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The terminal structures of cis-1,4-polyisoprene (PI) chains significantly influence the exceptional mechanical
properties of Hevea natural rubber (NR), including high toughness, wet skid resistance, and strain-induced crystallization. We
conducted all-atom molecular dynamics simulations to investigate the structural and dynamic properties of PI melt systems with
various terminal group combinations. These included single-component melts and binary mixtures of chains with ester- and hydroxy-
terminated a-terminal groups. The study revealed that hydrogen bonding between a-terminal groups drive the formation of stable
homogeneous and heterogeneous clusters. In single-component systems, hydroxy-terminal groups promoted homogeneous clusters,
while in binary mixtures, heterogeneous clusters formed between ester and hydroxy terminals. These clusters, ranging in size from 2
to S chains, serve as physical junction points, slowing chain dynamics and enhancing network stability. Dynamic properties, such as
rotational relaxation, Rouse mode times, and stress—stress autocorrelation, were significantly influenced by cluster formation,
particularly in mixed systems. The stress—stress autocorrelation function, G(t), exhibits a Rouse-type relaxation behavior (G(t) ~
£7'/2) in the intermediate time range for PI,. In contrast, the mixed melt systems PI, show a slower relaxation compared to the pure
components. This slower relaxation is attributed to the formation of stable, well-ordered heterogeneous clusters, driven by hydrogen
bonding between ester and hydroxy-terminal groups. These findings provide evidence for the formation of physical junction points
between hydroxy- and ester-terminated polyisoprene chains through their respective a1, a2, a3, a4, aS, and a6 terminals. These
physical junction points might be crucial for superior properties of NR such as high toughness, crack growth resistance, and strain-
induced crystallization.

ester terminal group, hydroxy terminal group, homogeneous cluster, heterogeneous cluster, potentials of mean force,
hydrogen bond, physical junction points

ends of polyisoprene molecules within natural rubber
compositions.l_4

Hevea natural rubber (NR) exhibits a plethora of high-
performance attributes, including remarkable malleability,

Natural rubber finds widespread application in commonplace
items such as vehicle tires, rubber bands, hoses, gloves, boots,
and various industrial components that may not necessarily

feature prominently in everyday use. The distinctive properties
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exhibited by natural rubber products are characterized by their January 17, 2025
exceptional attributes, notably elevated toughness, superior January 17, 2025
tensile strength, and remarkable resistance to crack propagation. February 16, 2025

These superior characteristics are believed to be intricately

associated with the nuanced effects arising from the terminal
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impact resistance, elasticity, resilience, efficient heat dispersion,
and cold temperature abrasion resistance. These characteristics
are not solely reliant on the high molecular weight of the cis-1,4-
polyisoprene chain and the quantity of cis isoprene, but are
intricately linked to the structural conﬁ%urations of the end
groups within the polymer chain of NR.">® Despite over eight
decades of manufacturing research, synthetic rubber has been
unable to replicate the distinctive chemical and mechanical
properties of natural rubber.’ Due to its exceptional attributes,
natural rubber remains indispensable across a diverse array of
industries, including tire manufacturing, medical devices, and
engineering applications. Synthetic polyisoprene rubber (IR)
has emerged as an alternative source in response to the
escalating demand for natural rubber. While the main chain
structure of synthetic polyisoprene closely resembles that of
natural rubber, the mechanical properties of IRs, including
tensile strength, and tearing strength, notably lag behind those of
NRs.” The polar terminal ends of NR have been identified as
significant contributors to the mechanical performance of
natural rubber.® Consequently, in pursuit of enhancing the
chemical and mechanical attributes of IRs, a deeper under-
standing of the molecular interactions governing the association
of terminal ends within polyisoprene chains of natural rubber is
imperative.

The unprocessed latex of natural rubber, derived from the
Hevea brasiliensis tree, encompasses a complex mixture of
constituents, including rubber particles, proteins, metal ions,
carbohydrates, lipids, and various other compounds.”'’ Hevea
natural rubber primarily consists of cis-polyisoprene as its main
chain, accompanied by two distinct types of end functional
groups.'" The primary structure of the polymer chain in natural
rubber comprises cis-1,4-polyisoprene as its main chain,
alongside distinctive @w-end and a-end groups. The w-end
group typically consists of a single unit of dimethylallyl
combined with two to three trans-14-isoprene units.”"'
Conversely, the a-end group exhibits variability, encompassing
hydroxy, ester,"”'' and phosphate functionalities."® The
mechanical property of rubber’s ability to resist deformation
and fracture before undergoing vulcanization is commonly
known as its green strength.” The presence of specific functional
groups within Hevea natural rubber leads to an augmented
sigmoidal stress response as strain increases. This characteristic
behavior serves as a reliable indicator of its robust green strength
and its capacity to endure deformation under strain.'® There is
conjecture regarding the binding of protein to the w-terminal
and lipid to the a-terminal of the polymer, leading to the
formation of branch points within the structure.'® These branch
points play a pivotal role in facilitating polymer chain elongation
during deformation. A comprehensive investigation conducted
by Tanaka et al. utilizing NMR spectroscopy has yielded
significant insights into the behavior of these functional
groups.'* Their findings suggest a plausible association between
lipid molecules and the a-terminal, possibly mediated by
hydrogen bonds or ionic interactions.'” A recent experimental
investigation has proposed that the formation of physical
junction points via the terminal groups of polyisoprene chains
within natural rubber plays a pivotal role in facilitating strain-
induced crystallization in NR.">'* Oouchi et al.'" documented
the occurrence of a mixture comprising various types of ester-
and hydroxy-terminated cis-1,4-polyisoprene chains in the
Hevea natural rubber sample. Their findings delineated six
distinct types of an terminal ends (an-terminal groups, where n
ranges from 1 to 6), with odd-numbered @ terminals
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representing ester terminal groups (al, a3, aS), and even-
numbered @ terminal groups corresponding to hydroxy terminal
groups (@2, a4, a6). In our prior investigations on melt systems
composed only of PI with @ and a single type of an terminals, we
demonstrated the absence of cluster formation between ester-
terminal ends within pure melt systems of ester-terminated cis-
1,4-polyisoprene. Conversely, hydroxy-terminal ends in hy-
droxy-terminated cis-1,4-polyisoprene pure melt systems facili-
tated the establishment of stable clusters."* Consequently, the
precise structural mechanism governing the formation of
physical junction points via ester-terminal ends remains
unresolved. In this study, we aim to elucidate the impact of
both @-terminal and a-terminal groups on the formation of
physical junction points through the terminal groups of
polyisoprene chains in mixtures of ester- and hydroxy-
terminated cis-1,4-polyisoprene chains, in other words, to
investigate synergy effects by mixing two types chains with
ester- and hydroxy-terminal ends. Notably, our investigation
excludes any involvement of carbohydrates, metal ions, proteins,
and lipids. To achieve this objective, we employ a multiscale
method which we have used in our previous studies."*™'
Molecular modeling and molecular dynamics simulations have
become essential methodologies in polymer science, enabling
the exploration of molecular complexities inherent in the
mechanical and chemical characteristics of polymers. These
computational approaches offer invaluable insights into polymer
behavior, complementing experimental investigations by
providing a deeper understanding of phenomena that may be
difficult to discern solely through experimental means."*~** Cis-
1,4 polyisoprene (PI) melts have served as a prototypical system
for understanding polymer dynamics and their influence on
macroscopic properties for over five decades.'*™'*!??>>5733 ¢
understand the polymer dynamics and dielectric relaxation
spectroscopy is extensively utilized to explore the dynamic
behavior of polyisoprene.'”*>*’~***!733 The inherent asym-
metry in the repeat unit of cis-1,4-polyisoprene results in dipole
moment components aligned both parallel and perpendicular to
the polymer chain contour. This structural feature gives rise to
two distinct relaxation processes: the dielectric normal-mode
relaxation, associated with chain-scale dynamics, and the a-
relaxation, which corresponds to segmental mo-
tions.'”*>*’7**3173% The normal-mode relaxation is governed
by the dipole moment component parallel to the polymer
backbone, whereas the @-relaxation predominantly arises from
localized fluctuations of the perpendicular dipole moment
component. Adachi et al.>* reported the observation of two
distinct dielectric relaxation processes in cis-polyisoprene (cis-
PI) samples with varying molecular weights: the normal mode,
linked to fluctuations in the end-to-end distance, and the
segmental mode. The relaxation time for the normal mode
exhibited a significant dependence on molecular weight (M).
Below the critical molecular weight (M, = 10*), the relaxation
time for the normal mode followed a M* dependence, in
accordance with Rouse theory. However, above M, the
dependence shifted to M7, consistent with the tube disengage-
ment mechanism proposed by de Gennes.” Furthermore, the
distribution of relaxation times became broader as molecular
weight increased, with a shift toward higher frequencies, in line
with predictions based on tube theory.>® Subsequent inves-
tigations have refined the scaling laws governing viscosity and
relaxation times while considering the effects of temperature,
polydispersity, and microstructure,'®>"?>?20282931733 The.
oretical and mesoscopic models of cis-1,4-polyisoprene (PI)
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Table 1. Melt Systems Utilized in the Investigation”

system chain cis-isoprene  terminal 1  terminal 2 N
PI, uPly 24 isoprene isoprene 24
PI; WPl 21 w al 24
Pl oPlan 21 w a2 24
Pl oPlas 21 0] a3 24
Pl oPlas 21 w a4 24
Ply oPlas 21 w as 24
PILy; oPlag 21 0] ab 24
Pl oPla + oPly 21 0] al 24

21 [ a2 24
Plipy oPlaz + Py 21 w a3 24

21 2] a4 24
Ply,v; WPLys + Pl 21 w as 24

21 0] a6 24

M NVT (ns) sim.annl (ns) NPT (ns) NVT production run (ns)
S12 20 20 100 1100
512 20 20 100 1100
S12 20 20 100 1100
512 20 20 100 1100
512 20 20 100 1100
512 20 20 100 1100
512 20 20 100 1100
256 20 20 100 1100
256
256 20 20 100 1100
256
256 20 20 100 1100
256

“The parameter N indicates the total number of monomers constituting each polymer chain, while M denotes the number of chains present within
each melt system. To ensure thorough analysis, full-atom molecular dynamics (MD) simulations were conducted, following a predefined sequence
comprising NVT equilibration, simulated annealing, NPT equilibration, and NVT production run.

