-2-pyrrolidone (NMP). Polystyrene was dis-
solved in NMP to a final concentration of a 10 wt% polymer.

This journal is © The Royal Society of Chemistry 2024
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The appropriate quantity of GNPs or carbon black was added to
the polymer solution and the sample was transferred to a mixing
roller for 18 h. Samples were then sonicated with a solid probe
sonicator (300 W, 20 minutes, 5 second pulses, Cole Parmer
750), to disperse the filler in the polymer solution. Sonication
was performed on no more than 50 mL of the dispersion at a
time. The composite solution was then immediately precipitated
by adding dropwise into methanol (10 volume excess to NMP).
The resulting precipitate was stirred in methanol (30 minutes),
isolated by filtration, and stirred in fresh methanol (18 h) and
then finally isolated by filtration. The resulting powder was then
dried in vacuo (50 °C, 18 h). Polystyrene was supplied from Sigma
Aldrich (SKU 441147, measured M,, = 273000 ¢ mol ', M, =
113000 g mol™'). GNPs were supplied by XG Sciences (xGNP®
Graphene nanoplatelets grade M). Carbon black was supplied by
Sigma Aldrich (SKU 699624) and graphitized with a particle size
of <500 nm. NMP was supplied by Fisher Scientific (127630025
Acros Organics 99% extra pure). All materials were used as
supplied. Samples were heat pressed at a temperature of
160 °C with a load of 6 tonnes for 30 minutes into 25 mm
diameter discs of approximately 0.5 mm thickness.

B Spin-echo small angle neutron scattering - (SESANS)

SESANS measurements were performed at two separate institutes.
One dataset was measured at the Reactor Institute Delft (TU Delft)
using the dedicated SESANS instrument.>” This uses a monochro-
matic neutron beam of a wavelength of 2.06 A accessing length
scales in the size range of 0.1-16 um. The maximum spin echo
length was enabled by a shallow angle (15°) of magnetic foils in the
SESANS instrument despite the low wavelength. The second instru-
ment used was the instrument Larmor in SESANS mode at the ISIS
Neutron and Muon Source (Rutherford Appleton Laboratory, UK).
Larmor was used for measurements that cover the shorter length
scale region of 0.1-2 um. This instrument uses a pulsed beam of
neutrons with a wavelength band of 3-8 A. This instrument is
capable of covering a length scale range than spans 10 nm-30 pm
in SESANS mode and 5 A-3 pm in SANS/SEMSANS mode; however,
the maximum spin echo length was limited by the thickness of the
sample, whereby at higher wavelengths the sample fully depo-
larised the incident neutrons. Since in Larmor the higher wave-
lengths correspond to higher probed spin echo lengths, this total
depolarisation resulted in high noise effectively limiting the max-
imum length scale (see Appendix VI D for Larmor error bars).

In both cases, the instrument was calibrated in spin-echo
length using patterned silicon gratings which have a period of
1 pm. For the Delft instrument, the beam polarisation was
observed with the sample in and out of the beam over 11 echo
points. This was to determine P/P, per each probed spin-echo
length as determined by the magnetic fields. Meanwhile, for
Larmor, the instrument is in echo and the ratio P/P, is
determined for the sample in and out. For the Larmor instru-
ment, the data were corrected to account for the portion of the
beam that is scattered and not captured, using an established
procedure to account for the fraction of scattered neutrons
which are not incident upon the neutron detector.*®

Soft Matter, 2024, 20, 8663-8674 | 8665
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Fig. 1 Measured SESANS depolarisation over real-space spin-echo length 4, normalised by neutron wavelength and sample thickness Solid lines are the
respective numerically Hankel-transformed Guinier—Porod (GP) fits. USANS data are displayed in the insets in the bottom row of plots. The top row
shows the data on a linear scale over spin-echo length, while the bottom row shows the data on a logarithmic scale over spin-echo length. This is to
distinguish low-¢ features. These are for (a) graphene oxide in PS (PS+GO) and PMMA (PMMA+GO), (b) graphene nanoplatelets in PS (PS+GNP) and (c)
carbon black in PS (PS+CB) where the fit is a two-term Guinier—Porod (2-GP) fit with the lower term fixed based on parameters from SAXS. The directly
probed length scales reach from 800 A or 0.08 um up to 160 000 A or 16 um. The USANS data over the reciprocal g-space and their simple power law fits
demonstrate that the scattering over the range probed in USANS does not reveal obvious flattening in the low-q, meaning that SESANS is needed to
probe the higher length scale beyond this range. The PS+GO USANS data have been reproduced from ref. 11 with permission. Respective error bars are
on the order of deviations from the displayed fit curves. Matching between the SESANS data for the Delft and ISIS Larmor instruments is illustrated in

Appendix VI D.

