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Low-temperature cracking and rutting are the most destructive problems of bitumen that hinder the
application of high-performance bitumen engineering, which is dependent on its glass transition
temperature (Tg). Through in silico studies, this work has systematically investigated the Ty of
a bituminous binder with the addition of diamond nanothread (DNT) fillers with varying filler content,
alignment, distribution, and functional groups. In general, the glass transition phenomenon of the
bitumen is determined by the mobility of its constituent molecules. Ty is found to increase gradually with
the increase in the weight percentage of DNT and then decreases when the weight percentage exceeds
5.05 wt%. The enhancement effect on Ty is weakened when DNTs are distributed vertically or
functionalized with functional groups. Specifically, DNT fillers induce inhomogeneity, which promotes
the motion of small molecules while hindering the motion of large molecules. The aggregation of DNTs
and the molecular environment in the vicinity of DNTs directly affect Ty. In summary, aggregation and
adhesion are the dominant mechanisms affecting the mobility of the constituent molecules in the DNT/
bitumen system and thus its glass transition temperature. This work provides in-depth insights into the
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1. Introduction

Bituminous binder is an essential thermal material in engi-
neering applications, with an estimated global yearly
consumption of approximately 74 million ton in pavement
projects." However, it usually suffers from temperature-
dependent problems, such as cracking, rutting, and low
durability.”* At higher temperatures, the bituminous binder
becomes flexible and susceptible to rutting, while at low
temperatures, it becomes susceptible to cracking that can cause
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guidance for tuning the low-temperature performance of the bituminous binder.

secondary damage, which exacerbates in the glassy state at the
glass transition temperature.>” Therefore, bituminous binder
requires good low-temperature performance and relaxation
capacity to prevent damage, especially in winters and cold
regions.®

In this regard, the glass transition temperature (T,) of
bitumen can serve as an indicator to evaluate its low-
temperature performance.” T, is a critical parameter indi-
cating the transition status from the rubbery state to the glassy
state.'® Understanding T, can provide valuable insights into the
material design and control measures for preventing low-
temperature damage in bitumen. Various additive modifica-
tion technologies have been applied to decrease T, and extend
the properties of pavements in colder climates. Among the
suggested additives, nanomaterials have attracted significant
attention for improving bitumen pavements due to their higher
specific surface area and strong binding capability with
bitumen." They account for more than 10% of the entire
modified bitumen market.*> Carbon-based nanomaterials, such
as carbon black, carbon nanotubes (CNT), fullerenes, and gra-
phene sheets, are particularly popular additives for a bitumi-
nous binder.”"*™ Literature reports have highlighted the
enhancements in the performance of bituminous binders ach-
ieved by incorporating these nano-additives using various
techniques.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Through the solid-state reaction of benzene under high pres-
sure, researchers have reported the successful synthesis of an
ultra-thin one-dimensional carbon nanostructure, the diamond
nanothread (DNT),* which is an sp*bonded carbon structure.
Previous work has demonstrated its excellent stiffness (850 GPa),
bending rigidity (5.35 x 10~** N m?), and enhancement effects on
the mechanical strength of polymers.?* Compared to sp> carbon
nanotubes, DNTs exhibit resonance quality factors that are twice
as high.”” Their hydrogenated surface provides the functionaliza-
tion opportunity without introducing defects to their backbone
structure,” making them the most suitable for applications in
nanoscale synthesized materials.**** Further studies have re-
ported their unique thermal transport properties that are prom-
ising for thermal management applications.” In particular, DNT
is regarded as a promising reinforcer for nanocomposites due to
its good interfacial interactions and mechanical interlocking
effect with the polymer matrix.>***>® An earlier report showed that
DNT can significantly increase the T, of poly(methyl methacrylate)
composites.” To this end, in this study, we have assessed the T, of
bituminous binder with the DNT as a new type of nano-additive.

There are different experimental methods for exploring the T,
of materials, such as differential scanning calorimetry (DSC)****
and dilatometry.>* Although these methods can provide a good
measurement of T,, they are unable to provide underlying
insights.**** Bitumen binder is a complex matter that contains
millions of different molecules and thus it is a significant chal-
lenge to determine the role of different molecules from experi-
ments.*® Hindered by the complexities and challenges, the
understanding of bitumen's glass transition process is ambiguous
at the molecular level,**® and the detailed mechanism for the
aggregation and adhesion behaviors between bitumen mixtures
and nanofillers can hardly be assessed through experiments. In
this regard, molecular dynamics (MD) simulation is an effective
and feasible approach to exploring the microscopic mechanisms
of molecules at varying temperatures.

