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A B S T R A C T

Hypothesis: Charge-stabilized colloidal cellulose nanocrystals (CNCs) can self-assemble into higher-ordered chiral 
nematic structures by varying the volume fraction. The assembly process exhibits distinct dynamics during the 
isotropic to liquid crystal phase transition, which can be elucidated using X-ray photon correlation spectroscopy 
(XPCS).
Experiments:: Anionic CNCs were dispersed in propylene glycol (PG) and water spanning a range of volume 
fractions, encompassing several phase transitions. Coupled with traditional characterization techniques, XPCS 
was conducted to monitor the dynamic evolution of the different phases. Additionally, simulated XPCS results 
were obtained using colloidal rods and compared with the experimental data, offering additional insights into the 
dynamic behavior of the system.
Findings:: The results indicate that the particle dynamics of CNCs undergo a stepped decay in three stages during 
the self-assembly process in PG, coinciding with the observed phases. The phase transitions are associated with a 
total drop of Brownian diffusion rates by four orders of magnitude, a decrease of more than a thousand times 
slower than expected in an ideal system of repulsive Brownian rods. Given the similarity in the phase behaviors 
in CNCs dispersed in PG and in water, we hypothesize that these dynamic behaviors can be extrapolated to other 
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polar solvent environments. Importantly, these findings represent the direct measurement of CNC dynamics 
using XPCS, underscoring the feasibility of directly assessing the dynamic behavior of other rod-like colloidal 
suspensions.

1. Introduction

Self-assembly of rod-like molecules/particles is observed across 
different anisotropic colloidal systems. From the organization of lipid 
molecules into bilayer structures in cell membranes of living organisms 
to the formation of periodic structures in photonic crystal displays, the 
distinct structure can form unique properties in materials for various 
research fields [1–3]. In this context, understanding the temporal evo-
lution of colloidal systems through dynamic characterizations provides 
essential insights into the structural evolution mechanisms and assembly 
pathways of these anisotropic building blocks. For example, the dynamic 
information, such as particle interactions and particle diffusion, can 
offer the assessment of structural stability for colloidal systems. Such an 
understanding of the dynamic behavior has significant implications for 
the design and fabrication of colloidal assemblies [4,5].

Among self-assembly colloidal systems, cellulose nanocrystals 
(CNCs) represent as a class environmentally friendly and sustainable 
natural-based anisotropic nanomaterial for many emerging applica-
tions. CNCs possess a rod-like shape with chirality along the cellulose 
chains. Their high surface charge enables good dispersion in water, 
where the dispersed CNC particles can self-assemble into a chiral 
nematic liquid crystal (LC) phase at high concentrations [6–8]. The 
unique properties of self-assembled CNCs can be used in remediation 
and biomedical materials, optics, photonics, sensing, antimicrobial 
coatings, and drug delivery systems [9–13]. The self-assembly behavior 
of CNC exhibits a series of phase transitions from isotropic to arrested 
phases, representing a complex process. The average structures such as 
the particle dimensions, interparticle distances and structure sizes of the 
self-assembled states have been characterized previously by various 
characterization techniques, including polarized optical microscopy 
(POM) [14–21], scanning electron microscopy (SEM) [22,23,24], and 
small-angle X-ray scattering (SAXS) [17,25,26]. While understanding 
the mechanism of the CNC self-assembly process, tracking particle dy-
namics during the aggregation of CNC colloids can offer more direct 
insights than merely the characterization of static structures. The self- 
assembled structures are known to be less Brownian-like, thus can be 
manipulated through external fields, such as hydrodynamic forcing to 
control the alignment of CNCs. Previously, dynamic light scattering 
(DLS) has been employed to study the dynamics of CNCs in dilute and 
semi-dilute concentration states [26–28]. For example, Uhlig et al. 
studied the CNC aggregation at different concentrations by DLS [27]. By 
assuming a spherical shape for the CNC aggregates, they calculated the 
hydrodynamic diameters of the colloidal suspension, using these values 
as a means to estimate the average size of the CNC aggregates. More-
over, the dynamic dimensions of individual CNC in dilute suspensions 
were extracted from the translational and rotational diffusion co-
efficients in DLS measurements. Boluk et al. integrated Broersma’s 
relationship with these two diffusion coefficients to determine the par-
ticle dimensions, including both mean diameter and length of CNC [28]. 
However, the CNC suspensions at relatively high concentrations (above 
5 wt%) are difficult to measure by DLS due to the issue of multiple 
scattering [29]. This limitation can be overcome by using coherent X- 
rays as the light source, where its theoretical basis for the data analysis is 
the same as that for DLS [30–32]. As a result, X-ray photon correlation 
spectroscopy (XPCS) can complement DLS to investigate the dynamics of 
CNCs across different phases at a broad range of concentration.

