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Exploring nanofibrous networks with x-ray photon correlation spectroscopy through a digital twin
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We demonstrate a framework of interpreting data from x-ray photon correlation spectroscopy experiments
with the aid of numerical simulations to describe nanoscale dynamics in soft matter. This is exemplified with
the transport of passive tracer gold nanoparticles in networks of charge-stabilized cellulose nanofibers. The main
structure of dynamic modes in reciprocal space could be replicated with a simulated system of confined Brownian
motion, a digital twin, allowing for a direct measurement of important effective material properties describing

the local environment of the tracers.
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I. INTRODUCTION

The elusive details of the diffusive dynamics in soft mat-
ter systems are of interest for many applications, ranging
from molecular transport in cells to nanoparticle assembly
processes. X-ray photon correlation spectroscopy (XPCS) is
gaining interest since it represents a method that has the
potential to provide significant contributions. XPCS is made
possible by the last generation of synchrotrons and free-
electron lasers, and is the x-ray equivalent to dynamic light
scattering (DLS) but with the ability to probe visibly opaque
systems with negligible effects from multiple scattering [1,2].
The technique also allows studies of direction-dependent dy-
namics and anomalous diffusion of nanoparticles in complex
environments [3,4].

In XPCS, the diffusion and transport dynamics is extracted
from a time-resolved sequence of images of speckle patterns
representing the reciprocal space on an area detector using the
second-order autocorrelation g,(g, t) (r and g being the de-
lay time and scattering vector, respectively), which is related
to the first-order autocorrelation through the Siegert relation
g1(t) = /(g2 — 1)/B, where B is the instrument dependent
speckle contrast [5].

For Brownian motion of equally sized spherical nanopar-
ticles with radius R in a viscous fluid (viscosity 1), charac-
terized by linearly time-dependent mean-square displacement
(MSD), g1 (7) is exponentially decaying with a relaxation rate
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of ' = Dg" withn = 2 and D = kgT /(6 nR) being the diffu-
sion coefficient. A polydisperse system with a size-dependent
distribution of scattering power A(R, g) would give rise to a
first-order autocorrelation according to:

o0 kT o
81(q. 1) = / AR, g)e” " TdR. ey
0

An apparent polydispersity of dynamics could also be the
result of particle transport in a heterogeneous environment,
with some particles being more or less hindered by the
surrounding matrix. This would often be accompanied with
a dynamic scaling exponent n showing either subdiffusive
(n > 2) or superdiffusive (n < 2) behavior [6]. Similar
anomalous dynamics can be found also in colloidal gels [4].

Other physical phenomena such as glass-forming liquids
[5], the decay of g; could instead be described by a stretched
exponential function g;(t) = exp(—[I't]”), with stretching
exponent y. Practically, it can be very difficult to distinguish a
stretched exponential with ¥ < 1 from the polydisperse case
in Eq. (1), owing to either limited temporal resolution of the
detector at low 7 or less statistics at larger T. Furthermore,
it was argued that assuming a stretched exponential can of-
ten conceal dynamic heterogeneity in the data, which would
be unveiled using inverse transformation of g, through the
CONTIN algorithm [7].

The interpretation of experimental data presents a general
challenge for scattering methods, which often is addressed
though model-based parametric curve fitting after reduction
of the data to one-dimensional functions. The correct
functional form of the data relies on a correct assumption
about the physics in the system or practically noise-free
data. The most common approach is to assume a simple or
stretched exponential decay of g;(r) with n =2 to obtain
a diffusion coefficient that is analyzed. The conclusions
drawn from changes to D will mainly depend on comparisons
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with theoretical arguments or with experiments of similar
systems; both which might have limited applicability owing
to idealized assumptions.

In this work, we propose the usage of a numerical sim-
ulation that can be directly compared with the experimental
results. By matching the shapes of the simulated and exper-
imental g,(q, 7), we can reveal the details of the dynamics.
The simulation operates as a digital twin of the experiment
that can (i) reproduce experimental observables, and (ii) pro-
vide a direct link between the reduced data provided by the
experiment and the mechanisms.