With the aid of MD simulations, this work has adopted a four-
component bituminous binder model to investigate in-depth the
microscopic behaviors during the glass transition process. By
monitoring the movements of different molecules, the glass tran-
sition process can be identified. Various models were constructed
by varying the dispersion pattern and the weight percentage of
DNTs and functional groups to systematically examine the influ-
ence of the DNT fillers. It was found that aggregation and adhesion
are the dominant mechanisms affecting the mobility of the
constituent molecules in the DNT/bitumen system, and thus its
glass transition temperature. The findings in this work could
provide theoretical guidelines for selecting nano-additives for high-
performance bituminous binders.

2. Methods

2.1 Modelling approach

Bituminous binder is produced during the petroleum refining
process, known for its highly complex molecular structure,
which makes it challenging to construct an atomistic model
containing all types of constituent molecules. Thus, only
representative molecules are usually taken into consideration,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with appropriate proportions that can accurately reproduce the
physical and chemical properties of bitumen binder. There are
currently different secondary molecules being adopted in
literature.**** In our work, the 4-component bitumen molecular
structure proposed by Li and Greenfield** was applied. The
structures of each molecule are shown in Fig. 1a. Following
previous work,** bitumen molecules were assembled to meet
the elemental mass fraction and the atom ratio of real bitumen
from experiments. The overall compositions of the atomistic
bitumen model are shown in Table 1. The elemental mass
fractions of the proposed bitumen model are in good agreement
with experimental measurements,*> as compared in Table 2.
The amorphous molecular model of bitumen was created using
the random walking algorithm with the Amorphous Cell
module implemented in Material Studio. The initial density was
set as the experimentally measured value of 1.15 g cm > and the
corresponding temperature was 300 K.*

To assess the influences from 1D nanofillers, the ultra-thin
diamond nanothread (DNT) was adopted. Previous reports have
shown that chiral DNTs can effectively enhance the mechanical
performance of nanocomposites due to their good interfacial
interactions and mechanical interlocking effect.”® Thus, this work
adopted one type of chiral DNT as the target nanofiller (Fig. 1b),
which is analogous to the fully hydrogenated (3,0) carbon nano-
tubes. Currently, the sample box adopted in most literature
reports is smaller than 60 A.*** Considering the potential influ-
ence on the aggregation state from the model size, we used
a larger box, i.e., 75 x 75 x 75 A®. Periodic boundary conditions
were employed in our simulations to reduce the potential size
impact. In general, an initial box with a size of 75 x 75 x 75 A* was
created, and DNT was randomly placed in the box. Afterward, the
representative molecules were filled in the box to reach the preset
density (Fig. 1c). To systematically explore the influence of the
DNT filler, different models were constructed by varying the
dispersion pattern and the weight percentage of DNTs and func-
tional groups. Details of the atomistic models examined in this
work are listed in ESI S1.7

2.2 Glass transition temperature calculation

The glass transition temperature (7Ty) is a critical indicator for
the engineering properties of the bitumen system. For molec-
ular dynamics simulation, the glass transition temperature
refers to the temperature when noticeable variations in the
volume of the system and the molecular diffusion rate are
observed while changing the temperature of the system.** In
this work, the model was first optimized through energy mini-
mization and relaxation. The Consistent Valence Force Field
(CVFF) was adopted to describe the atomic interactions in the
bitumen systems. The long-range van der Waals interactions
were represented by the Lenard-Jones potentials with a cutoff
distance of 12.5 A. The particle-particle particle-mesh (PPPM)
algorithm was adopted to calculate the long-range electrostatic
interactions with an accuracy of 10~*. The system was equili-
brated for 0.5 ns, 1 ns, and 0.5 ns at a constant pressure of 1 atm
and constant temperature of 300 K under canonical (NVT),
isothermal-isobaric (NPT), and micro-canonical (NVE)
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Fig. 1 A schematic view of the simulation model. (a) Four representative molecules of the bituminous binder. (b) The atomic structure of the
selected diamond nanothread. (c) The molecular structure of bituminous binder with 5.05 wt% randomly dispersed DNTs.