For this purpose, the present study demonstrates the use of XPCS, 
complemented by DLS, to investigate the dynamics of self-assembled 
structures of CNCs from the isotropic phase, liquid crystal (LC) phase 
to a kinetically arrested state. To slow down the dynamics in the 

suspension state for measurement, propylene glycol (PG) was chosen as 
a primary dispersion medium. Based on our findings, we hypothesize 
that the observed dynamics of CNCs in PG can extend to other polar 
solvents including water, owing to the similarity in the phase behavior 
of CNC colloids in the suspension state. Typically, the dynamic behavior 
of CNCs in the aqueous suspension at high concentrations is too fast to be 
observed by XPCS.

2. Experimental Section

2.1. Materials

CNC suspensions prepared from never-dried wood pulp using the 
hydrolysis approach (using sulfuric acid) were provided by the Process 
Development Center of the University of Maine, USA. The obtained CNC 
had a sulfur content of 1.1 wt%, where its aqueous suspension (CNC- 
H2O) possessed a mass fraction of 10.3 wt%. The CNC particle di-
mensions were measured in a previous study by Rosén et al. giving the 
lengths between 150 and 300 nm and widths between 10 and 30 nm (by 
transmission electron microscopy, TEM) [33]. Propylene glycol (PG) 
was purchased from VWR International (Pennsylvania, USA).

The CNC-PG suspensions were prepared by a solvent exchange 
method reported in previous studies [34,35]. In brief, CNC aqueous 
suspensions were premixed with PG of different masses to achieve a 
desired mass fraction of CNC in PG at concentrations between 3 and 10 
wt%. Subsequently, water was removed under reduced pressure at 50 ◦C 
using the rotary evaporation approach. Supplementary rheological 
characterization of the CNC suspensions in water and PG at different 
concentrations are listed in the Supporting Information.

2.2. Polarized optical microscopy (POM)

The POM images of CNC suspensions were obtained using an 
Olympus BX51 Epifluorescent and Polarized Imaging Microscope 
(Olympus Life Science, Massachusetts, USA) at Center for Functional 
Nanomaterials (CFN), Brookhaven National Laboratory (BNL), USA. The 
suspension was sealed into a parallel glass cell for observation. As the 
sample birefringence increased with the CNC concentration, the light 
passed through the cross polarizer would increase. To obtain clear im-
ages in the POM setup, the background light was turned dimmer with 
the increase in CNC concentration.

2.3. Dynamic light scattering (DLS)

The apparent diffusion coefficient of CNC-PG and CNC-H2O at low 
concentrations was characterized by DLS. The upper bound of CNC 
concentration for an accurate determination of dynamics in water (CNC- 
H2O) and PG (CNC-PG) was found to be around 5 wt% and 6 wt%, 
respectively (see Section 6 in Supporting Information). DLS measurements 
were conducted on a Brookhaven Instruments Nanobrook Omni Particle 
Sizer (Brookhaven Instruments, New York, USA) equipped with a 40 
mW red diode laser (nominal wavelength of 640 nm) at an angle of 90◦. 
The measured scattering vector q for CNC-PG and CNC-H2O suspensions 

were 0.00145Å
−1

and 0.00185Å
−1

. DLS experiments were conducted at 
25 ◦C, and each sample was measured at least three times using a 4 mL 
plastic cuvette to obtain the average and standard deviation. Particle 
size distributions were determined using a non-negative least squares 
(NNLS) analysis. Peaks emerging at a lower size range (< 10 nm) were 
taken as artifacts and excluded from the analysis.
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2.4. X-ray photon correlation spectroscopy (XPCS)

Simultaneous XPCS and SAXS measurements of CNC-PG suspensions 
were conducted at the Coherent Hard X-ray Scattering (CHX) beamline, 
National Synchrotron Light Source II (NSLS-II), BNL, USA. These XPCS/ 
SAXS measurements employed synchrotron X-ray with a wavelength of 
1.28 Å. In the measurement, CNC-PG suspensions were injected into 1 
mm quartz capillary tubes and then placed on the holder with a sample- 
to-detector distance of 16.0 m. The scattered X-rays were collected by 
the Eiger detector (Eiger X 4 M, Dectris, 75 × 75 μm2 pixel size). Each 
XPCS measurement included 4000 frames with a maximum data 
acquisition time of 1.34 ms at 750 Hz. The data was assessed at q from 

0.00237 to 0.00663 Å−1, where q = 4π
λ sin

(
θ
2

)
with θ being the scattering 

angle to the incident X-ray.
In the XPCS study, a coherent X-ray beam was focused on the sample. 