II. EXPERIMENTAL SYSTEM

The model system applied here consists of 200 nm gold
nanoparticles (GNPs) distributed in low concentration net-
works formed by a cellulose nanofibers (CNFs). This does not
only present a model of general nanofiber-nanoparticle inter-
actions, but the ability to control and optimize the dynamics
of CNF dispersions plays an imperative role in the develop-
ment of processes [8,9] for new advanced biobased materials
[10-12]. Examples of these material concepts are strong fil-
aments for biobased composites [10,13—15], membranes for
water purification [16,17], aerogels for therapeutic delivery
[18], or artificial tissues and wound dressings in the biomedi-
cal field [19,20]. At very low concentrations, CNF dispersions
provide a structural scaffold for nanoparticles, allowing hy-
brid materials that are conductive, magnetic, fire retardant, or
provide structural coloring and biosensing abilities [21-28].

To promote generality, two types of CNFs are used. Al-
though these are based on the same raw material (paper pulp)
and produced using the same protocol [29], they are produced
with different degrees of oxidation, high (HO) and low (LO).
The two main effects of the degree of oxidation are (i) dif-
ferent amounts of charged carboxylate (COO™) groups on
the CNF surfaces, resulting in different electrostatic repul-
sion, and (ii) higher oxidation leads to shorter and thinner
nanofibers. The latter also gives a more homogenous spatial
mass distribution, as well as smaller network pore (mesh)
sizes £ at a given concentration [see Fig. 1(a)]. This is sup-
ported by the characterization of the CNF dispersions [29].

Given these considerations, the transport properties of
GNPs in LO CNF and HO CNF will differ at a given
concentration. Additionally, assuming a system of randomly
oriented rods [29,30], we estimate mesh sizes in the range of
& € [80, 140] nm depending on concentration, which implies
that the 200 nm GNPs are likely in contact with nanofibers
at all times. However, it is worth noting that the network
structures even at semidilute conditions are highly dynamic
and undergoing constant reorganizations on timescales that
are shorter than the timescales for the thermal motion of the
GNPs. To provide an experimental system where all relevant
time scales can be captured with XPCS, the CNF-GNP system
is dispersed in propylene glycol [31].

III. XPCS EXPERIMENTS

The GNP transport dynamics is studied at six states of
nanofiber network topology, spanning from dilute state with a
few contact points per nanofiber to a semidilute state typically
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FIG. 1. Experiment and characterization; (a) XPCS experiment
of 200 nm sterically stabilized GNPs in CNF; top inset shows an
AFM image CNFs (scale bar 1 pm); dashed circle indicates GNP
size; the bottom insets indicate the difference between HO CNF and
LO CNEF, (pore sizes £ indicated in purple); (b) representative ¢(7) =
(g1(7) — g0)/ B at various g (HO CNF at 0.24 wt%); the solid curves
show the fitting results; (c) illustration of the fitting procedure using a
sum of Ny, exponential modes; the inset figure shows the quality of
the fit 1 — 2 (with coefficient of determination r?) for various Neyp.

used for material processes [14]. Specifically, three concen-
trations: 0.08, 0.16, and 0.24 wt%, are used for each of the
two levels of oxidation. CNF-GNP samples were mixed and
studied using XPCS at the CHX beamline (11-ID) at NSLS-II,
Brookhaven National Laboratory, USA (see Fig. 1) [29]. In
brief, a coherent x-ray beam (wavelength A) is focused on
the sample and the time-dependent scattering intensity /(g) is
recorded on an area detector at various ¢ = (47 /A) sin 6 (with
scattering angle 26). The scattering intensity is dominated by
the GNPs.

By recording a sequence of speckle patterns with de-
lay time t, the average second-order autocorrelation of the
speckle intensities over time g,(7) at a certain ¢ can be quan-
tified, and the scaled and baseline-corrected g, is obtained
by c¢(t) = (g2 — g0)/B, Where g, is the baseline [assum-
ing 8o = g2(q, T > 5s)] and B is the speckle contrast found
through initial calibration with a test membrane). The Brow-
nian motion in the sample can then be quantified using the
decay of c¢(7).