ensembles, respectively, to obtain a reasonable and stable
bituminous model. To confirm the rationality of the bitumen
models, the density, and elastic modulus of the system were
selected as the verification parameters for the bitumen system.
The equilibrium density of bitumen was approximately
0.96 ¢ cm >, which is close to the laboratory data of 0.95-
1.05 ¢ cm*,* and the density of actual bitumen varies from the
components and source of the bitumen. The elastic modulus
was calculated from E = a/e, where o refers to the stress and ¢
refers to the strain. We simulated the system under tensile
stress in the x-direction and the estimated elastic modulus was
about 1313 MPa, which aligns well with the experimental value
of 1000-1400 MPa'®*¢ and simulation results.*” Details of the
elastic modulus calculated by tensile simulation in this work
are shown in ESI S2.7 A cooling cycle was performed for the T,
calculation at a pressure of 1 atm. That is, the model was first
warmed up to 400 K after 1 ns in the NPT ensemble and kept at
a constant temperature for 0.5 ns, then it was cooled down to
100 K. A total of 25 cooling cycles were carried out with

cycle can reproduce the kinetics of molecules during glass
transition states according to previous research.*** As the
temperature was progressively reduced, the volume and density
of the sample were usually tracked to determine the glass
transition temperature by previous researchers.*** Since the
volume and density share the same changing profile, the
volume parameter was chosen to fit the glass transition
temperature in this work.

3. Results and discussion

3.1 Glass transition temperature of the pristine bituminous
binder

Fig. 2a shows the change in the volume of the pristine bituminous
binder during the cooling process. T, was determined by the
intersection of two linear fitting lines that represent the glassy and

Table 2 The elemental composition of the proposed bitumen model

a temperature interval of 20 K. Due to the difference in time Atom ratio
scales, the cooling rates in molecular dynamics simulations Elemental mass fraction (%) (%)
. . 12 . .

differ by orders o.f magnlt.ude (10™*) from e.:xperlmental cooling System C u N o S C/H
rates. At such a high cooling rate, the cooling rate effect on the
T, is not substantial for MD simulations. The chosen cooling Bitumen model ~ 83.68  10.49 0.47 0.54 4.81 1.49

Experiment*? 839  10.00 0.50 0.60 5.50 1.49
Table 1 Different components in the bitumen sample

Mass fraction

Bitumen model Mass (g mol ) Chemical formula Number of molecules (%)
Asphaltene 754.04 Cs53H55NOS 28 25.56
Naphthene 156.22 CioHys 42 7.94
Polar aromatic 290.38 C15H10S, 48 16.87
Saturate 310.59 CpoHue 132 49.63
Bitumen binder 250
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Fig. 2 Simulation results for the pristine bituminous binder. (a)The volume as a function of temperature for the bituminous binder between 100
and 400 K. The mean square displacement (MSD) of bituminous binder molecules at (b) 300 K and (c) 240 K.

rubbery states, respectively. To reduce numerical errors, each
model was simulated three times with different relaxation steps,
and T, was averaged from these three calculations. The cooling
rate in the simulation was 10" faster than that in the experiments.
Since the T, decreases with the cooling rate in experiments,**
the T, acquired from simulation can be treated as the estimation
of the lower boundary value for the T, in experiments.®*>*%
Extrapolating the T, value to the experimental cooling rate is quite
complex because the changing rate varies for different molecular
structures and relaxation processes,**** and some of them are
beyond the computation capability of MD simulation for large
systems with macromolecules. Thus, in this research, only the T,
with the same cooling rate are compared, i.e., 20 K per cycle, to
show the effects from DNT addition. The estimated 7y, in this work
is about 259 £ 6.3 K, which is comparable with that reported in
literature. For instance, the 3-component neat bitumen model was
reported with a T, of 261.8 K.***” We should note that there were
some reports of higher T, which were attributed to several factors.
For example, the AAA-1 and AAM-1 bitumen systems®® were re-
ported with T, of 350.0 & 6.9 K and 348.3 4 7.7 K, respectively.* In
the molecular rheology field, flow behavior is usually categorized
into three stages that are connected by two transition states based
on the manner of molecular motion, ie., the glassy state, glass
transition, rubbery (high elasticity) state, flow transition, and flow
state.”® Some researchers considered the temperature where the
high elastic state remains as the glass transition temperature,™
while others regarded the initial temperature entering the glassy
state as the glass transition temperature.*** Many studies selected
the middle temperature within the glass transition region as the
glass transition temperature.’***#¢* Meanwhile, different
temperature ranges have been adopted for the T, calculation. For
example, some researchers heated bitumen to 400 K before
cooling it down,” while others heated it to 600 K.** Adopting
different temperature ranges will affect the estimated T, the of
bitumen binder. Moreover, due to the different molecular species,
proportions, relaxation processes, force field selections, and
ensemble selections adopted in the simulation, the calculation
results may also differ from each other. A comprehensive
discussion of the influences of these factors will be carried out in
our following work.

