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ABSTRACT

Polymer nanocomposites, consisting of a polymer matrix and nanoparticles, are key materials in
modern soft matter science. Because their macroscopic properties are closely linked to nanoscale
dynamics, developing techniques to observe nanoparticle motion is essential. Here, we present
novel methods to analyze rotational dynamics of crystalline nanoparticles in various polymers
using conventional time-resolved X-ray diffraction (TR-XRD). In the first approach, diffraction
intensity fluctuations caused by nanoparticle rotation were analyzed via autocorrelation functions
to extract relaxation times—defined as the duration for a diffraction spot to traverse a single pixel
of detector. The relaxation times varied significantly depending on the material’s rigidity and
temperature. Secondly, two-time correlation analysis applied to TR-XRD data revealed time-
dependent changes in nanoparticle dynamics during polymer phase transitions. These methods
expand the utility of TR-XRD beyond structural analysis, offering a powerful tool to probe

nanoscale rotational motion across a wide range of materials, from liquids to solids.



Nanoparticles (NPs) dispersed in polymer matrices not only serve as functional fillers that
enhance mechanical [1], electrical [2], and thermal [3] properties of composite materials, but also
act as sensitive tracers to monitor polymer dynamics in situ [4]. NP motion in polymer
nanocomposites (PNCs) results from local interactions such as entanglement, confinement, and
interfacial adhesion. This nanoscale dynamic behavior is closely linked to bulk properties such as
viscoelasticity, stiffness, and responsiveness to external stimuli. Therefore, understanding NP
dynamics within the polymer matrix is essential for understanding, predicting, and controlling the
physical property of PNCs. So far, a variety of experimental techniques have been developed to
investigate the dynamics of NPs. Among them, single-particle tracking (SPT) [5] and photon
correlation methods [6] are especially effective and complementary for probing dynamic across
different length and time scales. SPT enables the direct observation of individual particle
trajectories over time. This technique is particularly useful in heterogeneous media, where particles
may experience spatially varying constraints or interactions, although it has limitations in spatial
and temporal resolution. In contrast, photon correlation techniques—such as dynamic light
scattering (DLS) [7], fluorescence correlation spectroscopy (FCS) [8], and X-ray photon
correlation spectroscopy (XPCS) [9-11],—provide ensemble-averaged insights into particle
motion by analyzing temporal fluctuations in scattered or emitted light. These methods are highly
sensitive to collective dynamics and are applicable across a wide range of length and time scales.
However, these methods primarily visualize translational dynamics but do not capture rotational
dynamics, which limits our understanding of how particle rotation relates to the macroscopic
viscoelasticity of materials. Therefore, there is a strong demand for a versatile method to measure

the real-time rotational dynamics of NPs, which would offer a deeper understanding of particle



behavior in viscoelastic environments and contribute to the development of advanced functional

materials.

Diffracted X-ray blinking (DXB) is a method originally proposed to monitor the rotational
motion of protein molecules anchored on a substrate [12—15]. In this method, protein molecules
fixed on a substrate are labeled with nanocrystals and are exposed to a monochromatic X-ray beam
and its time-resolved X-ray diffraction images are recorded. Information of the rotational dynamics
of protein molecules is extracted from the fluctuation of the X-ray diffraction intensity by using
an autocorrelation function (ACF). Recently, this method was applied to other than proteins such
as grain motion of silver halide during photolysis chemical reaction [16], surface dynamics of
crystalline polymer [17], and dynamics of carbon black and polybutadiene in rubber materials [18].
However, detailed rotational dynamics of NPs in various polymers and their temperature-

dependence have not been investigated with DXB.