A sequence of detector images was then recorded to capture the time- 
dependent scattering intensity I(q, t) emerging from the interference of 
the coherent X-ray and the sample. The temporal fluctuations of the 
scattering intensity (i.e., the speckle pattern) were analyzed by the 
intensity-intensity autocorrelation function: 

g(2)(q, τ) = 〈I(q, t)I(q, t + τ)〉
〈I(q, t)〉2 (1) 

The autocorrelation g(2)(q, τ) was calculated from the azimuthal average 
of all the scattering intensities at a certain q at a delay time τ. To avoid 
radiation damage, the data was collected and stitched together from 
three specific beam attenuation levels and exposure times (Fig. S1 in 
Supporting Information), and the results are shown in Table 1. For each 
setup, a total of 2500 images were recorded, spanning delay times in the 
range τ = 10−4 to 10 s without having a full dose equivalent higher than 
0.60 s. For reference, this is a less than 10 times smaller dose than was 
previously observed to influence the dynamics in the system of nano-
cellulose in PG [36].

To analyze the autocorrelation function, g(2) was further normalized 
into C(τ) = (g(1))2 via the Siegert relation: 

g(2)(τ) = 1+ β(g(1)(τ))2 (2) 

where g(1) is the first-order autocorrelation function and β is the scat-
tering contrast obtained by calibration using a static membrane. In an 
ideal system of monodisperse spherical nanoparticles with radius R, the 
square first-order autocorrelation becomes C(τ) = exp(−2Dq2τ), with 
diffusion coefficient D = kBT/(6πηR), and kB and T being the Boltzmann 
constant and temperature, respectively. In the dense CNC systems, the 
dynamics as measured through XPCS can be more difficult to assess. 
Normalized correlation functions C(τ) of CNC-PG of concentration 3–10 
wt% at two repeating XPCS measurements are shown in Figs. S2 and S3, 
and the resulting effective diffusion coefficient (Deff) values fitted by the 
KWW model are shown in Fig. S4, Supporting Information.

2.5. Coarse-Grained molecular dynamic (MD) simulations

The coarse-grained MD simulations were performed using the 
ESPResSo (Extensible Simulation Package for Research on Soft Matter) 
software [37]. The system was simulated in a cubic box with sides of 

500 nm with periodic boundary conditions. Each individual CNC was 
represented with a string of 15 spherical beads having a diameter 10 nm. 
The system was then freely evolving due to Brownian motion according 
to a PG viscosity of η = 0.042 Pa⋅s and temperature of T = 300K. A 
weight percentage was calculated based on a cellulose density of 1.5 g

cm3. 
The repulsive interaction between CNCs was simulated using a Weeks- 
Chandler-Andersen potential [38]. The simulation was initially vali-
dated by comparing theoretical expressions for Brownian motion of rod- 
like particles. The reciprocal space as observed by a detector in the 
simulated XPCS experiment was obtained through a Fourier transform 
using the positions of individual beads, the same way as in earlier work 
[36]. The autocorrelation data was obtained and analyzed in the same 
way as in the experiment in a q range of 0.004 – 0.014 Å−1. The details 
about the simulations are described in Section 2 of Supporting 
Information.

3. Results and Discussion

3.1. Phase behavior of CNC colloids in PG by POM

Generally, the phase behavior of how the structure of anionic CNC 
colloids varies with concentration is illustrated in Fig. 1a, with expected 
dynamics summarized in Table 2. This figure illustrates that at low 
concentrations (Regime 0), particles are oriented randomly in an 
isotropic phase with weak particle interactions, moving relatively freely 
due to Brownian motion. With increasing concentration, the rod-like 
nanoparticles interact, and it becomes entropically favorable to self- 
assemble into locally aggregated ellipsoidal LC structures, called tac-
toids (Regime I). In this phase, tactoids are freely moving and are 
isotopically distributed, but Brownian motion is slowed down due to the 
collective motion of CNCs [33]. With more CNCs in the system, tactoids 
grow and coalesce into larger LC domains. When the concentration in-
creases and reaches a critical value C1, bigger tactoids can be influenced 
by gravity and form cholesteric LC layers [15,21,24,39], with expected 
slower dynamics. The concentration range where the isotropic tactoids 
coexist with these cholesteric layers is denoted as a biphasic state 
(Regime IIa). When another critical CNC concentration C2 is reached, no 
isotropic tactoids remain, and the entire system becomes liquid crys-
talline (Regime IIb), but there is still some mobility for CNCs to rear-
range into long-range ordered structures in the system. Finally, when 
past another critical concentration C3, the system becomes an arrested 
glass (Regime III), where CNCs are ‘caged’ by the interactions of local 
particles thus there is no mobility to rearrange. The structure remains 
kinetically stationed in the initial state set by deformation during the 
sample preparation [7,16]. The system has a nematic ordering in this 
state, but there is no mobility to rearrange into a chiral form.