The glass transition phenomenon of the bitumen is closely
related to the mobility of atoms/molecules within the model.
The mean square displacement (MSD) is commonly used to
describe the mobility of atoms for a given duration, which has

© 2023 The Author(s). Published by the Royal Society of Chemistry

been widely used to investigate the special distribution, self-
healing process, and bitumen-aggregate interactions.® Specifi-
cally, MSD was calculated according to MSD(¢) = (Ar(t)?) =
((r{t) — r{(0))*), where r,(£) and r,(0) are the position vectors of
the /™ bitumen molecule at time ¢ and the initial stage,
respectively. The volume-temperature curve indicates that there
is a significant change in the volume of the bituminous sample
while changing from the glass state to the rubber state (as the
temperature increases). To illustrate the influence of tempera-
ture on the trend of molecular activity, the models (at the
equilibrium status) at the glass state (under 240 K) and the
rubber state (under 300 K) were selected. The MSD of each
molecule was then calculated by performing MD simulations
under the NPT ensemble over 1 ns. As shown in Fig. 2b, the
MSD magnitude of each molecule follows the order of saturate >
naphthene > polar aromatic > asphaltene at the rubber state
(300 K). Asphaltenes with the slowest migration rate are
attributed to the relatively large molecular weight. Although
polar aromatics also have a small molecular weight, their
adsorption effects on asphaltene hinder their mobility and thus
reduce their migration rate.** At 240 K, except for saturated
molecules, the MSD curves for other molecules exhibited
a saturated line (Fig. 2c), indicating insignificant molecular
movement. Such results suggest the transition from a free state
to a “frozen state”. However, the MSD curve of the saturated
molecules still exhibited an increasing trend in the “frozen
state” at 240 K, perhaps because they are more likely to undergo
stretching and entangling, ensuring that they remain active at
low temperatures. Additionally, it was found that the movement
of the polar aromatics decreased remarkably in the frozen state,
which even fell below that of the asphaltene. This result implies
that the mobility of polar molecules is particularly sensitive to
temperature changes, which is consistent with previous
studies.®

3.2 Influences from the weight percentage and distribution
of DNT fillers

With the above understanding, we investigated the effects of DNT
on the glass transition temperature of the bituminous binder.
Firstly, we considered the models with different weight percent-
ages of DNTs. For discussion convenience, we named DNTs with
the randomly dispersed scenario as DNTX. The boxplot in Fig. 3a
represents the range of T, fluctuations in the glass transition state

Nanoscale Adv, 2023, 5, 6724-6735 | 6727
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observed in three independent simulations for the same model.
The relatively large fluctuations of T, indicated the strong impact
of the microstructural arrangement of molecules. As compared in
Fig. 3a, the addition of DNT fillers resulted in insignificant
changes to T, as compared with that of the pristine bituminous
binder. The sample with 5.05 wt% DNTs exhibited the highest
glass transition temperature, while the sample with 1.29 wt%
DNTs showed a slightly decreased T, Overall, T, generally
increased with the increase in the weight percentage of DNT and
then decreased when the weight percentage exceeded 5.05 wt%.
Here, three different models were established for each case to
account for the potential influences from the random distribution
of the bituminous molecules.

To illustrate the effects of DNT on the microstructural
arrangement of bitumen, a sample model with an individual
DNT in a smaller supercell was constructed. Fig. 3b shows the
distribution of C atoms at the vicinity of the DNT by projecting
the number of C atoms onto the xy-plane (with a thickness of 20
A at the center of the model along the axis of the DNT). Only C
atoms in the bituminous molecules were counted. With the
existence of relatively large asphaltene molecules, there were
both coarse and dense regimes. Specifically, a higher density
zone was observed surrounding DNT, suggesting the adsorption
effect from DNT.