Here, we applied the DXB method to monitor the rotational motion of ZnO particles
(diameter = 80-200 nm) in six different polymer samples: polycaprolactone (PCL), vulcanized
natural rubber (VNR), 2.8% PV A (polyvinyl alcohol)-borax hydrogel, 3.6% PV A—borax hydrogel,
70% PEG1500 solution, and PEG600. ZnO was chosen as a probe for DXB because of its
inexpensiveness and good crystallinity. Time-resolved X-ray diffraction measurements for the six
samples were performed at beamline BL-40XU of SPring-8, as shown in Fig. 1A. The sample,
either contained in a polyimide film tube (¢ = 1 mm) or prepared as a sheet (1 mm thick), was
exposed to a monochromatic X-ray beam (A = 1.0A), and its diffraction pattern was recorded with
different time resolutions depending on samples (Fig. 1B, Table S1). Fig. 1C shows time-averaged
X-ray diffraction pattern of the 70% PEG1500 containing ZnO NPs at 25°C and Fig. 1D shows

corresponding 1D-conveted X-ray diffraction pattern. A broad halo pattern derived from 70%



PEG1500 solution and several Debye-Scherrer rings derived from (100) to (201) planes of ZnO
NPs were observed around 20 = 16° and at 20 = 20°-43°, respectively. The concept of the DXB
method is described as follows (and also shown in supporting information Fig. S1): When an X-
ray beam is scattered by a sample containing many crystalline particles, a Debye-Scherrer ring is
observed, which is composed of scattered diffraction spots derived from the crystallites that fulfill
the Brag’s low (2dsinf = nA). If the angular position of particles is stable during the exposure time,
a diffraction intensity distribution of the ring is “fixed”. On the other hand, if particles in the sample
undergo rotational dynamics during the exposure time, this diffraction intensity distribution will
change accordingly, which is observed as “blinking” on the narrow ring, due to the limited 26-
angle range defined by Bragg's law. Figure 1E and Movie S1 show the blinking behavior of X-ray
diffraction from ZnO NPs in 70% PEG1500 solution, where numerous diffraction spots repeatedly
appear and disappear, resulting in fluctuations in diffraction intensity. The concept of DXB is to
track these intensity fluctuations over time applying an autocorrelation function (ACF) of the time-
course of the diffraction intensity at each pixel (Fig. 1F and S2):

(I@®I(t + 1))

@ =10y

[1]

, where [(?) is the diffraction intensity at a pixel, brackets < > means time average, and 7 is lag
time. The ACF curve was calculated by varying t from 0 to half of total exposure time and was

fitted to an exponential function:

Fit(t) = Aexp(—TI't)Y +1 [2]



, where A4 is the amplitude, /" is the decay constant (= 1/relaxation time; 7z), and y is a stretch rate
of the exponential (usually 1 for the rotational Brownian motion). If the particles exhibit complex
rotational dynamics, employing more advanced fitting approaches, such as multi-exponential
functions, could yield a more comprehensive characterization. The relaxation time Tr represents
the average time, during which a diffraction spot passes through one pixel of the detector (75 pm
x 75 um), providing a measure of the rotational speed of the particles in the sample. It should be
noted that the effect of translational motion of NPs in this experiment can be neglected (as shown

in Fig. S3), indicating that the observed blinking originates solely from their rotational dynamics.

The rotational dynamics of ZnO NPs in the six different polymeric materials at 25°C were
evaluated by the ACF analysis for 1-pixel intensity fluctuations across all observed crystalline
planes. Fig. 2A shows the median of the normalized ACF curves ((G(t)—1)/A), where a faster
decay of the curve indicates faster rotational motion of the ZnO NPs. The distribution of 7z
obtained by fitting with a single exponential function (Eq. [2]) is shown as a logarithmic histogram
in Fig. 2B. This single-pixel analysis technique enables the characterization of rotational dynamics
distributions across tens of thousands of pixels. The 7z distribution on a logarithmic scale exhibited
a clear Gaussian profile (black dashed line) in all samples, with peak positions closely matching
their respective median values (Fig. S4). The relaxation time zz of all samples exhibits an
approximately one-order-of-magnitude spread, which could be attributed not only to the inherent
randomness of rotational Brownian motion but also to the particle size distribution (80-200 nm).
For example, because the rotational diffusion coefficient scales inversely with the cube of the
particle radius, an 80 nm particle would rotate roughly 16 times faster than a 200 nm particle. The
7z for the six samples varied over four orders of magnitude, in the following order: PCL > vNR >