predominantly adopt a top-down framework, utilizing exper-
imental data to define phenomenological parameters and predict
macroscopic properties. However, these models often derive
from data sets obtained under diverse conditions, such as
varying microstructures, polydispersities, and temperatures,
employing techniques like rheology or dielectric relaxation
spectroscopy (DRS). This variability introduces potential
limitations in the universality and consistency of these
approaches. In contrast, molecular simulations offer the
advantage of directly probing well-defined polymer models
without assumptions about underlying mechanisms. Pioneering
simulations by Kremer and Grest on bead—spring models'
provided insights into the transition from Rouse to reptation
dynamics, revealing that while inner chain segments exhibit
restricted mobility consistent with reptation, chain ends retain
faster motion independent of molecular weight (M). Sub-
sequent studies, such as those by Hou and colleagues,’
integrated stress relaxation and primitive-path analysis to
demonstrate that constraint-release (CR) and contour-length
fluctuation (CLF) effects persist until extensive entanglement is
achieved. Building on these foundational efforts, recent
simulations of polyethylene (PE) and polybutadiene (PB)
melts have enabled the investigation of system-specific effects
and facilitated comparisons with experimental data. For PI,
however, the slower dynamics relative to PE and PB have limited
the application of atomistic models to low molecular weights (M
< 2000 g/mol). To address this challenge, systematically
developed coarse-grained (CG) models have emerged as an
efficient alternative, balancing computational feasibility with
predictive accuracy.”* " Li et al.*' proposed coarse-grained
(CG) models utilizing the Inverse Boltzmann Method** for
polyisoprene (PI), which facilitate the prediction of dynamic
moduli, shear viscosities, and relaxation moduli for cis-1,4-
polyisoprene and polyethylene.*’ Extensions of these models to
longer chains facilitated mapping of primitive-path statistics to
mean-field slip-link frameworks.”* More recently, Okhuma et
al.** introduced a two-bead-per-monomer CG model for cis-1,4-
polyisoprene with pressure corrections based on Inverse
Boltzmann Method, achieving robust predictions of viscoelastic
behavior and stress relaxation for cis-1,4-polyisoprene melt
systems. In our recent investigations,m_m’45 we employed a
multiscale methodology to examine the association among
terminal groups within the cis-1,4-polyisoprene chain. In this

investigation, our focus lies on cis-1,4-polyisoprene, wherein we
specifically analyze the presence of @-terminal and an-terminal
groups (n = 1, 2,-+, 6). Oouchi’s investigation into natural
polyisoprene revealed the fractions of chains with different
terminal groups (an) as follows: al: 24%, a2: 2%, a3: 53%, a4:
13%, aS: 8%, and a6: <0.5%. This entails the scrutiny of ten
distinct melt systems, each distinguished by a unique @-terminal
group, as well as six different types of a-terminal groups (refer to
Figure S1): ester-terminated isopentene [-CH2 — C(CH2) —
CH2 — CH2 — O — CO — CH3] (al), hydroxy-terminated
isopentene [-CH2 — C(CH2) — CH2 — CH2 — OH] (a2),
ester-terminated isobutane [-CH2 — CH(CH3) — CH2 — O —
CO — CH3](a3), hydroxy-terminated isobutane [—~CH2 —
CH(CH3) — CH2 — OH] (a4), ester-terminated 1,4-cis-
isoprene [~CH2 — C(CH3) = CH — CH2 — O — CO — CH3]
(aS) and hydroxy-terminated 1,4-cis-isoprene [—CH2 —
C(CH3) = CH — CH2 — OH] (a6) terminal groups. We
have employed the same model as detailed in our previous
study.'*~ "¢ Although the main components of natural rubber
consist of the six types of cis-polyisoprene with different
chemical structures of a terminal ends and with different
fractions, in the present work, we focus on the synergy effect of
mixtures composed of PI's with ester- and hydroxy-groups in
terminals, i.e., 50:50 mixtures of PI’s with odd-numbered and
even-numbered o terminals. From the nine combinations, we
have chosen three typical mixtures, i.e., PIj,y;, PIyy, 1y, and Pl ;.
Comprehensive details of each PI melt system are provided in
Table 1.

Our investigation encompasses ten unique cis-1,4-polyisoprene
melt systems, distinguished by diverse combinations of w-
terminal and a-terminal groups (see Figure S1 and Table 1).
Each melt system comprises a total of 512 polymer chains, with
each chain composed of 24 monomers (M = 512, N = 24). This
methodology remains consistent with our prior investigations,
where we undertook a comparable approach albeit with
exclusive attention directed toward the six variations of a-
terminals.'*™'%*® Prior findings suggest that natural rubbers
featuring lower molecular weights tend to exhibit enhanced
mechanical and rheological properties, largely attributed to a
higher prevalence of shorter chains.*” The terminal groups of
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Table 2. This Table Presents the Mean-Square End-to-End Distance, {R2,) [nm?], and Mean Square Radius of Gyration, (R )
[nm’], alongside the Kuhn Length, b [nm], and the Number of Kuhn Segments, Ny, for All Melt Systems at 360 K and 1 Bar

system chain type of & terminal (R%) [nm?]
PI, uPly 8.73 £0.25
Pl oPla ester 9.93 £ 0.30
Pl oPlar 9.93 +£0.39
Py wPlas 9.67 + 0.28
Plypy wPlas 9.49 + 0.42
Ply oPlas 9.36 + 027
Plyvi oPlas 9.13 £ 036
Ply Pl hydroxy 9.60 + 0.29
Pliy oPla 9.74 £ 041
Pl wPlay 9.56 + 0.28
Plypy wPlag 9.76 + 0.42
Plyy wPlag 9.00 + 0.30
Plyvi wPlag 9.10 + 0.44

shorter chains are thought to readily establish associations,
potentially interacting with nonrubber components such as
proteins, li_})ids, and sugars, thereby facilitating aggregate
formation.”” In the realm of natural rubber, longer molecular
chains have been observed to manifest inferior mechanical and
physical attributes. This phenomenon is ascribed to the reduced
density of chain end groups, which may contribute to a
diminished propensity for aggregate formation. Consequently,
to achieve a deeper understanding of aggregate formation
involving terminal groups, we have chosen to concentrate on
shorter polyisoprene chains. The molecular weight distribution
of naturally occurring polyisoprene, sourced from rubber trees,
spans an extensive range from 100 to 2000 kDa, as documented
in prior investigations.** This broad spectrum poses a
formidable challenge for computational simulations, given its
substantial magnitude and varying chain lengths. Consequently,
our primary research objective centers on elucidating the
influence of end groups on the formation dynamics of both polar
and nonpolar aggregates. To achieve this, we focus on a
representative polyisoprene chain with a molecular weight of 1.6
kDa, deemed adequate for the specific aims of our study.

The initial configuration for each melt system is established
using a multiscale methodology. Here we briefly describe how to
prepare the initial equilibrium state of a melt system. The details
of the methodology can be referred to in our prior
papers.'*7'%*® Each melt system underwent NPT and NVT
coarse-grained molecular dynamics (MD) simulations to rela.x
the polymer chains, utilizing the OPENMM software package.*’
The relaxed coarse-grained structures were then converted to
all-atom representations (Figure S2), which were subsequently
used to conduct all-atom MD simulations with GROMACS
(version 2019.2)>° All-atom molecular dynamics simulations
were conducted using the CHARMM general all-atom force
field,”" which has been extensively validated for various types of
polymer melt systems.>”

The temperature and pressure are maintained at 360 K and 1
bar, respectively, m1rror1n% the conditions established in our
previous investigations."”'*** To prepare the systems for
simulation, initial configurations undergo energy minimization
followed by successive stages of NVT equilibration, NPT
simulated annealing, and NPT equilibration processes (refer to
Table 1 for the corresponding classical MD simulation durations
for each phase). The resultant equilibrium structure is
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(Rg) [nm?] (Ree)/(R) b [nm] Nig
1.43 £ 0.02 6.11 0.80 13.50
1.55 £ 0.02 6.39 091 12.03
1.55 £ 0.04 6.39 0.92 11.89
1.54 + 0.03 6.27 0.85 13.28
1.51 £ 0.04 6.31 0.85 13.33
1.49 £ 0.02 6.28 0.84 13.30
1.47 £ 0.03 6.23 0.83 13.38
1.50 £ 0.02 6.38 0.88 12.45
1.52 + 0.03 6.42 0.89 12.36
1.52 £ 0.03 6.31 0.86 12.90
1.55 £ 0.04 6.28 0.86 12.94
1.44 £ 0.03 6.23 0.81 13.59
1.45 £ 0.04 6.27 0.82 13.42

subsequently subjected to a production run extending over
1100 ns. The trajectories derived from these simulations
facilitate the calculation of fundamental properties such as the
radius of gyration, end-to-end distance, and radial distribution
function between terminal groups. These analyses offer insights
into the intricate local structure of branching physical junction
points formed between or among polyisoprene chain ends. To
ensure temperature stability throughout the simulations, we
utilize the Nosé—Hoover thermostat with a coupling constant of
1 ps. To maintain system pressure at 1 bar throughout
equilibration and production runs, both the Berendsen barostat
and Parrinello—Rahman barostat™ are employed, with time
constants of S ps. The compressibility is set at 4.5 X 107> bar™*
(4.5 x 107 Pa™!) for the Parrinello—Rahman barostat. The
neighbor list is constructed using the Verlet cutoff scheme, with
a cutoft radius of 1.2 nm for all-atom MD simulations. Hydrogen
bond lengths are constrained using the LINCS algorithm,54 and
a time step of 2 fs is utilized for all-atom molecular dynamics.
Electrostatic interactions are computed using the particle mesh
Ewald method.”

In this section, we present an in-depth analysis of findings
derived from our extensive all-atom molecular dynamics
simulations. Our investigation is centered on a detailed
exploration of static and dynamic characteristics, encompassing
parameters such as end-to-end distances, radii of gyration, mean
square internal distance, end-to-end vector autocorrelation
functions, and Rouse mode analysis. These properties are
specifically pertained to elucidate the behavior of polyisoprene
chains across ten melt systems as enumerated in Table 1. To
evaluate the equilibrated states of the polymer chains, our
analysis focuses on the end-to-end distance R.. and radius of
gyration R,. Time-dependent profiles of R, and R,, depicted in
Figure S3 (provided in the Supporting Information), reveal their
stability throughout the simulation period, indicative of the
attainment of equilibrium by the polymer chains. Furthermore,
we determine the mean square end-to-end distance (RZ) and
mean square radius of gyration (R;) for the equilibrated systems.
The resultant ratio of (R%) to (Rg> is tabulated in Table 2.
Remarkably, the observed ratio, proximate to 6 (Table 2),

https://doi.org/10.1021/acsaenm.4c00679
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corroborates the typical behavior of random Gaussian coil
conformations demonstrated by the polyisoprene chains.

The Kuhn length, denoted as b, serves as a fundamental
descriptor of polymer behavior, representing the ratio between
the mean square end-to-end distance, (R%), and the maximum
achievable length of the polymer chain when the chain is fully
extended, R, (eq 1).