Earlier reports on DNT/polymer systems indicated that the
attractive force between the polymer and DNT reduced the
sample volume (passivation effect), while the repulsive force
between DNTs increased the sample volume (activation
effect).®® With the increase of DNT, the passivation effect

View Article Online
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between DNTs became stronger than the activation effect
between DNTs and polymer, leading to a parabolic relationship.
In our work, there is localized aggregation of DNT, which leads
to the marginal volume change of the bituminous binder,
resulting in a weak relationship. To reveal the underlying
mechanisms behind the increased T, observed in the sample
containing 5.05 wt% DNT, a comparison of the MSD curves was
conducted with its counterpart containing 2.56 wt% DNT at 300
K. According to Fig. 3c and d, both samples share similar MSD
profiles with certain slight differences. The gap between the
polar aromatic and asphaltene molecules became smaller for
higher DNT contents, suggesting the suppressed mobility of the
polar molecules. With increasing DNT content, the mobility of
DNTs themselves decreased, which is understandable due to
the repulsive interactions between each DNT. Specifically,
a remarkable increase in MSD for the polar aromatic molecules
was observed between 0.4 and 0.6 ns for the sample with
2.56 wt% DNTs. In comparison, the sample with 5.05 wt% DNT
did not exhibit such a sudden increase phenomenon. This
observation suggests that the addition of DNTs promotes the
motion of small molecules but passivates the motion of large
molecules of the bitumen. Since the high proportion of small
molecules in the bitumen system dominates the mobility of the
whole sample, it eventually leads to an increase in T, with
a suitable content of DNTSs.

According to the MSD curves, no significant displacements
of DNTs occurred during the cooling process due to their
comparatively high molecular weight. Compared with the initial
configurations, aggregation between DNTs was observed during

264 25 g y
— Saturate 2.56wt%
. — Naphthene T =300
— Polar aromatic
r — Asphaltene

1.29 2.56 3.81 5.05 6.30 8.37 0 012 0:4 0:6 0:8 1
(@) Wt% of DNTs © Time (ns)
10
8 25 — Saturate 5.05wt%
20+ —Naphthene  T=300K
6 < —Polar aromatic
<L 151 —Asphaltene
a
4 @10}
=
2 5t
0 - 0 0= il
0 10 20 30 40 50 0 02 04 06 0.8 1 5.05Wt%DNTR
(b) x (A) (d) Time (ns) ) & ons & 37.5ns

Fig. 3 Simulation results for the bituminous binder with randomly dispersed DNTs. (a) The glass transition temperature of the DNT-bitumen
system with various weight percentages of DNTs. The grey region represents the fluctuation range of the Ty of the pristine bituminous binder. (b)
The projected C atom density contour in the xy-plane of the sample model. The mean square displacement (MSD) of different molecules at 300
K for the sample with (c) 2.56 wt% DNT and (d) 5.05 wt% DNT. The orientation of DNTs at the initial state and the simulation time of 37.5 ns during
the cooling process for the sample with (e) 2.56 wt% DNT and (f) 5.05 wt% DNT. DNTs are colored according to the simulation time.
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the cooling process. Fig. 3e and f show that there were different
aggregation patterns within the sample. Since the relative
positions of the DNTs are randomly assembled during
modeling, different assembly situations yield different molec-
ular environments around the DNTSs.*” With 5.05 wt% DNTs, the
aggregation of DNT became obvious, leading to a large degree of
inhomogeneity within the sample and thus, increased T,
Overall, the aggregation of DNT fillers and the enhanced
mobility of small molecules can explain the increased T, in
Fig. 3a (with 5.05 wt% DNTs). Since these effects are highly
correlated with the microstructure of the sample, a separate
study is desired to clarify which effect plays the dominant role.