In this study, CNC-PG colloids follow the expected phase behavior, 
and the emergence of LC structures can be easily observed with POM 
through the transmitted light intensity (the sample is sandwiched be-
tween two linear cross-polarizers to reveal the material birefringence). 
The POM images of CNC-PG suspensions with different concentrations 
are shown in Fig. 1b. As the isotropic phase exhibits no birefringence, it 
remains dark under POM. At 3 wt%, isolated tactoids were visible, 
indicative of a transition to Regime I. As the system enters the biphasic 
region, the LC layering dominates the texture in the POM image, which 
is visible through the periodic fringes of brighter and darker intensities. 
The transition to this regime, Regime II, occurs around 5 wt%. At 9 wt%, 
the LC fringes disappear under optical microscope in the CNC-PG system 
as the system enters the arrested glassy state of Regime III [40].

3.2. Dynamics characterization by XPCS

The diffusive dynamics of the CNC-PG colloids at the different con-
centrations were studied with XPCS. The experimental setup of the XPCS 
measurement is illustrated in Fig. 2a. The q dependence of the 

Table 1 
X-ray intensity attenuation and exposure time setups that were stitched together.

Attenuated intensity 
(%)

Exposure time, texp 
(ms)

Total dose, equivalent of full 
dose (s)

1 96.4 9.994 0.600
2 81 1.334 0.625
3 0 0.114 0.275
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experimental XPCS data was firstly analyzed to assess the possibility of 
anomalous diffusion, where the relaxation rate would scale as Γ∝qα with 
α > 2 for subdiffusive dynamics and α < 2 for superdiffusive dynamics 
[36]. The experimental XPCS results showed that there was no obvious 
deviation from regular Brownian motion of α = 2, and the overall shape 
of the correlation curves remained the same in the range of q studied 
(see Section 2 in Supporting Information). The dynamics of rod-like 
colloidal particles typically exhibit the behavior of de Gennes narrow-
ing, where the dynamics can scale with the reciprocals of the structure 
factors [41–44]. However, compared to the increasing structure factor 
value in the same q range, no such behavior was observed. Moreover, 
considering the relatively high noise level observed in the correlation 
function due to the relatively low scattering power of CNCs, there is too 
much uncertainty for deeper interpretations of the dynamic behavior. 
Therefore, we focus primarily on the average dynamic behavior 
assuming Γ∝q2 with all the data for a single sample (all three detectors, 
two separate measurements, and all q regions) being combined into one 

data set and scaling delay times as τ* = τ
(

q
q0

)2
, with q0 = 0.0024Å

−1 

being the lowest q studied here.
Fig. 2b illustrates the square first-order autocorrelation function 

C(τ*) for three different concentrations (additional concentrations are 
shown in Figs. S2, S3 and S5 in Supporting Information). Here, it is seen a 
clear slowdown of the dynamics when the CNC concentration is 
increased from 3 to 10 wt%. The decay of C(τ*) for the intermediate 

concentration of 6 wt% is clearly stretched, indicative of polydisperse 
dynamics. To quantify the data, three different methodologies can be 
applied (more details in Fig. S6 and Section 3 in Supporting Information):

(1) Fitting C(τ*) to a stretched exponential or the Kohl-
rausch–Williams–Watts (KWW) function: 

C(τ*) = exp(−2(Γτ*)γ). (3) 

The stretching of the correlation curve can be described by a KWW 
exponent of γ < 1.

(2) Assuming polydisperse Brownian dynamics, we a regularized 
inverse Laplace transformation of C(τ*) can be applied using the CON-
TIN algorithm [45] by assuming a sum of exponential modes: 

C(τ*) =
∑

i
Giexp(−2Γiτ*). (4) 

The mean relaxation rate Γ can be obtained through a weighted 
average of the decay modes. The stretching of the correlation curve can 
be described by the width of the relaxation rate distribution Gi, which 
can be quantified with a polydispersity index PDI through a cumulant 
expansion.

C(τ*)(3) can be fitted with a simple exponential function: 

C(τ*) = exp(−2Γτ*), (5) 

which does not take the stretched shape into account but provides a 
good estimation of the mean relaxation rate.