C Ultra-small angle neutron scattering - (USANS)

USANS measurements were carried out using a BT5 perfect
crystal diffractometer at NCNR (NIST, USA). A g-range of 3 X
10 > A 'to 1 x 10 * A~ " was achieved using a neutron wavelength
of 2.4 A at a resolution of 6% AJ/A. Briefly, the neutron beam was
monochromated using a pyrolytic graphite premonochromator,
followed by a triple-bounce Si(220) monochromator before
encountering the sample. The resulting scattering pattern was
collected using a triple-bounce Si(220) analyser moving in synchro-
nisation with the detector to map the neutron intensity as a
function of angle (subsequently converted into g-space). The
sample scattering intensity was adjusted for empty cell scattering
and sample transmission. The USANS data were reduced and de-
smeared using the standard procedures within the NCNR USANS
macros.®® These data are displayed in Fig. 1 in the Results section.

D Small-angle X-ray scattering — (SAXS)

SAXS patterns were recorded using a laboratory SAXS instru-
ment (Xeuss 2.0, Xenocs, France) equipped with a liquid
gallium MetalJet X-ray source (Excillum, Sweden). A monochro-
matic X-ray radiation (wavelength / = 1.34 A) and a 2D Dectris
Pilatus 1M pixel detector were used for these experiments.
A SAXS camera was placed at a distance of 6.4 m from the
sample position and thus covered a g range of 0.0015-0.1 A™*,
where g = (4 sin 0)/4 is the modulus of the scattering vector and
0 is half of the scattering angle. X-ray scattering data were

8666 | Soft Matter, 2024, 20, 8663-8674

integrated and normalised using the software package Foxtrot
(Soleil, France). Irena SAS macros®”°® for Igor Pro were utilised
for background subtraction.

E Optical microscopy

Thin samples for imaging with optical microscopy were prepared
by additional heat pressing of the previously prepared samples
of the composites on a stainless steel die between sheets of
aluminium foil at 160 °C with a load of 6 tonnes until a thickness
of approximately 100 microns was obtained. Images were
acquired with an Olympus BX51 optical microscope in bright
field transmission mode. The sample was illuminated from
beneath using a standard white light source and images
acquired using a Basler Ace acA4024-29uc USB 3.0 colour camera
using objective lenses providing 5x and 20x magnification.

IV Results

Measurements using SESANS, USANS, and SAXS as detailed in
Section III were taken on a series of carbon-polymer nanocom-
posites with dimensionally distinctive fillers. We present the
data for each nanocomposite sample and discuss how the
different scattering methods are compared. The first results
discussed are two graphene oxide polymer nanocomposite
samples as these have been previously studied in detail,""
followed by the graphene nanoplatelet sample as a novel

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Optical microscopy images of pressed PS+GO samples with (A)
0.1% GO for reference, displaying well-dispersed graphene oxide and (B)
5% GO with substantially larger inhomogeneities with diameters on the
order of 30—-50 microns across. The bright regions in (B) are assumed to be
positions on the sample thin enough to allow light transmission.

system and finally the carbon black sample to understand the
utility of SESANS for strongly hierarchical systems. Optical
microscopy images are provided and the validation they pro-
vide is discussed. Tables of SasView fitting outputs are provided
in Appendix VI A to VI C.