R2
) _ (R
Rmax
Rmax = bNRB (1)

The parameters b, representing the Kuhn length of the polymer
chain, Ngg, signifying the count of Kuhn segments, and R,,,,
indicative of the fully extended length of the polymer chain,
constitute pivotal variables in our study.

Our investigation encompasses the comprehensive estimation
of both the Kuhn length and the number of Kuhn segments for
the polymer chain within each melt system, with exhaustive
findings elucidated in Table 2. Notably, the determined values
for the Kuhn lengths demonstrate notable agreement with
experimental observations.*®

The structural features of polymer chains in each melt system
are characterized by analyzing the mean square internal
distances, C, as presented in Figure S4 of the Supporting
Information. For all ten melt systems, C is evaluated as a function
of repeat unit separation (AN), using the scaled parameter C =
AR yvi_em/[(AN — 1)), with the mean square monomer
length defined as I* = 0.09 nm”. This analysis confirms that the
simulation times employed are sufficient, as the polymer chains
undergo displacements significantly larger than their own
dimensions multiple times. The computation of the end-to-
end vector autocorrelation function, represented by C(t), was
conducted for each melt system, varying with simulation time.
This analysis was carried out employing the subsequent
expression (eq 2).

R(£)-R(0)

€O = (0RO

> 2)
Here, R(0) and R(t) symbolize the end-to-end vectors at time ¢
= 0 and at time ¢, respectively. The angular brackets denote the
ensemble average. Visual representation of the end-to-end
vector autocorrelation functions C(t) for the ten systems,
labeled as 0, I, I1,--+, VI, I+1I, IIT+1V, and V+V], is presented in
Figure 1. Additionally, we ascertained the average relaxation
time by fitting the time correlation function to a Kohlrausch—
Williams—Watts stretched exponential function (eq 3):>’

; Fio
C(t) = exp —[—]

rot (3)
The rotational relaxation times, designated as 7, along with the
corresponding stretching exponents, denoted as f., are
visualized in Table 3 for the ten distinct systems under
consideration. Notably, in the context of the simple exponential
function, f,, assumes a value of 1, whereas for the stretched
exponential function, f3,, is constrained to values less than 1.
Table 3 illustrates the values of the stretching exponent 3, and
the rotational relaxation time 7, across the ten different melt
systems. The order of average relaxation time 7, is zPIy; < ,PI 3
(in Plyyy) < ,Plys (in Plyppy), Ply (in PL) < ,Ply; (in Ply,y),
oPlys (in PIy) < Pl (in Ply,y;) which shows that ester-

341

10% T T T T T T T T
Pl o) -
HPlH
C %y, @Plo L P 8
- 8 S [mPIaZ]PI" -
| ‘ ) [(DPI(XI]P||+" © |
| iQQQQr [m o24Pl o ]
o L 7 |
%%QE@ \
| C(t) zexpl-(tng)fo] o -
=exp rot S
0
0,
107" 1 1 1 1 1 | | |
0 10 20 30 40 50 60 70 80 90
Time [ns]
10% T T T T T o ]
, (mphmumumv[PﬁH“ ’
h o' o3Pl
B s Qe [wPI(x4]PI|V ]
B % S LoPlolpr,,, — © ]
- KQQQ [u) addPly v o -
s L |
- C(1) =expl-(Ur )] - - e
O
95
107" 1 1 1 1 1 | | |
0 10 20 30 40 50 60 70 80 90
Time [ns]
10° T x T T T ol 1 ]
s (€ Plo,v,vivavt | o HEH ]
- > [o (xS]PIV -
- S [u)Ploc6]Plv| -
- Sl [O)PIOLS]P|V+V| o _
| \QQ&& [co a6dPly, .y, o ]
s ‘W@ S -
o - g\&%@ S , —
- C(t) =exp[-(tt,gpro] -~ e
05|
o
107" 1 1 1 1 1 | | |
0 10 20 30 40 50 60 70 80 90

Time [ns]

Figure 1. Rotational correlation functions as a function of time for (a)
Ply, 1, 11, 121 (b) P, 1, v, mervs a0d (€) Ply v, vy viyy melt systems. The
empty circle stands for a fit to a stretched exponential (C(t) = exp[—(t/
7,0)7]) function.

terminated polyisoprene chains are more strongly associated
with each other in mixed melt systems than that of ester
terminated polyisoprene chains in pure melt systems. In the case
of Pl m141v, vevi mixed melt systems, the average relaxation
time for ester-terminated PI chains is higher than that of ester-
terminated PI chains in PI; 1 v single-component melt systems.
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Table 3. Showcases the Corresponding Rotational Relaxation
Times, Denoted as 7,,,, Computed by Fitting the End-to-End
Vector Autocorrelation Functions, C(t), to Both the Simple
Exponential (C(t) = exp(—t/7,,,)) and Stretched Exponential
(C(t) = exp[—(t/7.o,)"~]) Functions

average relaxation time 7, [ns]

type of a

system  chain terminal P =1 P # 1

PI, WPy 4541+ 001 4043 + 0.01 (B, =
0.84)

PI, JPLy ester 57.04 002 5128 + 0.01 (B, =
0.79)

Pl Py 64.67 +0.02 5518 + 0.01 (B, =
0.79)

Pl WP 53.10 + 0.01  44.58 + 0.01 (B, =
0.82)

Pl v oPlos §7.17 £ 0.02 48.97 + 0.01 ([)’m =
0.79)

P, oPlus $6.79 £0.02 4507 + 0.01 (S =
0.79)

Ply,v oPlys 6431 +0.02 49.75 +0.01 (B, =
0.78)

PI, Pl hydroxy 6571 £0.03  53.92 + 0.01 (B, =
0.80)

Pl JPL, 61.66 +0.02  53.61 + 0.01 (B =
0.81)

Pl JPL, 64.14 + 003 57.31 + 0.01 (B =
0.78)

Py oPly 58.86 + 0.02  49.33 + 0.01 (B, =
0.77)

Ply, DL 5723 £ 001  43.06 + 0.01 (B, =
0.80)

Plyi Pl $9.91 4002  50.65 + 0.01 (B =
0.79)

We perform Rouse mode analysis on the all-atom chains,
employing a coarse-grained representation consisting of 12—15
Rouse beads as delineated in Table 2. Following the principles
outlined in the Rouse model,”® we calculate the normal
coordinate denoted as X, specifically for the free chain termini.
This coordinate is defined as (eqs 4 and S):

X (t) = — / cos[ ] (), (p=

X0 == [ e, (=0

1,2, )

(4)

()

Here, Nyg represents the numerical count of Rouse beads
comprising a chain, with r, denoting the spatial coordinate of the
n-th Rouse bead, as referenced in literature.”®*® Within the
framework of a Rouse chain featuring free terminal ends, the
ant1c1pated theoretical outcome prescribes the relation 7,/7g =
1/p* Here, tp(=t,) denotes the longest chain relaxation time.
The Rouse mode analysis for a polymer chain with fully
immobilized chain ends can be conducted through the
utilization of the subsequent normal coordinate The analysis
of Rouse modes for a polymer chain with completely
immobilized terminal ends can be executed by employing the
following normal coordinate (eq 6):%°

x(t)——f [p_l/z)m

RB

] r (t)dn
(6)
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When considering fixed termini of the chain, the expected
theoretical expression of the relaxation time 7, for a mode p is
given as 7 /TR = 1/(p - 1/2)2 The time autocorrelation

function (X (t) - XP(O))/(XP(O) X,(0)) was computed for
Rouse modes p=1,2,3,, 6, derived from all-atom molecular
dynamics (MD) simulations. The resultant time autocorrelation
functions are depicted in Figure S5 of the Supporting
Information. Table 4 presents the longest relaxation time,

Table 4. Rouse Relaxation Time 7z Evaluated by the Fittings
of the Time Autocorrelation Function (X, (¢)X,(0))/{X,(0) -
X,(0)) with a Simple Decay Exponential Function

type of @ 7x (system) /7

system  chain terminal 7g [ns] 87

PI, wPLy hydrogen 48.88 + 0.01 1.00
PI; wPlat ester 66.99 + 0.02 1.37
Pl oPlar 70.07 £ 0.02 1.43
Plyy wPlas 56.56 + 0.01 1.16
Phpay  oPlas 59.64 + 0.01 122
Ply wPlas 64.83 + 0.02 1.32
Phyat oPlas 6642 + 0.02 1.35
PIy; oPla hydroxy 72.55 £ 0.04 1.48
Pl oPla 66.10 + 0.04 135
Pl WPl 72.70 + 0.03 1.48
Plipprv wPlas 61.30 + 0.03 1.25
Pl oPlas 57.07 £ 0.01 1.17
Plyoi  oPlus 64.10 + 0.01 1.31

7r(=7,), associated with the primary Rouse mode (p = 1) for
each melt system. Concurrently, Table 3 showcases 7, derived
from fitting a simple exponential decay function to the rotational
correlation function C(t) for individual melt systems. A
consistent correlation emerges between the relaxation time of
the primary Rouse mode 7, (refer to Table 4) and the rotational
relaxation time 7,,, (given in Table 3).

Theoretical underpinnings stipulate that in the absence of
constrained chain terminal, the scaling relationship is articulated
as7,/tg =1 /p*, while under fixed chain terminal conditions, this
relationship transforms to 7,/7g = 1/ (p — 1/2)% 0 Figure 2
visually elucidates the dependency of 7, on the normal mode p.

r

The determination of relaxation times 7, for polymer chains in

each melt system entails fitting the time autocorrelation function
(X,() - X,(0))/(X,(0) - X,(0)) with a simple exponential
function, specifically exp(—t/7,). If Rouse scaling is valid, all
curves depicted in Figure 2 are expected to converge onto a
unified trajectory, reflecting 7,/7y = 1/p* for unconfined chain
endsandz /TR = 1/(p — 1/2)? for fixed chain ends. In the case of
PI, (HPIH) where polyisoprene chains feature unbound termini,
adherence to Rouse scaling is apparent (as depicted by the gray-
colored solid circle symbol in Figure 2 for Rouse modes p =1, 2,
3, 6). Likewise, for the PI_y, y; and Pl iy, veyy melt
systems, the polyisoprene chains also adhere to the Rouse
scaling with free chain ends, indicating that any deviation in
higher modes is not induced by intermittent associations among
chain termini. In Table 4, we provide the relaxation time 7y for
the polymer chains within each analyzed melt system.

The observations from Figure 2 and Table 4 collectively
suggest that the systems (Ply ;v and Py v, vivi),
characterized by end-group associations, maintains adherence
to the scaling principles of the Rouse model with free ends.
However, it manifests a prolonged relaxation time scale due to
the intermittently constrained dynamics of chain ends.
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Figure 2. Plot of 7, vs p. The figure illustrates the relaxation times corresponding to distinct normal modes p of the polymer chains, elucidating the
dynamic characteristics of the melt system. In the inset of the plot, we have shown the log—log plot of 7,-vs-p.