3.6% PVA-borax hydrogel > 2.8% PVA-borax hydrogel > 70% PEG1500 solution > 100%



PEG600. This trend is consistent with the rigidity of each sample, suggesting the validity of the
DXB analysis. Slower dynamics were observed in the solid materials PCL and vNR, with

relaxation times of 5.16 X 10! sec and 1.02 x 10! sec, respectively. In PV A-borax hydrogels, which

behave as liquid-like gels at 25°C, the 7z decreased by approximately two orders of magnitude
(1.07 x 107! sec for 3.6% and 6.95 x 1072 sec for 2.8%) compared to the solid materials. Because
the range of rotational fluctuation detectable by DXB is very small (e.g., <0.03°), rotational
dynamics of particles even in such solid and gel materials can be observed. On the other hand, due
to such high angular resolution, capturing fast rotational dynamics requires diffraction
measurements with extremely high temporal resolution. For example, the zz of 70% PEG1500
solution and liquid PEG600 were 1.21 x 107 sec and 2.68 x 107 sec, which approach near the
time-resolution limit of the detector used in this study (3.33 x 10 sec), suggesting that particle
dynamics in low-viscosity liquids such as water cannot be observed under the current experimental

conditions.

To evaluate the temperature-dependent rotational dynamics of NPs in PNCs, we applied
DXB to ZnO NPs in five of the six samples at different temperatures (Table S1). Time-average X-
ray diffraction patterns of 70% PEG1500 solution measured at 25°C, 5°C, and —15°C exhibited
almost same (Fig. 3A and S5), although the ACF curves calculated from intensity fluctuations of
ZnO exhibited clear temperature dependence, decaying more slowly at lower temperatures and
more quickly at higher temperatures (Fig. 3B). The distribution of the ACF relaxation time fitted
with an exponentially modified Gaussian distribution (Fig. 3C) showed the median value of 70%
PEG1500 was the fastest at 25°C (1.21 x 1072 sec) and it gradually increased with decreasing the
temperature, reaching 2.65 x 102 sec at —15°C. This result suggests that the rotational dynamics

of NPs in 70% PEG1500 solution scale with temperature, although the dependence is relatively



weak because the sample remained in a liquid state across in entire temperature range [19]. On the
other hand, in the case of 2.8% PVA-borax hydrogels, the 7z elongated significantly with
decreasing the temperature (3.72 x 102 sec at 50°C and 2.07 x 107! sec at 0°C, in Fig 3B and C).
This behavior would reflect the strong temperature dependence of the physical and mechanical
properties of PVA—borax hydrogels [20] (Fig. S6). The gel became more flexible at higher
temperatures, allowing the ZnO NPs to rotate more freely. In contrast, it stiffened at lower
temperatures, trapping the NPs within the matrix and thereby suppressing their rotational motion.
In PEG600, the 7z was 2.68 x 107 sec at 25°C but it increased markedly to 2.47 x 107! sec at 5°C.
This dramatic change is likely due to crystallization of PEG600, as the broad halo pattern (20 =
12°-16°) characteristic of amorphous PEG600 observed at 25°C decreased in intensity of the
XRD, while two strong diffraction peaks at 26 = 12.5° and 15.5°, corresponding to crystalline
PEG600, emerged at 5°C (Fig. 3A, right). This liquid—solid phase transition led to a two-order-of-
magnitude reduction in the rotational dynamics of the ZnO NPs. At —15°C, the tz was further
increased to 5.11 x 107! sec, reflecting increased crystallinity of PEG600; the NPs were strongly
trapped within the crystallized PEG600. Fig. 3D shows the summarized relaxation time tr Vs
temperature of ZnO NPs in various polymeric materials (original data was shown in Fig. S7). In
all materials, a clear temperature dependence was observed, indicating enhanced rotational
mobility of the NPs at higher temperature due to reduced viscosity or increased flexibility of the
polymer matrix, while restricted rotational motion was observed at lower temperatures, caused by
increased viscosity, polymer stiffening, or crystallization effects, depending on the specific
material. These results suggest that this temperature-dependent DXB method will provide insight

into local viscoelasticity as rotational dynamics are sensitive to the local micro-viscosity.