A Graphene oxide

The graphene oxide samples measured by SESANS are well
described by Guinier-Porod fits in Fig. 1a. These yields esti-
mated radii of gyration of 31 um and 19 pm, respectively, for PS
and PMMA and Porod exponents of 3.57 and 3.58. The length
scales obtained are substantially greater than previously
observed for dispersed sheets seen with atomic force micro-
scopy by Weir et al.,'* suggesting dominant maximum feature
sizes of >50 pm. Furthermore, the Porod exponents obtained
are substantially in the surface fractal regime of 3 < m < 4
rather than in the mass fractal regime of m < 3 expected for
highly wrinkled exfoliated sheets observed in USANS measure-
ments (approximately m = 2.7 for the USANS data reproduced in
the PS+GO inset of Fig. 1). This suggests the presence of
compact packed phases of graphene oxide with rough surfaces
when observed using SESANS, which may then dominate the
SESANS signal over the lower length scales of individual sheets.
A relatively high volume fraction of 4.3% indicates that this
should be the length scale of a connected network of compact
phases of poorly dispersed graphene oxide through the sample.
Poor dispersion was also indicated by atomic force microscopy
(AFM) performed previously in ref. 11. The microscopy image in
Fig. 2b supports the presence of these large >50 um features with
a high degree of connection, with the comparison with Fig. 2a
further demonstrating the poor dispersion at a high volume
fraction. The difference seen between PS and PMMA is then
interpreted as PMMA resulting in a more compact structure of
smaller graphene oxide phases with a similar surface roughness.
An illustration of the proposed structure is provided in Fig. 4a.
The validity of the fitting outputs depends on modeling
assumptions of the Guinier-Porod model, since the data for
graphene oxide over linear spin-echo length ¢ in Fig. 1a do not
show saturation, ie. flattening which would allow the

This journal is © The Royal Society of Chemistry 2024
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maximum present length scale to be estimated directly from
the plot. In this case, the outputs are only physically valid if
there is only one greater (average) length scale of irregular
structures in the low-q, with a single power law exponent
describing their internal or surface roughness, rather than a
hybrid structure consisting of multiple phases with different
length scales and exponents. The microscopy supports the
validity of these assumptions; however, this must be treated
with caution due to inherent poor sampling of the bulk
structure by microscopy.

Alternative explanations for the lack of saturation at large
length scales are the presence of significant voids within the
polymer matrix or refractive effects which may be seen in the
ultra-small-angle regime. Voids on the order of 10-50 um with
irregular interfaces could result in a Porod exponent in the
surface fractal regime. In this case, graphene oxide would be
well-dispersed rather than forming compact phases, with a little
contribution to scattering in the SESANS range. However, this
appears unlikely as the void-polymer scattering contrast is
around 15 times lower than carbon-polymer scattering contrast.
The volume fraction of voids would have to be substantially
greater than that of the graphene oxide nanofiller. Furthermore,
the nanocomposites with graphene nanoplatelets and carbon
black were prepared with an identical method and they do not
display the presence of a comparably large structure.

Refractive effects could however result from the graphene
oxide itself. Applying a heuristic calculation based on the
neutron wavelength used and scattering contrast presented by
Berk and Hardman-Rhyne,*® we can estimate the presence of
refractive effects. Taking the smallest and greatest wavelengths
used, this results in Aninp =~ 1.1 and Ag.p & 6.1. For
voluminous particles of a radius R of 10 um, such as spheres,
values in the proximity of and above Ap = 5 would indicate a
substantial refractive contribution to scattering. However, gra-
phene oxide particles are thin sheets on the nanoscale rather
than globular or voluminous particles relative to their lateral
extent of several microns. This means the heuristic values
computed in the case of graphene oxide should greatly over-
estimate the effect, so significant refractive effects from the
graphene oxide are unlikely.

B Graphene nanoplatelets

For the graphene nanoplatelet nanocomposite, a Guinier-
Porod model gives a good fit for both SESANS and USANS
(see Fig. 1b). The data further suggest saturation (flattening in
the data) beginning within the measured range, observed in the
plot over a linear spin-echo length J. This results in a radius of
gyration of 7.8 pm for SESANS and a redundant length scale for
USANS due to the data containing no distinguishable length
scale relative to the noise present. The Porod exponents found
were 2.72 and 2.64 for SESANS and USANS, respectively. The
length scale obtained from SESANS matches the extent of
5-25 pm expected for the GNPs, while the Porod exponent of
2.7 deviates from m = 2 expected for thin platelets in a dilute
configuration.”® This deviation suggests an additional structure
factor applying on length scales smaller than 7.8 um. GNPs
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100 microns

PS 5% GNP

Fig. 3 Optical microscopy images of pressed PS+GNP samples with 5%
GNPs displaying aggregated clusters mostly on the order of 10-20
microns across. The bright regions are assumed to be regions on the
sample thin enough to allow light transmission.