(a) Pliin

(b) Plir41v

Figure 3. Snapshots depict (a) PI;,y;, (b) Plyy, 1y, (c) Ply,y; melt systems following a 1 ys production-run of all-atom MD simulations. Cyan coloring is
utilized to denote the dimethyl allyl group of @ terminals (comprising a Dimethyl allyl group and two trans-1,4-isoprene units), while a1, a2, a3, a4,
as$, and a6 terminals are represented by blue, red, web-blue, orange, green, and magenta colors, respectively. Backbone carbon and hydrogen atoms are

rendered in gray color.

Furthermore, an examination of Table 4 reveals that the
extension of relaxation time can be augmented through the
association between ester and hydroxy terminal ends. Based on
the data gleaned from our analyses, it is evident that the
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association among a-terminals does not alter the dynamics of

Rouse behavior but significantly affects the time scale of Rouse

relaxation.
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In this section, we undertake an exploration of the associations
between H — H, @ — w, and ¢ — « terminals in the
Ply, 1—v1, 111, metv, vov1 Melt systems. Visual representations of
PI;,11, me1v, vevi melt systems following a 1 s production-run are
presented in Figure 3.

In order to unveil the localized structural configuration of
terminal groups surrounding a specified terminal group, a
comprehensive investigation was conducted utilizing radial
distribution functions (RDFs). These RDFs, denoted as ga/;(r),
were determined by scrutinizing the distribution of distances
between the centers of mass of terminal groups originating from
various cis-1,4-polyisoprene chains. The formulation governing
the RDFs is delineated as follows (eq 7):

<p/} (1’) >Iocal, a
<p/}(rc) >(1 (7)

The formulation of (p4(r))oc, encapsulates the mean
density of f particles proximal to a particles at a specified
distance r and r, is defined as half of the box length. The
computation of this density proceeds as follows (eq 8):

8,4(r) =

1

N,
o . |
1\7(1(6(1/} + 1) Z <P/}( )>10cal,;"

i,=1

<p/j (7‘) >10cal,(l =
(8)

where N, denotes the total number of « particles, and 6,4 is the
Kronecker delta, 1 when a = f# and 0 otherwise. To prevent
redundancy in the case of a = f§, the denominator incorporates
the term (6,5 + 1). In eq 8, (P4(r) )1oca, signifies the density of

particles adjacent to the i-th type a particle at a given distance r.
This localized density is characterized as follows (eq 9):

Ny
<p/;(r)>local,i(, = Z/ 5(”1«//1 B 7)
“ ©®)

In eq 9, the primed summation notation introduces a
differentiation based on the interrelationship between a and f.
Specifically, when a and f represent distinct particle types, the
summation, indicated as ), ranges from j; = 1 to Nj
Conversely, if a and # denote identical particle types, the
summation, denoted as Y.’, excludes contributions from the i,-
th particle and spans from j; = 1 to Nj, with the exclusion of j; #
g
The denominator on the right-hand side of eq 7, {(ps(r.))w
delineates the mean density of particle type f within a sphere of
radius r,, which is centered around the a particle. It is expressed
as follows (eq 10):

0y (1)) =

> (),

l(l

L
N, (10)
where the term (pj(r.)),; denotes the density of particle type

constrained within a sphere of radius r,, centered around the i-th
type a particle. This parameter is defined as follows (eq 11):

1 Te 2
<p/}(rc)>i” = ; A <:0/1(r)>local,ia4”r dr (11)
where V represents the volume of the sphere and r, is defined as
half of the box length. In this context, our primary emphasis lies
in the investigation of the solvation structure encompassing
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terminal groups surrounding a designated terminal group. We
have estimated the radial distribution functions in between
termials, ie, [ISO] — [ISO] (ISO represents Hydrogen
terminated 1,4-cis-isoprene) in PI,, [DMA] — [DMA] in
PIi_ovi, 1o, ety vivy [Ce=o) = [Cezol, [Ceoo] — [DMA] in
PII, 111, V, I+11, II+IV, V4+VD [OOH] - [OOH]) [OOH] - [HOH]; and
[Oonl — [DMA] in Pl 1y, vy, 1o, mv, vevi- Here the notation
[A] represents the center of mass of the functional group A. For
clarity, it is essential to emphasize that throughout this study, the
notation [A]—[B] is utilized as a symbolic representation of the
spatial arrangement of a chemical functional group B around a
functional group A. However, the RDFs of [A]—[B] and [B]—
[A] always gave the same result in all the simulation. In
computing the radial distribution functions for [DMA] —
[DMAY], the center of mass of the dimethyl ally residue (DMA)
was employed as mentioned above. Here, the @ terminal
encompasses the Dimethyl allyl residue along with two trans-
1,4-isoprene residues. The radial distribution functions depicted
in Figures 4 and S6 illustrate the interactions between dimethyl-
allyl residues within Py 1_yy 1411 mmerv, vavie A subtle enhance-
ment in the association between dimethyl-allyl residues is
observed compared to that of [ISO] — [ISO] (Figure S6). This
observation aligns with trends reported in our earlier
investigations.'*"**® Specifically, we estimated the RDFs of
[Ccoo)] around [Cc_o] (representing the RDF of the carbon
atom of carbonyl groups around carbon atom of carbonyl groups
of ester-terminated polyisoprene chains, denoted as @,,,_;) in
P v, w1, e, vevy and [Ho] around [O¢_o] (r6presenting
the RDF of the hydrogen atom of hydroxy groups of hydroxy-
terminated polymer chains around oxygen atom of carbonyl
group of ester terminal groups of ester-terminated polymer
chains) in Pj,;; 1,1y, vovi- The emergence of the first peak in the
[Oc-0] — [Hop] radial distribution functions in PIj,; 11,1y, vevi
is noted at a distance of 0.2 nm, thereby affirming the
establishment of hydrogen bonding interactions between al —
a2, a3 — a4, and a5 — a6 terminal groups. These interactions
facilitate the formation of heterogeneous polar aggregates
between ester- and hydroxy-terminated PI chains. In the case
of PIyj 1y, v1, 1411, ms1v, vsvp the radial distribution functions of the
hydrogen atom (bound to an oxygen atom) from one polymer
chain surrounding the oxygen atom of hydroxy group of another
polymer chain are represented by the black color. The
occurrence of the first peak in the [Ogy] — [Hoy) RDFs in
PIyy, v, vi, 1+, mstv, vevi is observed at a distance of 0.2 nm which
confirms the formation of hydrogen bond between a2 — a2, a4
— a4, and a6 — a6 terminal groups and that facilitate the
formation of homogeneous polar aggregates between hydroxy-
terminated PI chains. The peaks observed in the radial
distribution functions [Oc_ol,, |, — [Houla, (m =1, 2, 3)
exhibit notably higher intensities compared to those of [Ogy] —
[Howl, [Cc-0] — [Cc-o), [18O] — [ISO], and [DMA] —
[DMA] RDFs peaks. This observation underscores the
pronounced association between ester-terminated polyisoprene
chains and hydroxy-terminated polyisoprene chains, surpassing
the associations observed between hydroxy- and hydroxy-
terminated polyisoprene chains. The correlation tendencies
observed in the three mixtures can be generalized to any
combinations of Plopp + Plgygy, ie., one can expect high first
RDF peaks of [Oc_o] — [Houla,,, and [Houla,, —

[Oc-0la,, in the mixture of ,PI, + ,PI,

Iy,vp, the intensity of the [Oc_o] — [Hop] RDF peak surpasses
those observed in PIj,y; and Plyy,1y. This heightened intensity

Xodd

s . In the case of
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Figure 4. Radial distribution functions (RDFs) depict the spatial
distributions of terminals around terminals across ten distinct cis-
polyisoprene systems, (a) PI,,y;, (b) PIjy;, 1y, and (c) Ply,y;. As a point of
reference, the ISO around ISO RDF (gray line) in the pure PI system
(PL,) is included in all graphs, denoted by “[ISO]” representing the
center of mass of isoprene residues of the terminals. The notation
“[DMA]” designates the centroid of the dimethyl allyl group,
specifically representing the dimethyl allyl residue of the @ terminal.
Similarly, “[Cc-o]” expresses the carbon atom in the ester group in a1,
a3, and aS-terminals. [O] and [H] denote the oxygen and hydrogen
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Figure 4. continued

atoms of the hydroxy group in @2, a4, and a6-terminals. In the RDFs
represented by g,; a and B symbolize various terminal groups,
including [Cc-o0)y [Oc_0], 18O], [DMA], [Oqy], and [Hoy]. The
RDFs of ff around a symbolically expressed by [a] — [#], and the RDFs
of a around f is expressed as [f] — [@]. In the current investigation [a]
— [#] and [B] — [a] are same. These RDFs are represented by using
specific colors: purple for [ISO] — [ISO], dark-cyan for [DMA] —
[DMA], red color dashed lines for ([Cc-o] — [Ccoo]), dark-green for
[Ccoo) — [DMA], black for [Ogy] — [Honl, red color for [Ogy] —
[Oonl, and dark-green color for [O] — [DMA]. Additionally, dark-blue
color solid lines depict [O¢_o] — [Honl, while dark-blue color dashed
lines represent [Oc_o] — [Opnl-

facilitates the formation of robust associations between the
—C=0 and —OH groups of a5 and a6 terminal ends,
respectively.

The intensities of the first peaks observed for [al] — [a2],

[a3] — [a4], and [aS] — [a6] substantially surpass those of
(I1SO] — [1SO], [a1] — [a1], [a2] — [a2], [a3] — [a3], [a4] -
[a4], [aS] — [aS], and [a6] — [a6]. Conversely, the peak

intensities observed for [a2] — [a2], [a4] — [a4], and [a6] —
[a6] exhibit notably higher magnitudes in comparison to those
of [al] — [a1], [@3] — [a3], [aS] — [a5], and [ISO] — [ISO].
Hence, the association between ester and hydroxy terminal ends
exhibits greater strength than that between hydroxy terminal
ends in a mixture of ester- and hydroxy-terminated polyisoprene
chains. Nonetheless, the propensity for hydroxy—hydroxy
association markedly exceeds that of ester—ester, ISO—-ISO,
and DMA—DMA interactions. In all the mixtures, we observed
narrow RDF peaks in between a terminal groups of hydroxy-
terminated polyisoprene chains while the first RDF peaks of o
terminal groups of ester-terminated polyisoprene chains are very
low and broader. The first coordination shell of hydroxy- around
ester-terminal ends and hydroxy- around hydroxy- @ terminal
ends are more structured than that in ester around ester «
terminals. The coordination shell of ester around ester is more
ordered than that of DMA around DMA. In the primary
coordination shell, the arrangement of hydroxy terminals
around ester-terminal ends and hydroxy terminals around
other hydroxy a terminal ends exhibits a higher degree of
organization compared to the configuration observed for ester
terminals around ester @ terminals. Additionally, the coordina-
tion shell formed by ester terminals around ester @ terminals
demonstrates greater structural regularity in comparison to the
arrangement of DMA terminals around DMA. Through the
examination of running coordination numbers (RCNs) (Figure
S7), it becomes evident that within the first coordination shell,
the count of hydroxy a terminals surrounding the ester a
terminal, as well as the count of hydroxy o terminals surrounding
other hydroxy a terminals, markedly exceeds those of ester
terminals around ester a terminals, DMA terminals around
DMA, and ISO terminals around ISO.