To evaluate potential X-ray-induced radiation damage to the samples, which can
progressively accelerate the dynamics [21], we applied the two-time correlation (TTC) analysis
[22] to the diffraction intensities of our samples (Fig. 4A, B). TTC analysis is often used in XPCS
to evaluate the change of the dynamics during the measurement [23]. The TTC analysis for this
study was applied to the time series of diffraction intensities from all observable planes of ZnO by

using

(61(t1)81(t2))p

C(tll tZ) = T(E))plI(E2))p

3]

, where ¢; and #; indicate the two selected times, 0/(?) =I(t) — <[>, and <>, indicates the average
over all pixels across all observed crystalline planes. The resulting C(?;, t) was visualized as a
heatmap where the lower left and upper right corners represent the beginning and end of the
measurement, respectively (Fig. 4A). In this analysis, the C(#;, t2) value reflects the correlation of
diffraction intensity patterns between images taken at different times, indicating the similarity of
the overall angular orientations of all exposed ZnO NPs. When the time lag between t: and t2 is
small, the value of C(ti, t2) is high. As the lag increases, C(t1, t2) gradually decreases, and this
relaxation time should remain constant if the rotational dynamics of the NPs are time-invariant

(Fig. 4A, right).

The TTC of 70% PEGI1500 solution at different temperatures exhibited a strong
temperature dependence. The decay of C(ti, t2) with increasing lag time became slower at lower
temperatures. To quantify the damage to the sample, we extracted diagonal cuts from the TTC map
along different lag times (t = t; — t2) as indicated by colored arrows. It showed no monotonic
increase or decrease over time, suggesting minimal beam-induced damage. This is further

supported by the stable intensity fluctuations observed in the halo region (Fig. S8). The increase



in intensity is only about 1%, and such a small change is more likely due to fluctuations of the
synchrotron light source rather than beam-induced damage, confirming that the samples remained
undamaged during X-ray exposure. The TTC heatmaps for the other samples were shown in Fig.

S9, also showing no dramatic change in dynamics during the X-ray exposure period.

During phase transition in polymeric materials, such as crystallization, molecular dynamics
of polymer molecules can change dramatically. To monitor such changes, we applied DXB-based
TTC analysis to ZnO NPs in PEG600 undergoing a phase transition, for which we conducted time-
resolved X-ray diffraction measurements while gradually cooling or heating (0.1 °C/s). In this
measurement, the time resolution was set to 40 ms/frame to match the slow cooling rate. Fig. SA-
C compares the TTC and the corresponding time-resolved X-ray diffraction heatmaps. Upon
cooling, PEG600 was crystallized at 140 sec corresponding to 11°C and was completed at 240 sec
corresponding to 1°C (Fig. 5A). Blinking of the ZnO X-ray diffraction during this process was
visualized in Fig. 5B, showing that it gradually slowed down as the temperature decreased. In the
TTC map (Fig. 5C), the TTC before crystallization (stage (i)) appeared as a diagonal line along t;
= t with almost no width, indicating that the rotational motion of ZnO particles was too fast to be
captured at the current frame rate. This result is corresponding to the result in Fig. 2 where the zz
of PEG600 at 25°C was 2.68 ms. At the onset of crystallization (stage (ii)), the relaxation time in
the TTC map increased, indicating a significant slowdown in the rotational motion of the ZnO
particles, likely due to their entrapment within the forming PEG600 crystalline matrix. However,
in stage (i), the relaxation time did not increase linearly despite the decreasing temperature and
this trend continued until 240 sec (corresponding to 1°C). After crystallization was complete, the
relaxation time continued to increase gradually, indicating the rotational dynamics of the ZnO NPs

gradually slow down. On the other hand, such two-step process was not observed during melting
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(from —15°C to 25°C) and NP dynamics was gradually increased with increasing the temperature
(Fig. 5C and S10). This two-step phase-transition during cooling is consistent with the previous
report, where the low-molecular-weight PEGs (below PEGI1000) exhibited a two-step
crystallization process: an initial slow crystallization at higher temperature followed by a rapid
crystallization at lower temperature [24]. As the crystals grew slowly at the initial crystallization
process (stage (ii)), ZnO NPs may have been continuously displaced, preventing a sharp drop in
nanoparticle dynamics (Fig. 5D). After reaching the second crystallization (stage (iii)), the
rotational dynamics of ZnO NPs trapped in PEG600 matrix continued to slow due to reduced
thermal energy and increased matrix rigidity. These results clearly demonstrate that DXB
combined with TTC analysis can effectively capture NP dynamics during a polymer phase
transition. Similar dynamic behaviors during phase transition of polymeric materials have
previously been observed using XPCS. For example, Hoshino et al. visualized the curing process
of epoxy resins containing SiO: probe particles with XPCS [25,26]. DXB, using crystalline probe
particles, offers an alternative to XPCS for monitoring dynamic changes of variety of polymer

systems.