The above results signify that the dispersion of DNTs will affect
the aggregation of different molecules, and thus the mobility of
the constituent molecules. To further demonstrate the potential
impacts, we established bituminous binder models with
controlled dispersion of DNTSs. Besides the sample with randomly
distributed DNTs (named model I), five samples (denoted as
model II to model VI) with different distribution patterns were
constructed. All samples had an identical weight percentage of
DNTs, ie., 5.05 wt%. Specifically, model II initially contained
evenly distributed DNTs along the xy plane, which were placed in
the middle of the sample and vertical to the xy plane; model III
contained vertically aligned DNTs but their positions were not
constrained in the x, y, and z directions; model IV contained four
vertically aligned DNT bundles (each bundle contained three
DNTs); model V contained two vertically aligned DNT bundles;

View Article Online
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model VI contained only on vertically aligned DNT bundles. In
models IV to VI, the DNT bundles were placed in the middle of the
sample along the thickness direction (z-axis) and were evenly
distributed in the xy plane. As shown in Fig. 4a, the preset
orientations of DNTs or DNT bundles changed during the relax-
ation stage due to the movement of bituminous molecules. Fig. 4b
compares the T, of these models, from which both reduced and
increased T, were observed. Overall, model II (with controlled
distribution of individual DNTSs) and model V exhibited a much
smaller T, as compared with model I, which is similar to that of
the neat bitumen. A large variation range was observed for models
111, IV, and VI.

Following the previous discussion, there are two coexisting
mechanisms affecting Ty, ie., the uniformly distributed system
forms a dense network that restricts the mobility of molecules;*®
the movement of molecules is reduced due to the strong
adsorption effect from DNTs.* For illustration, we calculated
the distribution of C atoms of model II for a given slab (left
panel in Fig. 4c) with a thickness of 20 A. As shown in the right
panel of Fig. 4c, the C distribution near the DNTs region is quite
uniform without a clear formation of networks. This observa-
tion aligns with previous work, as the networks formed within
asphalt systems are temporary.” Due to the orientation change,
the left corner DNT is not clearly depicted (by the blue region).
Different from model II, clear clusters of C atoms were observed
near the DNT bundles in model V together with relatively large
voids. In other words, the DNT bundles with larger effective

264 |
260 EI [ ]
X .
g | w__jﬂ E
256 | I
252 i 1 1 1 1 1 1
I I ] 1\ \' Vi
(b) Distribution patterns of DNTs

Fig. 4 Simulation results for the bituminous binder with vertically aligned DNTs. (a) Cross-sectional view of the model with different DNT
construction methods. (b) The glass transition temperature for the sample with different distribution patterns. (c) Atomistic view of the sample
(left panel, the highlighted region is the density calculation regime) and the corresponding C atom density distribution (right panel). The DNT

fillers were excluded while calculating the C atom density profile.
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diameters have a stronger adsorption effect on the bituminous
molecules. Based on the colloid theory of bitumen, there is also
mutual adsorption and bonding between bitumen molecules,
with asphaltene being the dispersed phase while saturates and
aromatics act as dispersants. In neat bitumen, the asphaltene
exhibits a tendency to aggregate.”””* According to the distribu-
tion of C atoms, it is anticipated that the uniform distribution of
DNTs in model II hinders the aggregation of asphaltene to
a certain extent, and thus improves its low-temperature prop-
erties with a decreased T,. In comparison, the decreased T, in
models V and VI are attributed to the strong adsorption of DNT
bundles on bitumen molecules, which enhances its ability to
resist cooling.

3.3 Bituminous binder with functionalized DNT

Given the influence of aggregated DNTs (DNT bundles), we
further examined the T, of bituminous binder with function-
alized DNTs, where functional groups were frequently grafted
onto nanofillers to avoid their aggregation. Here, the sample
with 5.05 wt% randomly dispersed DNTs was considered.
Common functional groups, including -CH3, -COOH, -C,Hs,
and -C¢Hs, were adopted, which randomly replaced the H
atoms on the DNT surface (Fig. 5a). For an even comparison, the
functionalization percentage was kept the same at 15%, and the
functionalization sites were kept the same for all models. From
Fig. 5b, the introduction of -CH; and -Cg¢Hs resulted in a slight
decrease in T, while the existence of ~-C,H; and ~-COOH exerted
a marginal impact on T,. Interestingly, T, of the sample with -
CeH; groups exhibited a large variation. One potential expla-
nation for such an observation is the benzene rings in the -C¢Hj
groups, which result in strong m-bonds with the asphaltene
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molecules. Thus, a minor change in the orientation of -C¢Hjs
groups can lead to a greater influence on the structure.