All three methods were used to determine an apparent diffusion 
coefficient using Dapp = Γ/q2

0. An example of the three methodologies 
applied to the XPCS data of CNCs in PG at 6 wt% is shown in Fig. 2c. 
Here, both the stretched exponential function and the polydisperse 
Brownian model provide good fits to the combined data. These two 
functions mainly differ in the limit of small values of τ*. As there is very 
little additional information from the experimental data, the correct 
functional form cannot be conclusively determined here. We note that 
the simple exponential fit will naturally not match the data perfectly in 
cases where C(τ*) is stretched, but it was found to yield a good estima-
tion of the mean relaxation rate.

From the above analysis, we assess the apparent diffusion coefficient 

Fig. 1. (a) Schematic illustrations and (b) POM images of CNCs dispersed in PG at various concentrations with a visual identification of the phase regimes described 
in Table 2. The scale bars in each POM image correspond to 200 µm.

Table 2 
Phase behavior and expected dynamics of CNC suspensions at increasing con-
centrations. The mixed dynamics include both Brownian motions from isotropic, 
tactoids and liquid crystalline phases.

Regime Phase Order Expected dynamics

0 Isotropic No ordering Fast
I Isotropic tactoids Local Moderate
IIa Biphasic Local & cholesteric Mixed dynamics
IIb Liquid crystalline Cholesteric Slow
III Arrested glass Nematic Extremely Slow
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Dapp derived from the DLS measurement at low CNC concentrations 
using the same CONTIN procedure. Typically, the DLS measurements 
can be used to reveal the particles size distributions of CNC-H2O and 
CNC-PG (Figs. S7 and S8, Supporting Information). Using the CONTIN 
method, the normalized apparent diffusion coefficient ratio (Dapp/Do) 
was calculated from the DLS data for both CNC-PG and CNC-H2O sus-
pensions (Figs. S9-S12, Supporting Information). We note that the Dapp 

was normalized by Do, which should be the diffusion coefficient of an 
ideal dilute system (Regime 0 in Table 2). The Dapp/Do values for CNC- 
PG and CNC-H2O determined by DLS at the CNC concentrations from 
0.5 – 4 wt% are illustrated in Figs. S13 and S14, respectively.

At higher concentrations (> 4 wt%), the CNC dynamics in PG can 
only be assessed by the XPCS study. The fitting of correlation function C 
(τ) and distribution of the relaxation rate G(Γ) from the CONTIN analysis 
of the XPCS data from CNC-PG suspensions at high concentrations are 

shown in Figs. S15 and S16. From the analysis, the Dapp/Do value as a 
function of CNC concentration is shown in Fig. 3a 
(Do = 4.23 × 10−13m2/s determined from 0.5 wt% of CNC in PG in the 
dilute isotropic phase was used as the referenced value). We notice that 
the Dapp/Do values of CNC-PG obtained from DLS (Fig. S13, Supporting 
Information) and XPCS (Fig. 3a) at CNC concentrations of 3 wt% and 4 wt 
% are very similar to each other indicating the complementary nature of 
these two techniques. Fig. 3b illustrates the γ and PDI values as a func-
tion of CNC concentration in PG. It is seen that regardless of the 
analytical methodology chosen, the values of Dapp/D0 exhibit a similar 
trend as function of the CNC concentration. It is also observed that the 
Dapp value is the lowest for the stretched KWW function, which can be 
attributed to the non-comparable nature of the mean relaxation rate 
obtained from this function, when compared to a sum of the exponential 
decays [46]. The trend of Dapp/D0 clearly consists of two distinct 

Fig. 2. Schematic illustration of the XPCS experiment and example results from the XPCS experiments of CNC-PG suspensions and subsequent analysis: (a) XPCS 
experimental setup, (b) the square first-order autocorrelation data C(τ*) of suspensions at varying CNC concentrations, (c) the C(τ*) data at 6 wt% analyzed with three 
different methodologies.

Fig. 3. The results from the analysis of XPCS data for CNC-PG suspensions: (a) apparent diffusion coefficients Dapp normalized by the diffusion coefficient of a dilute 
system D0 and the corresponding hydrodynamic diameter dh, (b) the KWW exponent γ and PDI from the CONTIN analysis.
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transitions in dynamic behavior, coinciding with the expected phase 
transitions to the biphasic state (Regime I to Regime II) and the arrested 
glass state (Regime II to Regime III).