have a planar structure rather than thin exfoliated and wrinkled
sheets, which rules out wrinkling as the source of mass fractal
scattering. Since GNPs are in general not monodisperse, the
higher Porod exponent could result from the aggregation of
increasingly small GNPs into dense clusters on the order of
10-20 pm. This interpretation is supported by the microscopy
shown in Fig. 3, where inhomogeneities are seen on length
scales that support the output from SESANS fitting; however,
caution must be taken due to the poor sampling provided by
microscopy. The propensity of GNPs to aggregate at concentra-
tions as low as 0.1 wt% due to intermolecular forces has
also been suggested by Wei et al.”* The high volume fraction
of ~5% and the very small thickness of GNPs suggest that
these structures should be connected throughout the sample,
as illustrated in Fig. 4b. Void scattering or refraction effects can
be ruled out on the same basis as was done for graphene oxide.

C Carbon black

The carbon black nanocomposite is well described by a
Guinier-Porod model in SESANS, a power law in USANS, and

a b

/7,

~30 um ~10 um

Fig. 4 Illustration of the proposed structure for (a) graphene oxide and (b)
graphene nanoplatelet nanocomposites based on the modeled SESANS
data. The blue dashed circles indicate the approximate observed length
scales in the measurements. The length scales reflect the size of accu-
mulations of both GO and GNPs.
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a multi-level unified fit in SAXS. SESANS indicates the presence
of a maximal radius of gyration on the order of 1.8 um. A clear
saturation level is evident in the plot over a linear spin-echo
length 6 in Fig. 1c. The fit indicates a Porod exponent of 1.9,
consistent with the presence of agglomerates with chain-like
extensions built up of the carbon black. This demonstrates the
ability of SESANS to resolve diffusion- or reaction-limited
aggregate structures. The description of the agglomerate level
by a Guinier-Porod model and the high carbon black concen-
tration suggests that these large-scale structures connect into a
network across the sample. Microscopy for PS+CB was found to
provide no transmission under the measurement conditions
specified. This suggests a much greater degree of homogeneity
on large length scales as compared to both the GO and GNP
samples, and supports the validity of a substantially lower fitted
radius of gyration. USANS provides no stable length scale
parameter, suggesting that the length scale is beyond the g-
range of the USANS instrument or the low-g region suffers from
direct beam effects due to insufficient scattering. This again
demonstrates the value of SESANS for characterisation. The
USANS data have the form of a power law, described simply by a
Porod exponent of 1.6, which is a significant deviation from the
exponent observed in SESANS. Since the USANS should give a
direct measurement of the sample structure factor, this
indicates that SESANS fitting gives an overestimated value
and the exact output parameters must be interpreted with
caution. A Porod exponent of 1.6 indicates chain-like exten-
sions that are much less folded than the nearly Gaussian chains
indicated by 1.9, but notably both measurements still indicate a
chain-like aggregate morphology. The consistency of the
obtained information was evaluated by fitting a multi-level
unified fit to SAXS data (see Appendix VI C), yielding a carbon
black nanoparticle length scale of 6.3 nm, an aggregate length
scale of 83 nm with a Porod exponent 3.4, consistent with dense
clusters of particles with a structural roughness, and an esti-
mated largest length scale of 1 pm. This was obtained by fixing
the Porod exponent of the highest level at 1.61 indicated by
USANS, and notably the largest length scale indicated by SAXS
is within the same order as the fitted length scale from SESANS.
The SESANS fit made use of the aggregate length scale and the
Porod exponent determined from SAXS, further showing the
consistency between the different techniques. The structural
interpretation obtained from the fitting is in agreement with
the findings in ref. 61.