Radiation damage to the CNFs and GNPs was assessed,
and it was found that effects could be observed for a dose
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FIG. 2. Relaxation rates of I';_3 as function of g; line width gives the magnitude of the modes G,_s, with linear interpolation between the
g values (), G; = 1 at any given g); the thick black solid, dashed, dotted, and dash-dotted lines show the free diffusion of GNPs ('), mean
relaxation rate ("), as well as references for mesh regime (I'jeqn) and constraint release (I',), respectively; (a)—(c) dynamic behavior in HO
CNF (0.08, 0.16, and 0.24 wt%), while (d)—(e) show the behavior in LO CNF at the same concentrations.

equivalent to >5 s of exposure from the nonattenuated beam
[29]. Furthermore, each sample was studied at two attenua-
tion levels, 0% (full beam) and 81% beam attenuation. No
significant attenuation-dependent trends were found in the
data and since very similar dynamics in reciprocal space was
reproduced with the digital twin, regardless of dose [29], it is
unlikely that the radiation dose used has any effect on the dy-
namics. Additionally, repeated measurements were performed
at different spatial positions, and thermal equilibrium was
ensured [29]. Effects of gravity-induced sedimentation were
examined and determined to be negligible [29].

A. Parameterization of autocorrelation data

To describe the shape of the c(r) curve at a certain g,
the data is parameterized through a fitting procedure, where
the functional form provides an accurate shape of the curve
without overfitting, but does not need to be based on physics.
We emphasize here that any functional form is allowed for the
fitting as long as it fulfills these requirements.

Here, c(7) is assumed as a sum of exponential modes:

chp
co(r) =) Giexp(-2I'7), )
i=1

where for each curve, two principles are used to avoid overfit-

A .. 2 3
ting: (i) either choose the minimum Ny, where 1 — = < 10

.. .. 2 _ 2 -3

or (ii) choose the minimum Ny, where Mgt 1 ™ Ty < 10~

Here, 12 is the ordinary coefficient of determination for the fit
[32] and the number of modes never exceeded Neyp, = 3. The
fitting procedure is illustrated in Figs. 1(b), 1(c). The mean
decay rate T is found through

N, exp

1111; = G,’ In F,’. (3)
i=1

To follow the evolution of the parameterized data as a
function of ¢, the relaxation rates I'j_3(q) are plotted in
Fig. 2 with the line widths being scaled with the magnitude
of each mode G;_3, respectively. Furthermore, the mean
relaxation rate I'(¢q) and the reference of freely diffusing
GNPs Tef(g), i.e., a system without CNFs [29], are also
plotted as thick black dashed and solid lines, respectively.
For reference we also plot the expected results assuming
some well-known theoretical results. First, at the limit when
the mesh size is much smaller than the GNPs (mesh regime)
the GNP motion should follow the macroscopic viscosity
of the dispersion [33]. Using the CNF zero-shear viscosity
nenr [29], we can calculate the dynamics of this assumption
using Tpesh = [kaT/(6mneneR)1g?, which is illustrated in
Fig. 2 with the thick dotted line. Second, the dash-dotted line
shows the expected results based on the theory by Pryamitsyn
and Ganesan [33,34], where the GNP diffusion would be
governed by a constraint release motion of the CNFs. Here,
| qu”/[ocz(a + D*(c,L?)?], where o = R/L and D| =
[kgT /2 nL)][log r, — 0.207 4 (0.980/r,) — (0.133/;’12,)]
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FIG. 3. Digital twin simulation of 200 nm spherical NPs in
propylene glycol; (a) simulation domain is divided into cells, where
the size determines the wiggle room (WR) of the middle position of
the NP within which it can move freely; the probability for an NP
to cross to another cell is determined by the permeability P; (b) in
the experimental setting, the wiggle room WR is the distance a GNP
can move without being affected by the surrounding CNFs; (c) mean-
squared displacement (MSD) as function of delay time t of NPs with

according to Tirado et al. [35]. The mean CNF length L,
aspect ratio r, and number density ¢, are calculated based on
the characterization of the CNF dispersions [29].

Several trends can be observed in the figure. At some
low threshold concentration (lower than the concentrations
considered in this work), there is a transition from single-
mode dynamics similar to the free diffusion, to two-mode
dynamics: one faster mode I'; that is dominating at high
g with relaxation rate almost constant with g (n =~ 0), and
one slower mode I', that dominates at lower g and scales
as ' o ¢?, albeit with lower relaxation rates compared to the
reference.