Utilizing the single linkage algorithm, we conducted an
association analysis as outlined in prev10us studies.’’ Sub-
sequently, we introduced the notion of an “encountering-state”
for an end-group in a polymer chain, which signifies its
interaction with end-groups from other polymer chains. At any
given time step, if the distance between end-groups originating
from distinct polyisoprene (PI) chains falls below a predefined
threshold distance ry, we identify these end-groups as being in
an “encountering-state”. Furthermore, if either of the two ends is
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in an encountering-state with an end-group from another chain,
we deduce that the third end-group is also in an encountering-
state with the first two end-groups. This iterative process enables
the determination of the size s of the encountering end-groups
by aggregating the number of encountering end-groups.
Consequently, we can compute the count , for each size s.

The end-groups involved in an encountering-state consist
exclusively of a single type of end-group, designated as a type.
We denote the count of encountering end-groups with size s in
this scenario as n{”. However, when encountering end-groups
encompass two distinct types of ends, namely @ and f, we
employ the notation n%. Although the occurrence of
encountering-events involving three different types of terminal
groups is theoretically possible, our investigations of the mixed
systems did not reveal any such events. Therefore, we limit our
focus to encountering-events that involve either one or two
distinct types of terminal groups. The calculation of n? was
performed by considering the center of mass of the a-type end
group relative to the center of mass of the f-type end group. The
count of encountering end-groups with size s is computed across
K intervals during the final 100 ns of the 1000 ns simulation
trajectories. Here, K represents the number of frames within the
100 ns simulation period, denoted as n{*” (k) with k = 1,..,, K =
50,000. Utilizing the values of n{*”’(k), we determine the
encountering-event-fraction f(% )(s) for a given size s as follows
(eq 12):

o) =

11§
enc r Z ﬂs((l/})(k)
MK D (12)

The parameter M signifies the total count of chains within the
system. In Figure S, the encountering-event-fraction fgﬁf) (s) is
depicted as a function of the encountering-event-size s for each
melt system.

The value fﬁﬁf )(s = 2) denotes the proportion of end-group
encounters with another end-group. For example, when
Y uf%(s = 2) = 1, it signifies that every a end-group is linked
with a f end-group of another chain. Consequently, all the o
end-groups exist as dimers with -end groups, constituting 100%
of the total. The encountering-event-fraction of end-groups
exhibits a decreasing trend as the size increases. In the pure ester-
terminated polyisoprene melt systems (P 1 v), encountering-
end-groups are predominantly observed in size two, with fewer
instances of size three, and very rare occurrences of size
four."*'° However, in mixed melt systems PI, I, TI4IV, V4VD
larger-sized encountering-end-groups also emerge. Additionally,
ester-terminal ends facilitate the encountering of ester terminal
end-groups with hydroxy terminal end-groups of sizes two,
three, and four. For the pure melt systems, namely PIy;, PI;y, and
PIy;, encountering-events of size two and three are observed,
alongside larger-sized encountering-events due to strong
hydrogen bond interactions between a2, a4, and a6
terminals."*”'® Furthermore, in mixed melt systems
PIy,qp, mrv, vavy the fraction of encountering-events involving
ester around hydroxy terminals notably increases. However,
these events are less pronounced compared to those involving
hydroxy around ester terminals. Although encountering-events
between ester-hydroxy end-groups are observed with certain
fractions, the stability of the formed clusters, referred to as stable
physical junctions, cannot be conclusively determined. The
heterogeneous and homogeneous encountering-event-size s is
denoted by (OH), (DMA), (Oc_o)y (OH),,(DMA),,
(OC:O)pp(DMA)qq or (O,::o)PP(OH)qq where pp = 1, 2, -
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Figure S. Encountering-event-fraction of end-groups as a function of
size s for the (a) Pl,y, (b) Ply,m, and (c) Ply,y systems. The
designated cut threshold length, ry, is established at 0.6 nm. It is
important to note that in an encountering-event involving DMA, the
DMA may originate from both PL,,.,, and PI 44. No encountering-events
involving three distinct types of terminal groups were observed. The
fractions corresponding to s = 1 are not represented in the plot.

and qq = 1, 2, - with s = pp + qq. It should be noted that the
DMA involved in the encounter events of (DMA),,
(OH),,(DMA)y,, and (Oc_o),p(DMA),, can originate from
both PI,., and PI 4. Regarding encountering-event-fractions of
size two, occurrences of (OH), are substantially larger to those
of (Oco):(OH),. Additionally, (OH),, and (O¢_p),(OH),
encounters are slightly more frequent than (OH),(DMA), and
(DMA),. Similarly, for size three, (Oc_o);(OH),, and (OH);
dominate over (DMA);, (OH),(DMA),, and (OH),(DMA),
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(Other possibility like (O¢-p),(OH), are not present.). For size
four, contributions from (Oc_g);(OH);, and [(OH),] are
significant, while the contribution of (OH),(DMA); is minor
(Other possibility like (OH),(DMA),, and (O¢_o);(OH), is
not observed). For size five, (Oc_g);(OH),, (Oc.o),(OH)s,
and (OH); are observed. Namely, for example, [(OH);] should
be replaced with (OH);. Although the observation of end-group
encounters occurs with a discernible fraction, it remains
inadequate for determining whether the encountered end-
groups establish stable physical junctions or clusters. Evaluating
the stability of such clusters typically involves the utilization of
potentials of mean force (PMFs).** (The potentials of mean
force is computed between terminal ends by using eq S1, given
in the Supporting Information. More details are provided in the
Supporting Information) Figure 6 depicts the potentials of mean
force (PMFs) between the two terminal groups as a function of
their separation distance. Notably, each PMF profile exhibits a
distinct minimum indicative of contact pairs, hereby designated
as the contact minimum (CM). In PI,, we identified a slight
energy minimum for contact pairs comprising the ISO — ISO
terminals (where ISO denotes hydrogen-terminated 1,4-cis-
isoprene) at a distance of 0.6 nm. For the PIj,y; yp.qy, vevi melt
systems, we observed a subtle decrease in free energy for contact
pairs involving (Cc_o)4, , = (Cce0)a,, , (n=1,2,3) terminals at
a distance of 0.5 nm, as well as between DMA- and DMA-
terminals at a distance of 0.6 nm. The interaction free energies
between ISO- and ISO-terminals in the ;;PIj; system (depicted

as the gray line in Figure 6), as well as among (Cc_o),, , —

(CC=O)(12“_1 (n=1,2,3) in the P Liu, sy, vevi Systems, along
with DMA- and DMA-terminals in the PIj,y; yp1v, v4v1 Systems,
are comparable to thermal energy. Consequently, these
interactions cannot be deemed as stable associations. In
contrast, in the Plyy muav, vevi melt systems, distinct deep
minima are evident for contact pairs comprising al — a2, a2 —
a2, a3 — a4, a4 — a4, aS — a6, and @6 — a6 terminals. These
contact pairs demonstrate significantly greater stabilities than
the thermal energy. The stabilities of the a1 — a2, a2 — a2, a3 —
a4, a4 — a4, a5 — a6, and a6 — a6 interactions are notably
higher in comparison to those involving ISO — ISO, w — w, a1
— al, a3 — a3, and a5 — a5 terminals. To establish a stable
cluster formation, the magnitude of free energy IWI at the
contact minimum (CM) must notably exceed thermal energy.
Therefore, we defined the criterion for cluster formation as W1 >
2kyT at the contact minimum. Upon analyzing the data depicted
in Figure 6, we determined dissociation barriers for the
(0c=0)a,,, = Hom)g, (m =1, 2, 3) contact minimum as
4.05 kgT,3.77 kg T, and 4.26 ki T for the, PI,, 5, PIyy, 1y, and Pl
mixed PI melt systems, respectively. The dissociation barriers at
the (Oom)a,, — (Oom)a,, (m = 1,2, 3) contact minimum are

quantified as 3.51 k3T, 3.24 kgT, and 3.29 kT for the PI
Pl v, and Ply,y; mixed melt systems, respectively.

Based on the PMF results, we establish a criterion for
determining a stable association between two terminal groups in
the following manner. When the PMF (W) between two
terminal groups satisfies the inequality (IW(rey)l > 2kgT),
where rcy; represents the distance at the contact minimum, it
indicates that the two terminal groups are in a state of stable
association and can form a cluster. The count of terminal groups
participating in a cluster is determined based on two criteria: (i)
the distance criterion described in eq 12, and (ii) the criterion
for stable association (IW(rcy)| > 2k T). The number of clusters
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Figure 6. Potential of mean force W(r), defined by W(r) =
—kgTlog(g(r)) where kg represents the Boltzmann constant in units
of kJmol™!/K, T the system temperature, and g(r) the radial distribution
function between the terminal groups. The potentials of mean force
between the terminal ends are shown for (a) PI;,y;, (b) Py, and (c)
PIy,yr. The error bars of each PMF profile is below 0.2 k3T. Note that
W(r) for [Y]—[X] means the potential of the mean force between “Y”
and “X”. In addition, [X]—[Y] is same as [Y]—[X]. The gradient of
W(r) gives the force between “Y” and “X” averaged over the equilibrium
distribution for all the other atoms. The [DMA] in PMF’s involving
[DMA] can originate both from the @ terminal of PI with @,,_,
terminal and the one of PI with a,,, (m = 1, 2, 3).

of size s is determined and denoted as n*?) (k;|W(rcy)! > 2k5T),
where o and f correspond to Ogy, Oc.o or DMA. The
superscript & and /3 in this context carry the same significance as
the notation used for the count of encountering end-groups. As
an illustration, ns(ocz"_ H) signifies the count of clusters with a
size of s that encompass both (O¢_g) and OH residues of the
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. - Oc0—Oc- -
terminals, and n{H~O™) (ns( c0=Oc0) o n(PMA=DMA)Y represents

the count of clusters with a size of s that exclusively consist of
OH (O¢.o or DMA) terminal groups. By utilizing the
aforementioned quantities, we establish the cluster formation
fraction £, (s) as follows (eq 13):

() = 2=

(ap)
f MK

cluster

K
D 0D ks W (rep)! > 2k4T)
k=1

(13)

Figure 7 displays the cluster-formation-fraction, fﬁﬁﬁer(s),
revealing the extent of cluster formation. In the mixed
polyisoprene melt systems PIj,y;, Ply,y, and Ply,y;, we note
the occurrence of clusters with sizes of two, three, four, and five
units, with no clusters of size s > 6 detected. However, in the
pure systems composed only of 4PIy;, ,PI,;, ,PI,; and ,PI, the
formation of clusters by the terminal groups is notably
absent.'”'® This absence of cluster formation specifically
precludes the association between terminal groups such as
DMA — DMA, Oc.o — DMA, and OH — DMA. A similar
pattern was previously reported in our earlier investigations.”’16
The observed fractions of cluster formation, with sizes ranging
from two to five, for (O¢_g);(OH),__4 closely resemble those
of (OH),_,_4 In addition, any clusters composed of three
distinct types of terminal ends are not formed.