The length scales of the nanoparticles and their aggregated
clusters determined from the SESANS and SAXS correspond
well with known values from past studies of carbon black
polystyrene nanocomposites.®® This demonstrates the consis-
tency of a SESANS-USANS-SAXS characterisation despite some
limitations of SESANS for low Porod exponents or highly
complex samples. The full proposed hierarchical structure is
illustrated in Fig. 5. One limitation with SESANS is due to the
Hankel transform which often reduces the features in the
measured correlation function, resulting in ambiguous fits
when not applying the resulting length scales and scaling
exponents from SAXS and USANS as fixed inputs. Another

This journal is © The Royal Society of Chemistry 2024
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a b Cc

~10nm ~100 nm ~2 um

Fig. 5 Illustration of the proposed structural hierarchy for the carbon
black nanocomposite. The blue dashed circles indicate the approximate
length scale observed in the measurements. The illustrated length scales
from left to right are (a) carbon black nanoparticles, (b) carbon black
aggregates, and (c) further agglomerate structures. The length scale of the
agglomerate structures reflects either their radius of gyration or an average
separation within the nanofiller network.

limitation is the possibility of acceptance effects (due to a
significant fraction of scattered neutrons lost beyond the
angular acceptance of the detector) when measuring samples
with small length scales or low Porod exponents, as the SESANS
detector may not capture the g-range necessary to accurately
measure the sample correlation function. However, even when
such limitations are present, good comparative measurements
are possible to study structural variations in nanocomposites,
since information is still obtained about the order of length
scales and the regime of mass fractal scattering. This also
shows how a combination of different scattering techniques
can be used to expand the range of length scales (10 nm-20 pm)
that can be probed.

V Conclusions

SESANS revealed structures in polymer-carbon nanocompo-
sites that were previously inaccessible through small-angle
and ultra-small-angle scattering methods. The range of length
scales that can be studied for these materials has been
extended by an order of magnitude or more, up to a maximum
of at least 20 pm. The graphene oxide and graphene nano-
platelet samples were characterised by SESANS measure-
ments using an empirical Guinier-Porod fit, which allowed
us to determine characteristics of the nano to micro scale
structures. Carbon black showed a discrepancy between the
outputs from SESANS and well-accepted USANS, which is
explained through detector acceptance limitations in SESANS
relative to the slow decay of the Porod scattering for a sparse
mass fractal structure. In this case, SESANS still yields a
strong indication of the existence of a sparse mass fractal
structure and can allow accurate comparative measurements
between samples. The results obtained with SESANS were
supported by optical transmission microscopy. SESANS also
showed consistency with the information obtained from SAXS
measurements of carbon black, demonstrating the presence
of intermediate length scale information in SESANS. At
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greater Porod exponents and length scales for GO and GNP
samples, the outputs can be considered physically accurate
but care must be taken to interpret the possible sources of
scattering in strongly scattering thick samples in the ultra-
small-angle regime, such as refraction or void scattering.
These results demonstrate the value of SESANS for extending
the characterisation of nanocomposites both as a standalone
method and in combination with other scattering methods,
offering the valuable characterisation of the bulk microstruc-
ture for further understanding and tuning of material
properties.
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VI Appendix

In the Appendix section, we summarise the various fit results
and the Guinier-Porod fitting model together with estimated
correlation lengths for each sample and illustrate the data
matching between Delft and ISIS (Larmor) SESANS
instruments.

A Graphene oxide

Fits were performed using the Guinier-Porod model on the
SESANS data of the two GO samples (Table 1).

B Graphene nanoplatelets

Table 2.

C Carbon black
Fig. 6 and Tables 3, 4.

Table 1 Resulting Guinier—Porod fit parameters for SESANS data of
graphene oxide (GO) in PS and PMMA

Guinier-Porod PS+GO PMMA+GO
Reduced »* 1.68 2.07

Scale [A"? em™] 2.62 + 0.38 x 10" 9.24 £ 0.90 x 10'°
Ry [A] 3.15 + 0.14 x 10° 1.94 + 0.61 x 10°
m 3.57 £ 0.01 3.58 & 0.01

Table 2 Resulting parameters from Guinier—Porod fits for SESANS and
USANS data of graphene nanoplatelets (GNP) in PS

Guinier-Porod SESANS USANS

Reduced y? 2.27 22.0°

Scale [A"* em ™' em ] 1.29 + 0.08 x 10° 3.84 + 0.05 x 10°¢
Ry [A] 7.81 £ 0.20 x 10* 4.79 £ 0.03 x 10*¢
m 2.72 £ 0.01 2.64 £ 0.01

“ Diverging or unstable parameters. ” The high »* is due to low error
estimates on the USANS data. The residuals were well-distributed
around the fit.
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Fig. 6 Data and fit plots of SAXS for carbon black in PS (PS+CB) with a 3-
level unified fit (PS+CB 3-UF). Respective error bars are smaller or equal to
the size of the data markers.