Considering the existence of w-bonds in -C¢Hs and H-bonds
in the -COOH-functionalized samples, we also examined the T,
of the samples with varying functionalization percentages. As
displayed in Fig. 5c, the functionalization percentage of -COOH
did not influence the T, except in the case with a 5% func-
tionalization ratio, where a reduced T, was observed. Additional
calculations were conducted for three different models with 5%
—-COOH (by varying the dispersion of the DNTs), from which
a uniformly decreased T, was observed. For the sample with -
Cg¢H; groups, a relatively large variation of T, was detected,
while the mean value of T, appeared irrelevant to the func-
tionalization ratio. Such large variations in T, could be because
the -C¢H5 groups are more flexible on the surface of DNTs. With
the formation and breaking of w-bonds, such flexibility induces
stronger microstructural rearrangements during the simula-
tion. Here, the formation and breakage of -bonds can be easily
identified by tracking the movements of adjacent molecules
that contain benzene rings, which are controlled by the vdwW
interactions in the applied force field. Based on the atomic
configurations, we monitored the distance between the axes of
two DNTSs. It was found that the most dispersed DNT distribu-
tion and the lowest degree of aggregation of asphaltene always
resulted in the lowest T, (lower boundary of the box plot in
Fig. 5¢). Calculation details are given in ESI S3.}

The aggregation of DNTs and the molecular environment in
the vicinity of DNTs directly affect T,..” To quantify the effects of
functional groups, we counted the number of atoms for
different molecules surrounding the DNTs. Given that the long-
distance van der Waals cutoff distance was set as 12.5 A and the
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260 - ﬁ- - - —
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Fig. 5 Simulation results for the bituminous binder with functionalized DNTs. (a) The atomistic structure (left panel) and the bituminous binder
model (right panel). (b) The glass transition temperature for models containing different functional groups. (c) The functionalization percentage
of ~COOH and (d) —CgHs. The dashed region represents the Ty of the sample without functionalization.
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diameter of DNT was approximately 5 A, a cylindrical domain
with a radius of 15 A was selected to investigate the adsorption
capacity of the DNT fillers, which shared the axis of the corre-
sponding DNT filler. The error bars in Fig. 6a represent the
calculation data from ten frames (with a time interval of 5 ps) at
the equilibrium state for each model to ensure accuracy. The
introduction of functional groups increased the attractive force
of DNT toward neighboring molecules, especially at low
temperatures. The sample containing -CsHs groups had the
fewest surrounding atoms at the rubber state (300 K, Fig. 6a),
while the models with -CH; and -COOH groups had the highest
number of surrounding atoms. Since the -CHj; group has
a shorter length as compared with other groups, more mole-
cules can approach the surface of the DNT fillers. The -COOH
group enhanced the adsorption of bituminous molecules onto
DNTs due to the presence of hydrogen bonds. In comparison,
the sample with -C,H; groups exhibited the highest tempera-
ture sensitivity with a relatively large variation in the number of
surrounding atoms. It is estimated that the longer -C,H; group
provides many binding sites at low temperatures, which is
beneficial for attracting bituminous molecules to the vicinity of
DNTs. However, at higher temperatures, there are fewer nearby
molecules with increasing molecular mobility, and the
branching chain instead hinders the adsorption of molecules.
The introduction of functional groups leads to a similar number
of unsaturated molecules around DNTs at higher temperatures.
However, significant differences were observed under low-
temperature conditions, with a noticeable increase in non-
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saturated molecules near DNTs with -COOH and -CgHj;
groups. In comparison, the sample with -C,Hs groups exhibited
a slightly decreased number of non-saturated molecules. It is
worth noting that the number of asphaltene molecules around
the -CcH; group showed a significant increase as the temper-
ature decreased, once again demonstrating the strong adsorp-
tion effect of m-bonds on asphaltene. From the energy point of
view, the introduction of polar functional groups can increase
the intermolecular non-bond interactions, such as the van der
Waals and electrostatic interactions. Thus, polar functional
groups are expected to strengthen intermolecular bonding and
increase the resistance to deformation (caused by external
forces or temperature rise).”