The survival probability Pjy)_(x](7) represents the probability of
X particles around Y particle in a spherical re§ion centered at the
geometric center of Y, with a radius of Fapa Computation of
the survival probability for terminal groups has been
accomplished using the subsequent equation (eq 14).

Mlol

)

tot =1

1
M

Nyj_ix((t, £+ 7)
Ryj-x(7) = —[Y]N[X] ,
v)-xi(t)

(14)

Here, Njy]_[x)(f) denotes the count of X terminal groups
around Y terminal group at time ¢ in a spherical region centered
at the geometric center of Y, with a prescribed radius (ry,q)-
Similarly, Njy)_x)(t, t + 7) signifies the number of X-terminal
groups persistently occupying the same spherical region, defined
by a specified radius, from time t to a subsequent time ¢ + 7.
Additionally, M, represents the cumulative count of time steps
considered for computing Pjy)_(x)(7), while 7 indicates the time
interval between consecutive configurations under examination.
To determine the radius ry,4 of the defined region utilized in
computing Ppyj_(x](7) for X around Y where X, Y = {[Oqy],
[Oc_o]}, the radial distribution functions (RDFs) between
[OOH] - [Oc=o]; [OOH] - [OOH]) and [Oc=o] - [OOH] were
analyzed (refer to Figure 4). Based on the resultant RDF, we
determined the radius of these selected regions to be equivalent
to that of the first coordination shells surrounding [ISO] (where
ISO denotes Hydrogen-terminated 1,4-cis-isoprene), [DMA],
[Oonl; and [Cc_o]-

The survival probability was determined through the
utilization of the MDAnalysis software package.”” These
probabilities were derived from the final 10 ns of 1000 ns
independent molecular dynamics (MD) simulations. Each
survival probability was obtained by averaging over time
windows at specified intervals spanning from 1 to 200 ps.
From Figure 8, it is observed that the survival probabilities
exhibit a gradual decay of hydroxy groups around ester group in
hydroxy-terminated polyisoprene than those in hydroxy groups
around hydroxy. In addition, the behavior of Ppyj_xj(7) is
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Figure 7. Cluster-formation-fraction as a function of cluster size s in the
(a) PLy, (b) Pl and (c) Ply,y; systems. An additional criterion
utilizing the magnitude of potentials of mean force between terminal
groups to determine stable cluster formation. Note that ) %, () (s) =
1 for each system, and the fractions for s = 1 are not shown.

almost the same as that of P[X]_[Y](T) in the three mixtures. The
decay times of the survival probability curves Pjyj_x](7) were
determined through fitting using the Kohlrausch—Williams—
Watts stretched exponential function, we estimated the
characteristic decay times 7y, and show them in Table S.
Consequently, the relaxation times of hydroxy terminal groups
surrounding ester groups exhibits slower kinetics compared to
those of hydroxy terminal groups adjacent to hydroxy groups.
This observation suggests that the physical junction points
(PJPs) between ester and hydroxy @ terminal groups, possess
higher structural integrity and stability than those involving
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Figure 8. Survival probabilities Pjy)_[x)(7) for terminal groups located
within the first coordination shell of each terminal group as functions of
the time duration 7 in the systems (a) PIy,y;, (b) Pljy, v, and (c) Ply,yp.
[Oc_o] and [O¢_p] groups do not form any clusters; hence, the survival
probabilities Piy)_[x](7) for [Oc_o] — [Oco] are not presented in (a—
c).

hydroxy and hydroxy a terminal groups. Further details,
including relaxation times and stretching exponents are

provided in Table S.

We investigate the diffusion characteristics of individual
polyisoprene chains within each melt system. Utilizing the
final 1000 ns of the production-run trajectories, we calculate the
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Table 5. Survival Probability Pjy;_[x)(7) is Analyzed through
Fitting with the Kohlrausch—Williams—Watts Stretched
Exponential Function, Enabling the Determination of both
the Average Survival Time 7,, and f,, Parameters

systems association pair 7, [ps] By
Pl [Ocoo] [Oon] 13.519 + 0.008 0.802 + 0.001
[Oon] [Oon] 11.436 + 0.004 0.838 + 0.001
[Oow] [Oco] 12.811 + 0.008 0.762 + 0.001
Plyy [Oc-0] [Oon] 9.870 + 0.011 0.785 + 0.001
[Oow] [Oom] 7.704 + 0.007 0.847 + 0.001
[Oonl [Oco0] 9.893 + 0.004 0.809 + 0.001
Ply,v; [Oco] [Oon] 17.078 + 0.016 0.823 + 0.001
[Oom) [Oonl 9.334 + 0.003 0.677 + 0.003
[Oon] [Oco] 17.217 + 0.010 0.789 + 0.001

mean square displacement (MSD) of the center of mass for each
polyisoprene chain (eq 15):

((AR,(£))*) ~ Dyt “m (15)

where AR,,(t) = R.,,(t) — R, (0) and ((AR,,,(t))?) represents
the mean square displacement of the center of mass of a
polyisoprene chain at time t. We have shown the mean square
displacements for the centers of mass of polymer chains in each
melt system in Figure 9.
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Figure 9. Mean square displacements for the centers of mass of polymer
chains in each melt system. The inset stands for the log—log plot of the
main graph.

We have observed that the center of mass motion of polymer
chains exhibits subdiffusive behavior, characterized by
((AR_,(1))?), across all melt systems yPly, (mPIal)PIMI,

(wPIaZ)PIH”J (wPIa3)PI”M\,i (wPIa4)PI,,MV7 (wPIaS)PIVW,; and
(PLs6)p1,.,» With exponents shown in Table 6. We determined

the exponent a4 by fitting the data in the 400—700 ns time
range. Similarly, the self-diffusion coeficients, Dy, were derived
by linearly fitting the same time range which is corresponding to
the Fickian regime ((AR_,(t))*) ~ Dggt. In the case of PI, melt
system, the Self-diffusion coefficients D g are in good agreement
with the reported values.>?*°® From the data in Table 6, one
can see the clear slowing down of a single chain diffusion in the
three mixtures than that in PI,. The decreasing of the self-
diffusion coefficients can be attributed to the formation of stable
associations among terminals in the mixed systems.
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Table 6. Exponent ,, 4 and Self-Diffusion Coeflicients D g for Ester and Hydroxy-Terminated PI Chain in Mixed Melt Systems”

system chain type of a terminal
PI, uPly hydrogen
Pl WPl ester

Plyppy oPlas

Ply.y, WPl

Ply,y oPle hydroxy
Plypp,y wPlag

Ply,v; oPlag

QApnsd Dgigt [107° em?/s] (Dai)system/ (Daige)pr,

0.960 + 0.001 9.528 1

0.893 + 0.001 6.891 0.7232
0.855 + 0.001 7.793 0.8179
0.836 + 0.001 7.436 0.7804
0.833 + 0.001 6.595 0.6921
0.928 + 0.001 8.147 0.8550
0.891 + 0.001 7.135 0.7488

“Because the diffusion behavior shows a sub-diffusive one in a short time range, then changes to a diffusive one, the exponent @, for a sub-
diffusive one is estimated by fitting the data into 400—700 ns. As a long-time behavior, the self-diffusion coeflicients Dy is estimated by fitting the

data into 400—700 ns.
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Figure 10. Continuous Cijs(t) (a, ¢, and e) and intermittent Cij(t) (b, d, f) hydrogen bond correlation functions (O¢_g)ar —

(Oomas (Oom)as =
a4, and a5 — a6 are shown by solid blue lines and a2 — a2, a4 —

(OOH)av (Oczo)a3 - (OOH)aM (OOH)a4 - (OOH)U:M and (OC:O)aS -
(e) and (f) Ply,y; melt systems. The pairs al — a2, a3 —

by solid red lines.

To explore the dynamics of hydrogen bonds within the polymer
melt systems, we conducted an analysis focusing on the
hydrogen bond (HB) time correlation function Cyy(t) for
pairs of hydrogen-bonded polymer chains labeled as i and j. This
correlation function, crucial for elucidating hydrogen bond
dynamics, adheres to the definition established in prior
investigations®”** and shown below (eq 16):

2 hy(t)hy(tg + t)
z (hij(tO))z (16)

Here, the variable h;(t) quantifies whether a pair i, j of polymer
chains satisfies the geometrlc criteria of a hydrogen bond at time
t, with h;(t) = 1 indicating satisfaction and h(t) = 0 otherwise.
For a hydrogen bond to form between donor and acceptor
atoms, the donor—acceptor-acceptor (D—H--A) angle must
exceed 130.0°. We have observed the RDF peak around 2.8 A for
[Oc.o0] — [Oon] and around 3.0 A for [Ogy] — [Ogy] in the
Pl Plyyp, 1y, and Ply,y; (Figure 4). Therefore, we have used the
maximum distance 3.0 A between the donor (O(om)) and
acceptor (O (o) or O(c-o)) atoms to calculate the hydrogen
bond. The summation encompasses all potential hydrogen-