In this study, the DXB method was applied as a novel X-ray-based method to monitor the
rotational dynamics of NPs in various polymer systems (Fig. 2). Particle dynamics in polymers
have traditionally been investigated using optical techniques such as SPT, XPCS, DLS, and FCS
[27,28]. Compared to these methods, DXB offers three main advantages: (i) it directly measures
rotational diffusion with high angular resolution, but not translational diffusion, (ii) it can
selectively analyze specific types of particles, even in PNCs containing multiple types of NPs of
similar sizes [29], and (iii) it imposes no limitation on size of target particles, as long as they are

sufficiently large to produce well-defined diffraction spots. Among the above techniques, XPCS
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is the most closely related to DXB. XPCS utilizes coherent X-rays to capture fluctuations in
speckle patterns in small-angle X-ray scattering, enabling analysis of translational and rotational
dynamics of particles across a wide size range under appropriate conditions [30,31]. However,
XPCS always requires a highly coherent X-ray beam, which limits its application to specific
beamlines at synchrotron radiation facilities. In contrast, DXB does not require coherent X-rays

and can be performed using standard synchrotron or even laboratory-based X-ray sources [13].

Another advantage of the DXB method is that it can be easily optimized or combined with
other techniques. For example, when DXB is combined with grazing-incidence (GI) X-ray
diffraction, it enables observation of the rotational dynamics of NPs specifically in the near-surface
region [17]. Although such measurement has been performed with XPCS as GI-XPCS [32], it
should note again that DXB does not require a coherent X-ray beam from a synchrotron facility.
Another optimization for DXB is using a polychromatic X-ray source instead of monochromatic
one. As defined by Bragg’s law (2dsinf = ni), employing a polychromatic X-ray beam with a high
bandwidth increases the observable 20 range for diffraction spots. As a result, diffraction spots
derived from crystalline objects exhibit longer lifetimes in 20-direction, appearing as moving
particles on a detector that can be tracked. This technique is known as diffracted X-ray tracking
(DXT) [33], and it has been used to evaluate the rotational motion of NP-labeled protein molecules.

When applied to PNCs, DXT can provide more detailed insight into the NP dynamics.

While DXB provides a powerful tool to probe the rotational dynamics of crystalline NPs,
it has certain limitations. For example, when the sample contains too many particles, the contrast
of X-ray diffraction intensity fluctuations can be buried in noise, which arises from factors such as
crystallinity, beam size, camera distance, and polymer composition. Under our experimental

conditions, however, a ZnO nanoparticle concentration of 10 mg/mL provided sufficient contrast.

12



To reduce noise and increase contrast, reducing the beam size, particle concentration, or sample
thickness can help maintain well-defined diffraction spots. In addition, when the sample contains
a large number of particles, the measured intensity fluctuations are effectively dominated by the

larger particles within the distribution, since larger NPs scatter X-rays more strongly.

In DXB analysis, the relaxation time 7z reflects the average duration of a diffraction spot
passing through a detector pixel and is influenced by both nanoparticle dynamics and experimental
factors, such as camera distance, diffraction spot size, and sample thickness. Therefore, 7z cannot
be directly converted into quantitative parameters such as the rotational diffusion coefficient based
on the present data. Establishing such a conversion will require systematic measurements on
Newtonian fluids (e.g., a glycerol-water mixture) under various conditions. In addition,
experimental X-ray diffraction data for samples (e.g., ZnO nanoparticle powder) rotated at
precisely controlled angular velocities, as well as simulated diffraction patterns based on known
particle sizes, shapes, and rotational behaviors can be helpful. DXB analysis for these datasets
would allow us to establish the correlation between the relaxation time tr and the rotational

diffusion coefficient.