Fig. 6b and c further compare the number of surrounding
atoms between the samples with different functionalization
percentages. When the functionalization ratio is below 20%, the
introduction of -COOH or -C¢H; groups will rearrange the
overall molecular distributions as the temperature changes. At
10% functionalization of -C¢Hs groups, there are notable
changes in the number and arrangement of atoms around
DNTs, suggesting that the formation and breaking of t-bonds is
most prominent at this point. This aligns with the earlier
mention of significant fluctuations in Fig. 5d. To identify which
molecule around DNT has the highest correlation to Ty, we
systematically analyzed the Pearson correlation coefficients
(PCCs)™ between each molecule and T, in ESI S4.1 For data
accuracy, ten frames (with a time interval of 5 ps) in the equi-
librium state for each model were selected for calculation,
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Fig. 6 Simulation results for bituminous binders with functionalized DNTs. The atomic number of each molecule surrounding the axis of the

DNT fillers for the sample: (a) with different types of functional groups; (b) with different functionalization percentages of —-COOH and (c)

—CgHs.

(d) The pairwise relationship between the number of atoms in the bitumen (left panel) and naphthene molecules (right panel) around DNTs and T

at different temperatures. Here, PCC refers to the Pearson correlation

coefficient; the red marker represents the DNT/bitumen system without

functional groups, while the green, pink, yellow, and black markers represent those modified with —CH3z, —C,Hs, ~-COOH, and —CgHs groups,
respectively; and the light-colored region represents the 95% confidence interval.
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which were averaged for fitting purposes. The strongest corre-
lation was found between the number of naphthenes clustered
around the DNTs under 300 K with a PCC value of about —0.75,
and the second strongest was for bitumen molecules with a PCC
value of about —0.62 (Fig. 6d). It was observed that DNT with —
CeHs groups is more likely to deviate from the fitted line, which
further suggests the impacts from the m-bonds. Above all, to
further quantify the impact of functionalized DNTs on the T, of
bitumen, additional systematic work is desirable, considering
a wider range of factors such as the size of the filler, the location
of the functional groups, and the composition molecules of
bitumen.

4. Conclusions

Based on large-scale molecular dynamics simulation, we
systematically analyzed the impact of DNT on the glass transi-
tion temperature (T,) of bitumen for the first time. The glass
transition phenomenon of the bitumen is closely related to the
mobility of its constituent atoms/molecules, and the mobility of
polar molecules is particularly sensitive to temperature
changes. By varying the content of randomly distributed DNT,
T, was found to generally increase with the increase of the
weight percentage of DNT and then decrease when the weight
percentage exceeds 5.05 wt%. The enhancement effect was
weakened when DNT was distributed vertically or functional-
ized with functional groups, especially when -C¢Hs groups were
grafted. From a microscopic molecular viewpoint, the presence
of DNTs leads to an inhomogeneous bituminous matrix,
thereby enhancing the mobility of small molecules while
inhibiting the mobility of large molecules in the bitumen. The
dispersion of DNTs was found to alter the aggregation of
different molecules, and thus affect the mobility of the
constituent molecules within the bituminous binder. For
instance, the sample with vertically and uniformly aligned
DNTs exhibited an obviously reduced T, due to the formation of
temporary networks that obstruct molecular motion. In
comparison, the sample with two bundles of DNTs also
exhibited an obviously reduced T, which was caused by the
strong adsorption effect on the bituminous molecules. The
introduction of -CH; and -C¢H; functional groups on DNTSs
resulted in a slight decrease in Ty, while the existence of ~C,H;
and -COOH exerted a marginal impact on T,. Specifically, the
sample with —-C¢H; groups showed a relatively large variation in
Ty due to the formation and breakage of  bonds. Overall, the
sample with the dispersed DNTs and the lower degree of
aggregation of asphaltene always exhibited a lower T,.

In summary, this work provides an in-depth analysis of the
glass transition of bituminous binder, focusing on the micro-
structural changes induced by the presence of DNT nano-
additives. Aggregation and adhesion are the dominant mecha-
nisms observed in the DNT/bitumen system that affect the
mobility of its constituent molecules. These findings provide
theoretical guidance for selecting nano-additives to achieve the
desired Ty. It is important to note that this work only considers
a bituminous binder model with four types of molecules.
Therefore, further investigation is warranted to explore the
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interactions between different bituminous molecules and
DNTs. Given the vast number of molecules present in real
bituminous binders, high-throughput computation techniques
should be employed for such purposes. Meanwhile, with the
development of the machine-learning interatomic potentials,
the simulation accuracy can be improved,””® compared to the
universal potential currently used, which also requires building
a customized dataset for various bituminous molecules. The
establishment of the bitumen-customized dataset and high-
throughput algorithm is scheduled for future studies.
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