At higher concentrations, the faster mode I'; remains at
the same level as for the lower concentrations, while the
slower mode I', decreases. In the concentration range 0.16
and 0.24 wt%, it transitions towards a scaling of I’ < ¢ (n ~
1). An even slower mode also appears at low g (denoted I'3).
Interestingly, even though the contributing modes all seem
to be associated with scalings where n < 2, the mean rate [’
appears slightly subdiffusive, i.e., n > 2. However, the indi-
vidual exponential modes are merely used for parametrization
of the data to compare shapes of c(r) and any physical mean-
ing of these modes will be discussed later. Another interesting
observation is the fact that the GNP dynamics, as described
by the mean relaxation rate T is much higher than the theo-
retical models, especially at larger concentrations. The GNPs
are thus moving significantly faster than expected based on
dispersion viscosity or CNF dimensions.

IV. DIGITAL TWIN OF XPCS EXPERIMENTS

Subdiffusive motion of NPs as an effect of confinement in
various semiflexible networks has been demonstrated previ-
ously through numerical simulations [6,36,37]. To analyze the
dynamics using XPCS, we perform numerical simulations of
confined Brownian spherical nanoparticles (NPs) of 200 nm,
where their individual positions are used to produce simulated
speckle patterns through a Fourier transform, recreating the
experimental reciprocal space as observed by the detector.

The model for the digital twin is a two-dimensional (2D)
version of the method presented by Ernst er al. [36], where
NPs are moving within a square grid providing equally sized
cells [see Fig. 3(a)], i.e., that the 200 nm NP can move in an
undisturbed wiggle room (WR) given by the size of the cell.
In the physical system, this wiggle room is given by the dis-
tance a GNP can move without its motion being significantly
affected by the surrounding CNFs [Fig. 3(b)]. When a time
step of the simulated Brownian motion causes the midpoint
of the NP to cross the cell boundary, there is a probability
of passing determined by a permeability P (unit s~!/?). If
the NP is not allowed to pass, it simply bounces back and
remains in the cell. Thus, P — oo, means free diffusion, but
if P — 0, the NP is contained within the cell where it started.
In Fig. 3(c), the mean-squared displacement (MSD) of the

WR = 50 nm at various P; the shaded region correspond to the length
scales covered with the experimental ¢ range; (d) simulated c¢(7)
(circles) from the digital twin with corresponding fits (solid lines).
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FIG. 4. The evolution of the relaxation rates I';_; with respect ot g with different permeabilities P illustrated in the same way as in Fig. 2;
(a)—(d) WR = 25 nm; (e)—(h) WR = 50 nm; (i)—(1) WR = 75 nm; (m)—(p) WR = 100 nm.

NP motion is plotted versus delay time T at WR = 50 nm at
various P. At intermediate values of P ~ 1, the motion can
be seen to be subdiffusive at intermediate T (MSD o t2/%,
with n > 2) when the particle jumps from one cell to
another [36,37].

The simulated speckle patterns are analyzed in the same
way as the experimental data to obtain the square first-order
autocorrelation ¢(7) = (g2 — gc0)/B [see Fig. 3(d)], where 8
is found through exponential extrapolation to T = 0. The data
is then fitted using a sum of exponential modes in the same
way as the experimental data. More details of the digital twin
model is provided as Supplemental Material [29].

Using the same way to illustrate the fitting results, the
simulated relaxation rates I'j_3 are plotted in Fig. 4 with
line widths scaled with the magnitudes G_3. The simulation
gives rise to trends which are almost identical to what can be
seen in the experimental data, especially for WR = 50 and

75 nm. At P = 10, the autocorrelation data is described by
one single dynamic mode, and with high WR the motion is
identical to free diffusion where I' = Dg?. At lower P the dy-
namic behavior is described with two separate modes, where
the faster mode (I';) remains independent of g and higher
contribution at higher g. The slower mode (I';) slows down
with lower P, and with a diminishing contribution at higher
q. Furthermore, looking, e.g., at WR = 50 nm and P = 1, the
contributing modes seem to be associated with scalings where
n < 2, while the mean rate I appears subdiffusive, just like
the experimental data.