In Fig. 3, several unique features can be observed. With the CNC 
concentration increases from 2 to 3 wt%, the transition from Regime 0 to 
Regime I appeared to be associated with the notable dynamics slow-
down, as indicated by the decrease in Dapp/Do. The corresponding hy-
drodynamic diameters dh, calculated via the Stokes-Einstein equation, 
can be used to represent the effective sizes of CNC tactoids [47]. Thus, 
the mean apparent size of tactoids in Regime I should be around 100 nm, 
corresponding to the mean length of individual CNCs.

Since the data values obtained by XPCS from 3 and 4 wt% CNC-PG 
suspensions are consistent with the DLS results, the dynamic slow-
down due to the formation of CNC tactoids captured by XPCS is vali-
dated. Thus, the XPCS results at higher CNC concentrations (5 to 8 wt%) 
can reveal the dynamic behavior of CNCs in a liquid crystal dominating 
state, Regime II. In this regime, the Dapp/Do values appear to remain 
quite stable in the order of 10-2. The sudden decrease in Dapp from the 
Regimes I and II transition reflects the formation of a chiral nematic 
phase. This phase imposes higher order and anisotropy in the structure, 
thus dramatically reducing the freedom of the particle movement. In 
other words, the formation of stacked layered liquid crystal structures 
limited the rotational diffusion of the rod-like CNCs, resulting in a 
sudden drop in the overall diffusion coefficient. Furthermore, the system 
contains a broader range of dynamic time scales, as indicated with a 
lower KWW exponent γ and higher polydispersity index PDI. The likely 
reason for this observation is that the system is undergoing constant 
thermal reconfigurations (rotation and translation) with a variety of 

sizes of collective structures in a slow process towards a phase-separated 
equilibrium. The occasional higher value of Dapp/D0 is likely due to the 
inhomogeneity caused by the difference in sample loading, and the 
possibility of small air bubbles in the system.

Finally, as CNCs in PG transition into an arrested glass state in 
Regime III (9 to 10 wt%), there is a dramatic slowdown of the dynamics 
with two orders of magnitude reduction in Dapp/D0 (the value is in the 
order of 10-4) from 8 to 9 wt%. Assuming a mean-square displacement of 
L2 for major reconfigurations, this would take around 10 ms in the dilute 
system, but around a minute in the arrested state. The significant 
slowdown in the CNC dynamics can be attributed to the formation of the 
arrested glass structure. In this state, CNCs have strong inter-particle 
interactions and even entanglements, which further reduces the 
freedom of particle movement. Additionally, there is a dramatic increase 
in the apparent polydispersity PDI during this regime. Interestingly, it is 
seen that there may be a two-stage decay at higher concentration (9 and 
10 wt%), i.e., a faster dynamic mode accompanying the slow dynamics 
as shown in Fig. S5 in Supporting Information. This observation has been 
observed before and attributed to the caging motion and the relaxation 
of structural network, respectively [48]. In other words, when the sys-
tem is slowly reconfiguring in the arrested glass, stresses can be built up 
and released with the stress-release dynamics occurring on a much faster 
time scale.

3.3. Understanding XPCS Timescales in rod-like systems using Coarse- 
Grained molecular dynamics (MD) simulations

To put the above experimental results into perspective and to 

Fig. 4. Illustration of the coarse-grained MD simulations and simulated XPCS: (a) a simulated CNC system at 4 wt%, (b) simulated speckle intensities on the detector, 
(c) autocorrelation g(2)(q, τ) (symbols) along with exponential fits (curves), (d) relaxation rate Γ from fit as function of q2(symbols); the solid line shows best fit of Γ =
Dq2 to find the diffusion coefficient D.
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understand how to interpret the autocorrelation data of the denser as-
semblies of rod-like particles, we performed coarse-grained molecular 
dynamics (MD) simulations of stiff Brownian rods with similar di-
mensions as CNCs, based on earlier work on dilute CNC dynamics [33]. 
In such simulations, each particle consists of 15 connected spherical 
beads of size 10 nm, and thus has a total length of 150 nm. The CNCs 
were studied at concentrations from 0.5 to 8 wt% with simple repulsive 
interactions in a cubic box with periodic boundary conditions (see 
Fig. 4a and a Supplementary Movie). Using simulated CNCs, the 
sequence of speckle patterns was simulated through a Fourier transform 
[36], and was used to obtain autocorrelation curves in the same way as 
in the experiment (see Fig. 4b-4d). More details about the simulations 
are provided in the Materials and Methods section and Section 4 of 
Supporting Information.