C:IB(t) =
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(OOH)(IZ) (OOH)aZ -
(Oom) s for the (a) and (b) Py, y, (c) and (d) Plyy,y, and
a4, and a6 — a6 are shown

bonded pairs i, j of polymer chains, while angular brackets
denote an ensemble average across multiple initial time points
within the trajectory. The superscript (“c” or “I”) distinguishes
between two approaches for assessing f;(t) at subsequent time
points: continuous (Cfj(t)) and 1nterm1ttent (Chp(t)). The
hydrogen bond dynamics are characterized by both the
continuous hydrogen bond correlation function Cfj(t) and
the intermittent hydrogen bond correlation function Ciyp(t),
offering unique insights into the diverse facets of hydrogen bond
dynamics. In alignment with the continuous hydrogen bond
correlation definition, the rupture of a specific hydrogen bond
entails its permanent classification as broken, irrespective of
potential reformation. Thus, this definition enables the
quantification of the average duration during which a hydrogen
bond pair remains intact, offering an estimation of the average
hydrogen bond lifetime. Regarding intermittent HB correlation,
the analysis centers on the persistence probability at time ¢ of a
hydrogen bond initially established at ¢t = 0, without
consideration of multiple bond disruptions and subsequent
reformations within the time span [0, t]. Within the framework
of continuous hydrogen bond correlation C§j5(t), the concept of
lifetime is denoted as continuous lifetime 7fz. Conversely, the
lifetime associated with intermittent hydrogen bond correlation
Cip(t) is termed intermittent lifetime or hydrogen bond
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Table 7. Table Presents the Hydrogen Bond (HB) Relaxation Times 7y and Stretching Exponents f;5 of (Oc-o) — (Oop) and

(Oon) — (Oop) in the Melt Systems Pl umev,veve

system

Plyyn Oc-o0

OOH
OC:O
OOH
OC:O
Oon

PIIII+IV

I)IV-*-VI

pair

Oon
OOH
OOH
OOH
Oon
Oon

continuous

intermittent

ip[ps]
14.500 + 0.005
9.623 + 0.006
10.739 + 0.004
6.10S + 0.004
17.528 + 0.007
7.948 + 0.006

Pi
0.8403 + 0.0003
0.7945 + 0.0006
0.8577 + 0.0004
0.8062 + 0.0007
0.8418 + 0.0004
0.7899 + 0.0007

Tiu[ps]
143.50 + 1.09
38.27 +£0.29
12791 + 0.89
19.61 + 0.15
44327 £2.92
32.21 £ 0.09

P
0.3583 + 0.0006
0.3185 + 0.0012
0.3182 + 0.0004
0.2655 + 0.0010
0.4034 + 0.0003
0.3150 + 0.0005

Pl
0.0429 + 0.0009
0.0543 + 0.0008
0.0146 + 0.0007
0.0279 + 0.0008
0.0190 + 0.0008
0.0478 + 0.0003

relaxation time 7j;. The hydrogen bond correlation functions

< 5(t) and Ciyp(t) were computed for the al — a2, a2 — a2, a3
— a4, a4 — a4,a5 — a6, and a6 — a6 pairs using the MDAnalysis
software package.’”*” The resulting data are depicted in Figure
10.

We conducted an assessment of the continuous Cf(t) and
intermittent Cjy(t) hydrogen bond correlation functions for
specific pairs, including @l — a2, a2 — a2, a3 — a4, a4 — a4, as
— a6, and a6 — a6, as illustrated in Figure 10. Furthermore, the
determination of the hydrogen bond relaxation time 7yp was
achieved by fitting the hydrogen bond autocorrelation functions

t(t) and Cip(t) using the Kohlrausch—Williams—Watts
(KWW) stretched exponential function. The hydrogen bond
relaxation time 7yp was determined via fitting the hydrogen
bond autocorrelation function Cfp(t) with the KWW stretched
exponential function, expressed as Cf(t) = Cip(0) exp[—(t/

75,5)7]. The values of 75 and the stretching exponent Sy are
detailed in Table 7. In analyzing the intermittent hydrogen bond
correlation function, we utilized a KWW stretched exponential
function with an offset, represented as Ciy(t) = Phyp + Ciyp(0)

exp[—(t/ TIHB)/}L“]. The calculated values of 7jyp, the stretching
exponent Sy and the offset Pl are provided in Table 7. These
results support the formation of stable clusters between a1 — a2,
a2 — a2,a3 — a4, a4 — a4, aS — a6, and a6 — ab.

Based on the findings, it is evident that both continuous and
intermittent HB lifetimes (see Figure 10 and Table 7)
demonstrate notably higher values for al — a2, a3 — a4, and
aS — a6 compared to a2 — a2, a4 — a4, and a6 — a6. This
observation provides compelling evidence for the presence of a
significantly stronger correlation between hydrogen-bonded
terminal ends @l — @2 in P}y, a3 — a4 in Py, @S — @6 in
Ply,y; in comparison to those of @2 — a2 in PI,;; and PIy;, a4 —
a4 in Pl v and Ply, a6 — a6 in PLy,y; and Pl

Viscoelastic properties of the pure and mixed melt systems were
calculated based on the stress—stress autocorrelation which is
defined as follows (eq 17).

1
6ksT

+ (00 (0)) + iuwxy(t)z\rxy(o»

G(t) =

{(a, 1,00 + (g.02,00)

N + Lonon h

where the normal stress difference is defined as N3 = 6,, — 0.
The stress—stress autocorrelation function was evaluated by the
multiple-tau method.”® The stress—stress autocorrelation
function is shown in Figure 11 for each melt system. The
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Figure 11. Relaxation moduli G(t) of the ten melt systems (a)
Ply 1, 11, 11w (b) P Lo, w1, v, mervy and (0 Ply, v, vi, vevr- G(t) is evaluated
from the autocorrelation function of the stress tensor at equilibrium
through eq 17. The gray dotted line stands for guideline, £'/2.

Rouse relaxation behavior (G(t) ~ t7V/2) is observed in the
middle time range for PI,. However, the mixed melt systems
Pl Plynm, and Ply,y; demonstrate noticeably slower
relaxation dynamics relative to their respective pure compo-
nents. This deviation is primarily attributed to the strong
intermolecular associations formed between the ester and
hydroxy terminal groups. The presence of stable, hydrogen-
bond-mediated heterogeneous clusters in the mixed melts
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further slows their relaxation dynamics compared to their pure
counterparts, underscoring the influence of intermolecular
interactions on the relaxation process.

We conducted all-atom MD simulations to investigate ten
different types of cis-1,4-polyisoprene (PI) melt systems, each
containing various combinations of dimethyl allyl-(Trans-1,4-
isoprene,) (@) and different terminal groups, including ester-
terminated isopentene (al), hydroxy-terminated isopentene
(a2), ester-terminated isobutane (a3), hydroxy-terminated
isobutane (a4), ester-terminated 1,4-cis-isoprene (aS), and
hydroxy-terminated 1,4-cis-isoprene (@6). Our investigation
delves into the static and dynamic attributes of polyisoprene
chains, encompassing parameters such as end-to-end distance
R, radius of gyration Ry, mean square internal distances, end-to-
end vector autocorrelation function C(t), average relaxation
time 7,,, Rouse mode analysis, survival probability P(t) of
terminal groups, hydrogen bond correlation functions of
terminal groups, and self-diffusion behavior of polyisoprene
chains.

From our analysis of Figure 1, we have observed a distinct
slow relaxation behavior in mixed PI melt systems composed of
polymer chains with hydroxy-group and ones with ester-group in
a terminals, i.e., ,Ply; + ,Plyy (Pliy), oPles + oPlas (Plyppry),
and ,Pl,s + Pl (Ply,y). The investigation revealed a
decreased mobility of polymer chains in the mixed PI melt
systems as compared with those in single-component systems
(see Figure 9 in the literature'* for the data of pure systems).
This observation substantiates the existence of heterogeneous
and homogeneous clustering of the terminal groups of ester- and
hydroxy-terminated polyisoprene chains.

The rotational relaxation time 7,, (Table 3) of ester-
terminated PI chains across all three cases: PI,y;, Pl v, and
Ply,y; is longer than that of the single-component system. This
increase in the relaxation time is attributed to the strong
association of ester groups with hydroxy terminal ends. In
contrast, the relaxation time of hydroxy-terminated PI chains is
shorter in the mixed system compared to the pure system, except
for Ply,yr. This exception is due to the lower radial distribution
function (RDF) peak intensity of [Oc_olei — [Oonla
compared to [Oonlee — [Oonlar and the lower first RDF
peak intensity of [Oc_olas — [Oonlas compared to [Ogylas —
[Oonles although the trend is reversed for Ply,y. The
relaxation time of hydroxy-terminated PI chains is higher in
the Ply,y; system compared to the single-component system.
This increase is due to the higher RDF peak intensity of
[Oc-olas — [Oomlas compared to [Oon]as — [Oo)as: We have
calculated the radial distribution functions between the terminal
groups, namely [ISO] — [ISO] in PI, (Shown in Figure S6 of
Supporting Information), [DMA] — [DMA] in PIL,y, Pl
and Ply,y;, [@l] — [al], [al] — [@2] and [a2] — [a2] in PI,,,
[a3] = [a3], [@3] — [a4], and [a4] — [a4], in Plyy,y, [aS] -
[aS], [aS] — [@6], and [a6] — [a6] in PLy,y; (refer to Figures 4
and $6). The observed low intensity and broad first peaks in the
RDF of [ISO] — [ISO] (where ISO represents Hydrogen
terminated 1,4-cis-isoprene) and [DMA] — [DMA] indicate a
weak association between the [ISO] — [ISO] and [w] — [@]
terminal groups. In the mixed PI melt systems considered in the
present work, the first peak intensities in the RDF of [O¢_o] —
[Houl, and [Ogu] — [Hoyl in the Plpu, mrev, vivi notably
surpass those of [a@l] — [al] in Py, [a@3] — [@3] in Ply,y,
[aS] — [aS] in PIy,y;, [ISO] — [ISO] in the single-component