At WR = 25 and 50 nm, as the contribution of the slower
mode diminishes at lower P, the dynamic behavior at P = 0 is
dominated by the fast stationary mode I';. Thus, it seems that
this mode is linked to the intercell dynamics in the model,
while the slower mode could thus be related to the jumping
dynamics between cells. However, the autocorrelation is
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FIG. 5. Quantification of experimental data using the digital twin; (a) mean magnitude of the faster mode G pe.n and (b) mean relaxation
rate of the slower mode I'; ean as function of P for various WR; value of experiment (HO CNF at 0.24 wt%) indicated with solid line;
(c) estimation of WR and P using either Gy mean OF I'2 mean; the crossing indicates the only values of WR and P that satisfies both estimations;
(d) and (e) shows the values of P and WR for the experimental systems; the data point of LO CNF at 0.08 wt% is put in parenthesis as the
value can only be obtained through extrapolation of digital twin data in (a) and (b).

described by a multimodal decay also with zero permeability
WR =75 nm or higher, suggesting that it not trivial to
attribute the certain modes to certain NP dynamics. The
modes should thus only be considered as a means to describe
the shape of c(tr). It should also be noted that the apparent
speedup and return to single mode dynamics as P — 0 is
merely an effect of the slowest modes being too slow to be
captured without allowing much longer 7, which would be
true also for the experimental acquisition.

V. USING THE DIGITAL TWIN FOR QUANTIFICATION

The qualitative similarities of c¢(r) between simulations
and experiment suggests that the motion of the GNPs in the
CNF networks indeed can be described by the type of confined
Brownian motion defined by the digital twin. For a certain
range of P and WR, the simulated c(t) can be described with
a similar bimodal decay in the entire g range as seen in the
experiments. We note that no values of P and WR provide
a similar trimodal decay as seen at high CNF concentration
and low g; a fact that will be neglected for now, but will be
discussed later.

To use the digital twin for quantification, we need to firstly
define the range of P and WR with a bimodal decay in the
entire g range and thus compare with the experimental data.
Secondly, we need establish trends of the modes that are
dependent on P and WR. One quantity dependent on both WR
and P is the mean magnitude of the first mode G mean, Which
is illustrated in Fig. 5(a), and is seen to decrease with lower
WR and higher P. Another quantity is the mean relaxation rate
"2 mean 1llustrated in Fig. 5(b), which increases both with WR
and P. Using these trends, we can find values of WR and P
that satisfies the experimentally obtained I'y pean and Gy mean
as illustrated in Fig. 5(c).

This procedure is done for all the experimental cases,
where we arrive at quantitative values for WR and P as il-
lustrated in Figs. 5(d) and 5(e). However, the values for LO
CNF at 0.08 wt% are put in parenthesis as the value of '3 nean
was significantly higher than the range in Fig. 5(b) and a value
could only be obtained through extrapolation of all the curves
in the figure. Other features of the data can of course be used
to connect the digital twin to the experiment, but it seems that
the assumed confined Brownian motion is not capturing the
dynamics well at lower CNF concentrations.

VI. DISCUSSION

The results in this work indicate that the GNPs in the
CNF networks follow similar dynamics as the digital twin as
the parameterized autocorrelation data have similar trends in
the reciprocal space. For engineering purposes, the reduced
digital twin model can thus be a helpful tool in describing
nanoparticle transport in the nanofiber networks. However, the
GNP dynamics ultimately is dependent on the morphology,
dynamics and interactions of the surrounding CNFs. We thus
need to understand how the model quantities of permeability
P and wiggle room WR are related to the physical properties
of the CNFs.

As mentioned previously, the typical mesh sizes in the
instantaneous random network are significantly smaller than
the GNPs, meaning that the immediate surrounding of the in-
dividual nanoparticle cannot have the same structure of CNFs
as the rest of the network to accommodate the presence of
the particle. The surrounding CNFs will likely form a local
cage, hindering the CNF motion through the network. At the
same time, the semidilute network is dynamic and undergoing
constant thermal reconfiguration at time scales depending on
concentration. The reconfiguration time scales of CNFs must
thus be related to the GNP’s ability to escape the local caging
structure of CNFs around it, i.e., the permeability P in the
digital twin. Similarly, the wiggle room WR must be related
to how tightly the CNFs are located around the GNP and the
stiffness of the network.