Table 3 Resulting parameters from Guinier—Porod fits for SESANS and
USANS data of carbon black (CB) in PS

Guinier-Porod SESANS? USANS

Reduced »* 1.35 58.2°

Scale [A”? em™'; em™'] 2.77 + 0.85 x 10° 1.46 + 1.00 x 10%¢
Ry [A] 1.82 + 0.32 x 10* 5.3 +£2.3 x 10*¢
m 1.97 £ 0.04 1.61 £ 0.01

“ Diverging or unstable parameters. ” The SESANS fit was obtained
through the summation of two Guinier-Porod terms where the lower
term had fixed R, = 826 A and m = 3.43 taken from the aggregate level of
the SAXS fit below. The displayed parameters are the resulting fitted
parameters for the Guinier-Porod term of the upper aggregate level.
¢ The high »* is due to low error estimates on the USANS data. The
residuals were well-distributed around the fit.

D Data matching for Larmor and Delft SESANS instruments
Fig. 7.

E SESANS fitting for the Guinier-Porod model

The Guinier-Porod model formulated by Hammouda®® can
be used to empirically fit a variety of data from both dilute
and concentrated two-phase systems described by an average
length scale and a structural or an interface roughness. The
Guinier-Porod model is a combination of two basic

View Article Online

Soft Matter

scattering functions, a Guinier law and a Porod law, with a
continuity condition establishing their boundary. When R, is
the greatest length scale present as observed in a SESANS
experiment, the model for the scattered intensity I(q) is
defined in terms of the scale factor A4, radius of gyration R,
and Porod exponent m as:

_ 2R2
AeXp( q3 g>, q<q

1(q) = 1)
B
ﬁ7 q92q
1 3m
=—/= 2
0 RV 2 (2)
—gi’R
B :Aexp[ q13 g] v
m ®3)

4 m) (3m\ 2
-z [5)(7)

In an ideal SESANS experiment, the projected correlation
function G(9) defining the beam depolarisation is given by the
Hankel transform of the differential scattering cross-section
I(g) = do/dQ(q) as:

1[>. <
60) = 52| H@pGaiadg (@)
TJo
This is computed numerically in SasView.

The measured log-polarisation in SESANS for a two-phase
system and the volume fraction are given as:®

In(P)/Py) _ %,
— T =20

(5)
= (Ap)*(1 — $)E(G(5) — 1)
The observed saturation level is then:
PO (apyo1 - ) ©

This allows the estimation of the correlation length ¢
using estimated saturation levels from the data plots
(Table 5):

These match reasonably well the order of magnitudes of the
length scales obtained through the Guinier-Porod fits.

Table 4 Parameters from the unified fit model for SAXS data from carbon black (CB) in PS

Unified fit 3-level Agglomerate Aggregate Nanoparticle
Reduced 72 14.596° 14.596” 14.596”

Ry [A] 1.07 £ 0.01 x 10* 826 + 4 63.3 + 0.3

P 1.61° 3.43 £ 0.01 47

Blem ™ 2.23 + 0.02 2.09 + 0.06 x 10°* 1.91 +0.02 x 10°*
Glem™] 0° 2.23 £ 0.02 x 10° 299 + 4

“ Parameters that were fixed for fitting. b The high 5> is partially due to low error estimates on the SAXS data and partially due to unaccounted
structural information. The residuals are evenly distributed around the fit with some oscillation.
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Fig. 7 Data matching of Larmor (red) and Delft (cyan) SESANS data for PS+GO (a, upper) PMMA+GO (a, lower) and PS+GNP (b). The reduced Larmor
data exhibit a lower maximum measured spin-echo length ¢ but show good matching and overlap with the Delft data.

Table 5 Correlation lengths ¢ computed from estimated contrasts,
saturation levels, and nanofiller volume fractions

In(P(c0)/Py) P, .
sample  — 5, (Ap[10 A7 ¢ E[A
PMMA+GO  —0.3 16.7 0.043 4.3 x 10°
PS+GO —0.5 14.5 0.043 8.3 x 10°
PS+GNP —0.09 40.1 0.025 9.2 x 10*
PS+CB —0.018 21.7 0.075 1.2 x 10*
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