352

PIsystem, and [@] — [@] in the PI; +11, +v1, v+v Systems. Hence,
the interactions between a,,,_; — Qs Xy — Aoy (M= 1,2, 3)
terminals in PIpy vy vevi exhibit notably greater strength
compared to a,,,_; — Q,,,_; and ISO — ISO in the 4Pl melt
system, along with @ — @ in the P}, vy, v4vy Systems. In the
three mixed melt systems Plj,y vy vevy the first peak
intensities in the RDFs of [O¢_o] — [Hop] are notably higher
compared to those of [Ogy] — [Hpy) in the same systems.
Hence, the affinity between al — a2, a3 — a4, and aS — a6
terminals in Ply,y v v4vr significantly surpasses that of a2 —
a2, a4 — a4, and a6 — a6 terminals in the same systems This
observation is underscored by the prolonged decay of hydrogen
bond relaxation between a1 and @2, a3 and a4, and a5 and a6
terminals, as illustrated in Figure 10. The intensity of the peak in
the RDF for [Ogy] — [Opn] is observed to surpass that of
[Oou) — [Honl in Plyy mvr veyr This trend aligns with
findings reported in prior studies."*'® In PI;,;, a more robust
hydrogen bond interaction is observed between [Ogyls, —
[Honla compared to Ply,y; and Ply,y;. This difference arises
from structural disparities among the terminal groups.
Specifically, the hydroxy-terminated isopentene (a2) features
a methylene side chain, whereas the hydroxy-terminated
isobutane (a4) and hydroxy-terminated 1,4-cis-isoprene (a6)
incorporate a methyl side chain. The larger steric repulsion
between methyl—methyl interactions compared to methylene-
methylene interactions contributes to this difference. Addition-
ally, the linear configuration of hydroxy-terminated isopentene
stands in contrast to the globular nature of hydroxy-terminated
isobutane (a4) and hydroxy-terminated 1,4-cis-isoprene (a6).
We have calculated the encountering-event-fraction fiﬁf )(s)
for the terminal groups in the ten different melt systems (Figure
5). Additionally, we have determined the potentials of the mean
force between these terminal groups (Figure 6) and the cluster
formation fraction of the terminal groups (Figure 7). Notably,
the encountering-event fraction for size two is significantly
higher than that for other sizes in each of the melt systems. The
ester-terminated and hydroxy-terminated polyisoprene chains
led to a higher occurrence of encountering-events with larger
sizes in the single-component PIy;, PIy; and PIy; melt systems
than those of the single-component PI,, PI;, PI; and Ply
systems. The encountering-event-fractions for the dimer, trimer,
tetramer, pentamer, and hexamer follow the order of jg‘,ffgdimer) >
fiﬁé?mmer) >f§gfztetramer) >f§gé?pentamer) >f£g/cjehexamer)' A Similar trend
is reported previously for hydroxylated polyisoprene.'® The
potentials of mean force W(r) are utilized to assess the
interaction free energy between these encountered end-groups.
In the 4Py, the PMF profile for [ISO]—[ISO] exhibits a shallow
contact minimum (CM) located at approximately 0.6 nm. In
pure PI, PIy, and Ply, a shallow contact minimum for
[Oc-0la, , = [Ocola, , (m =1, 2, 3) is located around 0.5

nm."* The depths of the free energies at these contact minima
are on the same order as the thermal energy, which is 2.99 kJ/
mol at a temperature of 360 K. In the mixtures Py, yrirv, vive @
distinct contact minimum for [Oc_ol,,, [Oomla,, is
observed at a distance of approximately 0.28 nm, and the
depths of the free energy minima at these contact points are
significantly larger than the thermal energy. A distinct contact
minimum for [Ooyl,, — [Oomla,, is observed at a distance of

approximately 0.30 nm, and the depths of the free energy
minima at these contact points are significantly larger than the
thermal energy. This indicates that the association between
ester-terminated and hydroxy-terminated, and hydroxy-termi-
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nated and hydroxy-terminated polyisoprene chains are more
stable compared to a,,,_; — ,,_;, ISO — ISO and @ — . The
survival probabilities for the terminal groups further validate this
enhanced stability. Additionally, we explored the cluster-
formation-fraction f{#), (s) using an additional criterion (I
W(rcp)! > 2kgT) to further understand the formation of
clusters. In the single-component melt systems PI,, PI;, PIy;, and
PIy, the absence of cluster formation is evident due to the weak
association between the terminal groups (IW(rcy)! S ksT). In
the single-component melt systems PIy, PIy and Ply, it is
observed that terminals with a,,, form stable clusters satisfying
the condition (IW(rey)! > kpT).'*'® In the mixtures
Pl g, msv, vav the presence of both heterogeneous clusters,
involving interactions between ester- and hydroxy terminals, and
homogeneous clusters, formed exclusively between hydroxy
terminals, is evident. These stable clusters, which include
dimers, trimers, and tetramers, emerge due to the pronounced
interaction between the terminal groups, characterized by |
W(rep)! > 2k T. The stress—stress autocorrelation function,
G(t) (Figure 11), demonstrates a Rouse-type relaxation
behavior, G(t) ~ t'/2, in the intermediate time regime for PI,.
Conversely, the Py, yip,1vv+v: mixed melt systems demonstrate
a relaxation process that is slower compared to their respective
pure components. This deviation is attributed to the formation
of highly stable and ordered heterogeneous clusters, facilitated
by hydrogen bonding between the ester- and hydroxy-terminal
groups. The proportions of cluster formation for both
heterogeneous clusters (involving ester- and hydroxy terminals)
and homogeneous clusters (involving only hydroxy terminals)
exhibit comparable fractions. The identification of size two,
three, and four clusters, both heterogeneous and homogeneous
(as depicted in Figure 7), substantiates the presence of multiple
physical junction points between polyisoprene chains termi-
nated with ester and hydroxy groups. Notably, the absence of
homogeneous clusters exclusively between ester-terminal ends
(ayu—1) in the mixtures is evident as well as in the single-
component melt systems PI;, PIj;;, and Ply. This observation is
supported by previous research.'*'® The spatial distribution of
these junction points is depicted in Figure 12, while dynamic
visualizations of the junctions are available in Videos S1, S2, and
S3 corresponding to the PIy,y;, Py, y, and Py, melt systems,
respectively. The presence of multiple physical junction points
significantly hinders the mobility of both ester-terminated and
hydroxy-terminated cis-1,4-polyisoprene chains. In the mixtures
we observed the absence of cluster formation between DMA —
DMA residues of @ terminal groups. This absence can be
attributed to the interaction free energy between DMA and
DMA residues falling within the range of thermal energy. A
similar trend was previously reported in our earlier work (Dixit
et al,'*'®). We identified the formation of both heterogeneous
and homogeneous stable clusters between ester- and hydroxy-
terminated isopentene terminal groups (al—a2 and a2—a2),
ester- and hydroxy-terminated isobutane groups (a3—a4 and
a4—a4), as well as between ester- and hydroxy-terminated 1,4-
cis-isoprene groups (aS—a6 and a5—a6). Conversely, no cluster
formation was observed for ester-terminated isopentene
(al—al), ester-terminated isobutane (a3—a3), and ester-
terminated 1,4-cis-isoprene (aS—asS) groups (Dixit et al.'*).
These results can be generalized to the possibility of
heterogeneous cluster formation consisting of any combinations

of @44 and ., terminals, and those of e, and &y, terminals.
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(a) Pliin

Figure 12. Physical junction points of a2 around a1, a4 around a3, and
a6 around @S terminals in (a) Pl,y, (b) Py, and (c) Ply,y; melt
systems, respectively. Dimethyl allyl group of @ terminals are shown by
cyan color and a2, a4, and a6 terminals are shown by red, orange, and
magenta colors, respectively. The backbone carbon and hydrogen
atoms are represented in gray, while the oxygen and hydrogen atoms of
—OH are depicted in red and white, respectively.

In summary, this study explored the impact of both the @ and all
six @ terminals on the interplay of end-terminal associations and
the dynamic properties of polyisoprene chains in mixed
polyisoprene melt systems. Significantly, we observed weaker
affinities between isoprene-isoprene and ester—ester terminals,
resulting in the absence of discernible stable clusters. As a
consequence, no evident branching points were identified
between ISO — ISO in PI; and a1 — a1 in PI;, a3 — a3 in Py,
and a5 — aS in PL,. Conversely, robust hydrogen-bond
interactions between al — a2, a2 — a2, a3 — a4, a4 — a4,
aS — a6, and a6 — a6 terminals effectively facilitated the
formation of heterogeneous and homogeneous stable clusters
characterized by larger sizes (s > 2). The radial distribution
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function (RDF) [Oc_o] — [Honl provides insight into the
stability and structural organization of heterogeneous clusters,
while the RDF [Ogy] — [Hoy] characterizes the stability and
structural arrangement of homogeneous clusters. Notably, the
intensity of the primary peak in [O¢_o] — [Hoy] is significantly
higher than that observed in [Ooy] — [Honl (Figure 4),
indicating stronger interactions within heterogeneous clusters.
The first peak of [O¢_o] — [Hop] occurs at approximately 0.18
nm, compared to 0.20 nm for [Opy] — [Hoy). This suggests
that the hydrogen bonding between the ester oxygen atom
([Ocoo)) of the ester terminal ends and the hydroxyl hydrogen
([Homn)) of the hydroxy terminal ends is considerably stronger
than the hydrogen bonding between hydroxyl groups ([Hoy])
in homogeneous clusters (Figure 10). Additionally, the free
energy profiles for [O¢_o] — [Hoy] and [Oop] — [Hop] across
all melt systems are presented in Figure 6. The contact minimum
free energy of [Oc_o] — [Hop] is substantially greater than that
of [Oon) — [Hopl, further emphasizing the enhanced stability
of heterogeneous clusters relative to homogeneous clusters. As a
result, the heterogeneous clusters substantially reduce the
dynamic mobility of ester-terminated PI chains in the mixed
melt systems compared to the corresponding pure components,
as the ester-terminated PI chains exclusively participate in the
formation of heterogeneous clusters. This discovery provides
corroborative evidence supporting the presence of multiple
physical cross-linked points in ester- and hydroxy-terminated
polyisoprene chains. Notably, the stability of heterogeneous
clusters formed between al — a2, a3 — a4, a5 — a6 terminals
surpasses that of homogeneous clusters formed between a2 —
a2, a4 — a4, a6 — a6. The stress—stress autocorrelation
function, G(t) (Figure 11), exhibits Rouse-type relaxation (G(t)
~ t7V2) for PI, In contrast, the mixed melt systems
(Pl mmsavivevi) show slower relaxation behavior in comparison
to their respective pure components due to the formation of
stable heterogeneous clusters mediated by hydrogen bonding
between ester and hydroxy terminal groups. We have verified the
existence of hydrogen-bonded heterogeneous as well as
homogeneous polar aggregates between the hydroxy and ester
terminals of polyisoprene chains, which could potentially
contribute to the phenomenon of strain-induced crystallization
in natural rubber. In our forthcoming investigations, we plan to
conduct all-atom MD simulations of polyisoprene melt systems
containing nonrubber components such as proteins, lipids, fatty
acids, and sugars. This approach aims to elucidate the influence
of these nonrubber components on the formation of polar or
nonpolar physical junction points with terminal groups, which
may play a pivotal role in conferring superior properties to NR,
including high toughness, resistance to crack growth, and strain-
induced crystallization.

Our multiscale modeling approach demonstrates robustness and
practical applicability for simulating complex polymer melt
systems, though certain limitations should be acknowledged.
Using this framework, coarse-grained (CG) equilibration for
melt systems composed of unentangled polymer chains can be
efficiently achieved within a reasonable time frame. However,
the present approach still requires a lot of computational costs
even when using our multiscale approach to prepare the initial
equilibrium structure. This high computational cost restricts us
from performing the simulation for a melt composed of long
polymer chains having many entanglement points on them.
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