In this study, the systems without any particle interactions were first 
simulated to validate the model using existing theoretical expressions 
for dilute Brownian motion of rod-like particles, where the results are 
illustrated in Table 3. From this analysis, we find that the simulated 
rotary and translational diffusion coefficients are close to the analytical 
values. The discrepancy for Dr can be attributed to the fact that the 
theory relies on spheroidal particles, which is different than the bead- 
model in the simulations, and that Dr∝L−3, which is very sensitive to 
particle length (see Section 4 of SI for further assessment). It is inter-
esting to note that the diffusion coefficient D from simulated XPCS- 
experiments is significantly higher than Dt, which is due to the rota-
tional diffusion of the particles. Comparing with Dt for individual beads 
making up the single CNC, we find that these two coefficients match. 
Consequently, we can conclude that the measured diffusion coefficient 
from XPCS is based on the translational diffusion of mass elements of the 
particles, which has contributions from both translation and rotation of 
CNCs. This value of Dt,bead from the simulations of non-interacting CNCs 
will further be used as the reference value Do for the simulated data. 
Since the experimental XPCS results is reflecting Dt,bead, we use this 
particle-based coefficient to describe what happens in the crowded 
system.

With the addition of repulsive interactions, we find how the diffusion 
coefficients can be affected by the increasingly crowded environment at 
higher CNC concentrations, where the results are shown in Fig. 5a. Up to 
the concentration of 1 wt%, both translational and rotational diffusion 
can be well described by the theory for the dilute system. However, 
above 1 wt%, there is a clear slowing down of the CNC dynamics due to 
the hinderance from neighboring particles. To understand such crowd-
ing effects, the crowding number based on the volume fraction Φ and 
aspect ratio (length/width) rp can be calculated using the following 
expression [49]: 

N = 2
3

Φr2
p . (4) 

The number N represents how many CNCs can be found in a volume of a 
sphere with the same diameter as the CNC length. Given the aspect ratio 
rp = 15 and density of cellulose (1.5 g

cm3), the weight percentage can be 
directly viewed as crowding number, where the critical concentration of 
1 wt% corresponds to a crowding number of exactly N = 1. At the 
highest simulated concentration, where N = 8 (at 8 wt%), the dynamics 
have slowed down by approximately a factor 2.

Comparing these findings with the experimental results, we observe 
the significant influence of the collective arrangement of liquid crystal 

structures on the CNC dynamics as illustrated in Fig. 5b. In both simu-
lated and experimental systems, there is a visible slow-down of dy-
namics above the concentration of 2–3 wt%. In the simulated system, 
this decrease of the diffusion coefficient is due to crowding of individual 
CNCs, but at 4 wt% it is only around 0.8 D0. For the experimental sys-
tem, with collective arrangements in tactoids, the diffusion coefficient is 
almost 10 times slower than that of the dilute system. As the real system 
of CNCs enter both the liquid crystalline and arrested states, the slow-
down is even more dramatic, amounting to 1000 times slower than the 
expected value merely from repulsive crowding.

Since it is not easy to separate rotary diffusion from the translational 
diffusion using XPCS, it is difficult to study the nature of the CNC re- 
arrangements in detail. However, in a recent related study, Wang et al. 
[47] studied the rotary diffusion of a similar suspension of CNCs in PG at 
3.6 wt% after initially being hydrodynamically sheared. The slow-down 
of rotary diffusion was measured to be 100 times slower than that in the 
dilute case. Based on the present results that the overall dynamics only 
being slowed down 10 times, it can be concluded that the rotational 
diffusion is more affected than the translational diffusion in the phase 
containing isotropic tactoids.

It is apparent that the coarse-grained MD simulations did not capture 
the dynamics of the CNC self-assemblies during increasing concentra-
tion. Specifically, the model could not capture the evolution of the mean 
diffusion coefficient. At the highest simulated concentration (8 wt%), we 
find that dynamics start showing a slightly sub-diffusive trend due to 
crowding (see Fig. S17, Supporting Information). However, the model 
clearly did not capture the strongly polydisperse/stretched exponential 
decays of the experimental data. The model is still an improvement of 
typical effective sphere-models often used to describe diffusive dy-
namics [49]. Furthermore, we believe that the approach of comparing 
real XPCS results with numerical XPCS simulations can inspire the 
development of new interaction models for CNC assemblies that will be 
useful to validate the interpretation of experimental results.