In conclusion, we have succeeded in measuring the material- and temperature-dependent
rotational dynamics of ZnO NPs in several polymers by analyzing the image sequence of the time-
resolved X-ray diffraction. Furthermore, we combined DXB and TTC analysis for the first time,
enabling real-time monitoring of NP dynamics during phase transitions in PEG. This approach
holds promise for in situ investigations of nanoparticle behavior under environmental changes such
as temperature variation, electric fields, or mechanical stress, using crystalline particles as sensitive

probes.
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Figure 1. DXB analysis for NPs in polymers. (A) Experimental setup at beamline BL40XU,

SPring-8. (B) Schematic illustration for the time-resolved X-ray diffraction measurement for
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polymeric samples. A monochromatic X-ray beam was directed to sample containing ZnO
particles, and time-resolved X-ray diffraction images were recorded. (C) Time-averaged X-ray
diffraction image of the 70% PEG1500 solution containing ZnO NPs. (D) Corresponding 1D X-
ray diffraction profile converted from (C). (E) Representative time-course of the X-ray diffraction
pattern showing the diffracted X-ray blinking. Arrows indicate the appearance (“in”) and
disappearance (“out”) of bright X-ray diffraction spots. (F) DXB analysis procedure. The time-
course of diffraction intensity was extracted for each pixel and analyzed using ACF, followed by

exponential fitting to determine the relaxation time (tr) for each curve.
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Figure 2. DXB analysis results for ZnO NPs in six different polymeric materials at 25°C. (A)

Median values of normalized ACF curves ((G(t) — 1)/A), representing the rotational dynamics of
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NPs. Median values are shown as open circles, and their exponential fits ( Fit(t) =
Aexp(—I't)Y + 1) are shown as solid lines. (B) Histograms showing the relaxation time
distributions of the six samples on a logarithmic scale. Each histogram was fitted with a gaussian
function (black dashed line), and the relaxation time at the peak was indicated in red. n indicates

the number of pixels used in the analysis.
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Figure 3. DXB analysis results for ZnO NPs in 70% PEG1500 and 2.8% PV A-borax hydrogel,

and PEG600 at different temperatures. (A) Comparison of converted 1D X-ray diffractions at

different temperatures. (B) Median values of normalized ACF curves ((G(t) — 1)/A), representing
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the rotational dynamics of NPs. Median values are shown as open circles, and their exponential
fits (Fit(t) = Aexp(—I't)Y + 1) are shown as solid lines. (C) Histograms showing the relaxation
time distributions of the six samples on a logarithmic scale. Each histogram was fitted with a
Gaussian function (black dashed line), and the relaxation time at the peak was indicated in red. n
indicates the number of pixels used in the analysis. (D) Temperature dependence of the relaxation
time (tr) of ZnO nanoparticles in different polymeric materials. The median values of relaxation
time tr was plotted against temperature (°C) for each sample. Error bars represent the first and

third quartiles of the distribution.
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Figure 4. Evaluation of X-ray induced damage for 70% PEG1500 solution by using TTC analysis
of ZnO diffraction intensity. (A) Schematic interpretation of TTC. Left: The correlation value C(#,,
t2) reflects the similarity between diffraction patterns at different times, indicating the similarity in
the angular orientation of ZnO NPs. As the lag (t1 — t2) increases, C(ti, t2) gradually decreases.
Right: Three example TTC heatmaps illustrating constant, accelerating, and decelerating dynamics.
(B) Comparison of TTC maps for 70% PEG1500 solution at different temperatures. (C) Diagonal
cuts extracted from the TTC map as indicated by arrows in (B). Each curve was extracted 200 ms

intervals.
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Figure 5. XRD and TTC analysis of ZnO NPs in PEG600 during temperature-induced phase
transitions. (A) Two-dimensional heatmap of XRD intensity plotted as a function of 20 (y-axis)
and time (x-axis). (B) Two-dimensional heatmap of XRD intensity as a function of azimuthal angle
(p) and time, extracted from the ZnO (101) diffraction region (26 = 23.1°-23.5°). (C) TTC
heatmaps of ZnO in PEG600 during cooling (left) and heating (right). (D) Schematic illustration

of NP motion during cooling process of PEG600. Stages (i)-(iii) correspond to those in (C).
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Supporting Information: Detailed methods of sample preparation, X-ray diffraction measurement,

DXB and TTC analyses, and additional experimental data (DOC).
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