With this physical interpretation of P and WR, it is natural
to assume that both quantities should approach zero as the
concentration increases and CNFs enter a volume-spanning
arrested (gel) state, where GNPs will be completely trapped
in the static CNF network. However, the results show that
neither P nor WR are monotonically decreasing functions
of concentration. Although the permeability in the HO CNF
network is following the expected trend [see Fig. 5(d)], the
LO CNF shows the opposite trend in the studied concentration
regime. We hypothesize that such a trend is possible dur-
ing the formation of the CNF network, where the Brownian
dynamics of CNFs become restricted, thus decreasing the
CNF-GNP interactions despite the smaller instantaneous pore
sizes at higher concentration. Similar reasoning could also be
applied to the wiggle-room, where less dynamic CNFs could
give rise to an apparent increase of the space where the GNP
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moves freely without interactions. We further hypothesize that
the mass heterogeneity of the LO CNF dispersion results in
network formation at a comparatively higher volume fraction,
which is why the HO CNF already shows a decreasing trend
of P and WR at the highest concentration in the study, and
that the LO CNF will likely follow this behavior at higher
concentrations. It would also make sense that the values of
WR and P are higher for the LO CNF when a percolated
network is formed owing to the larger physical pore sizes.

Although the reduced model reveals most of the dynamics
in the experiment, there are some features missing. For ex-
ample, the third dynamic mode (I"3) with dynamics on larger
length scales (lower ¢g). Since the reduced model represents
a static cell structure, it is intuitive to assume the presence
of modes that are coupled to the CNF network dynamics, a
suggestion for future studies. The obvious mismatch with
the theoretical models shown in Fig. 2 is rather expected. The
mesh regime is likely not reached as it implies that CNFs have
negligible dynamics compared to the GNPs. The dynamics for
the constraint release mechanism is derived for stiff rods and
likely not applicable for the semiflexible CNFs. Furthermore,
the subdiffusive motion of GNPs in the CNF network implies
that the unit of the diffusion coefficient D would depend on
the scaling exponent n and would consequently not be com-
parable to any theories assuming dynamics where MSD « .
An interesting topic for future studies would thus be to derive
new relationships for subdiffusive tracer dynamics that can be
applicable for the high-aspect ratio and semiflexible CNFs.

As an outlook, there are several intriguing aspects of using
the digital twin approach to XPCS experiments. The digi-
tal twin in this work was rather simple to demonstrate the
methodology, and a system with isotropic, time-independent
dynamics. However, the same approach could be used with a
digital twin based on more detailed molecular dynamics sim-
ulations with direct control over the physics. The comparison
between real and simulated scattering images does not need
to be reduced to one-dimensional g,(q, 7), but could include
comparisons of any anisotropic and time-dependent speckle
dynamics. Such dynamics would be expected, for example,
with external forcing (e.g., gravity, electrical and magnetic
fields, flow deformations, temperature gradients, etc.), which
could also be implemented in the digital twin. With the recent
advances in artificial intelligence and machine learning, we
find that the digital twin approach to the data could become
even more advanced. For example, by using the digital twin
to create training data for neural networks, sequences of raw
scattering images could likely be used to interpret physical
phenomena without any data reduction.

VII. CONCLUSIONS

In this work, we have studied the dynamics of gold
nanoparticles (GNPs) in networks of cellulose nanofibers
(CNFs) using XPCS. Instead of having to assume functional
forms of the autocorrelation g,(t) based on theoretical mod-
els, we here use a numerical simulation, a digital twin to
generate g»(t) curves, which are compared in reciprocal
space.

We find that a relatively simple reduced model describing
confined Brownian motion can capture the main experimental
observations. This in turn allowed us to quantitatively describe
the motion of GNPs using the model permeability P and
wiggle room WR.

Our work provides a general methodology for exploring
nanofibrous systems using tracer NPs and XPCS. Further-
more, the digital twin approach can be enhanced using
coarse-grained molecular dynamics simulations. This would
not only add more detailed nanofiber properties and inter-
actions, but also reveal phenomena that cannot be measured
experimentally. It could also provide training data for ma-
chine learning algorithms, allowing physical properties to be
directly extracted from experimental data.

As a conclusion, we would like to emphasize that the
methodology is not limited to our experimental system but
can be used more generally to other nanofibrous networks,
e.g., from polymeric, ceramic, or carbon nanotubes.
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