3.4. Comparison to CNCs dispersed in water

Given that CNC colloids in polar solvents, such as water, exhibit 
similar phase transitions due to concentration-dependent effects, the 
dynamic behavior observed in CNC-PG provides insights into the dy-
namics of CNC colloids in other solvents. Here, we utilize water, the 
most common polar solvent, as a paradigmatic example to elucidate this 
dynamic trend. To highlight the analogous phase behavior between the 
two systems, we analyze the structural evolution of CNC-PG and CNC- 
H2O using polarized optical microscopy (POM) and small-angle X-ray 
scattering (SAXS). The comparison of POM images of CNCs dispersed in 
water and PG at various concentrations is shown in Fig. S18 (Supporting 
Information), and that of SAXS results for the two CNC dispersion system 
are shown in Figs. S19 and Fig. S20. Both POM and SAXS measurements 
reveal that CNC-H2O undergoes a phase transition similar to CNC-PG, 
with a distinct isotropic to LC transition observed at approximately 4 
wt% concentration. Moreover, the interparticle distances (d-spacing) in 
both CNC-H2O and CNC-PG systems determined by SAXS (Fig. S21, 
Supporting Information) exhibits a clear turning point at 4 wt%, indi-
cating of the critical concentration for the isotropic to LC phase transi-
tion. Furthermore, the rheological behavior of both systems aligns with 
their respective phase transitions (see Section 10, Figs. S22 and S23, 
Supporting Information). For example, in CNC-H2O, the ratio between the 
steady shear viscosity at low shear rate ηo normalized by the solvent 

Table 3 
Results from the coarse-grained MD simulations of non-interacting (dilute) CNCs and the corresponding results of the diffusion coefficient measured in a simulated 
XPCS-experiment; the value of Dt,bead is used as the reference D0 for the experiments.

Dt [m2/s]theory Dt [m2/s]simulated Dr[rad2/s]theory Dr[m2/s]simulated D[m2/s]from XPCS-simulations Dt,bead [m2/s]simulated, 
based on beads

1.89⋅10−13 1.82⋅10−13 81.0 99.2 2.77⋅10−13 2.79⋅10−13
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viscosity ηs exhibits a stage-like slope change, where the critical con-
centration of 4 wt% can be determined (Fig. S22b), which is consistent 
with the POM and SAXS results. The consistency in the phase behavior 
across both systems suggests that CNC-H2O would exhibit analogous 
dynamic behavior throughout the concentration rage as those in CNC- 
PG. Based on the dynamics results obtained from XPCS experiments of 
CNC-PG, we hypothesize the dynamics of CNC-H2O suspensions con-
taining the tactoid phase and the condensed LC phase in Fig. S24 (Sup-
porting Information) that may be validated by future XPCS techniques 
with higher temporal resolution and brighter synchrotron X-rays. For 
example, future research based on new generation synchrotron source or 
free electron laser technology, allowing for measurements of dynamics 
on shorter time scales [50–52] could enable direct measurement of the 
dynamics of nanocellulose colloids in low viscosity solvent systems.

4. Conclusions

Based on previous studies that measured the diffusive behavior of 
CNC suspensions in dilute and semi-dilute regions (< 6 wt%) [26–28], 
this work reports direct measurements of condensed CNC dynamics (up 
to 10 wt%) in PG using XPCS. By combining XPCS with DLS, CNC dy-
namics were investigated across a broad concentration range, covering 
the isotropic phase, liquid crystal phase, and arrested glass state. In 
addition to previously reported features along CNC phase transitions, 
such as d-spacing [29] and viscosity [53], this work is the first to identify 
three distinct dynamic regimes corresponding to the (I) isotropic tac-
toids, (II) biphasic/liquid crystalline state, and (III) arrested glass state 
using XPCS. The experimentally observed dynamics were also compared 
with an idealized system of repulsive colloidal rods using coarse-grained 
molecular dynamics simulations combined with XPCS simulations. 
While the ideal system experiences an expected slowdown of a factor 
2–4 owing to crowding effects at 10 wt%, the experimental results 
indicate the system slowdown exhibits a factor of 10,000, which can be 
attributed to the collective ordering and electrostatic interactions in the 
system. Given the consistent phase behavior observed in CNC colloidal 
systems across various polar solvents, we hypothesize that the dynamics 
could be extrapolated to systems exhibiting similar phase behaviors. As 
an example, the dynamic behaviors of CNC dispersed in water at high 
concentrations (not assessable by current experimental techniques) 
were proposed. This study underscores the potential of employing XPCS 
for investigating nanoscale dynamics in concentrated colloidal LC sys-
tems. The dynamics in the condensed systems such as the liquid crystal 
phases and the kinetic arrest states are particularly relevant to the design 
and manufacturing of self-assembly materials.
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Fig. 5. Results from coarse-grained MD simulations. (a) Simulated diffusion coefficients as function of CNC concentration. (b) The simulated CNC dynamics with 
repulsive interactions compared with the combined normalized diffusion coefficients from DLS and XPCS measurements. The 0.5–2 wt% data is from DLS CONTIN 
results and the 3–10 wt% data is from XPCS CONTIN results.
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