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A B S T R A C T

Chain stiffness plays a critical role in influencing the thermodynamic and dynamic properties of polymers.
Here, all-atom molecular dynamics simulations are employed to study the effects of chain tacticity and
temperature on polymer stiffness. Our results show that local stiffness is enhanced by introducing an
asymmetric stereochemical unit with opposite chirality joined by all-𝑡𝑟𝑎𝑛𝑠 series on polymer chains. The
free energy landscape of adjacent dihedral pairs can explain the various chain stiffness of polymer chain
with different tacticities. In literature, the temperature dependence of chain stiffness measured by small-angle
neutron scattering (SANS)-based experiments contradicts with rotational isomeric state (RIS) predictions and
recent single chain simulation results. Our results show that chain stiffness of isotactic PP and PB-1 melt is
almost temperature independent, which is consistent with SANS-based measurements. By considering the chain
density of polymer melt which is ignored by original RIS theory and single-chain simulations, we point that
RIS theory and SANS-based experiments can be harmonic, but the chain density must be explicitly considered
for polymer melt.
1. Introduction

Chain conformation is one of the crucial concepts in the field of
polymer physics since it lays the molecular foundation of all physical
properties of polymer materials. Most of polymers adopt a substantial
number of chain conformations as a result of rotation around single
bonds along chain backbone. There are several ‘‘preferred’’ rotational
(dihedral) angles for each polymer, such as 𝑡𝑟𝑎𝑛𝑠 and 𝑔𝑎𝑢𝑐ℎ𝑒 states. Sim-
ple transitions between available isomeric states of chain conformations
give rise to chain stiffness which will also change the thermodynamic
and dynamic properties of polymers as a consequence [1]. Thus, un-
derstanding the impact of tacticity on the chain stiffness of polymers
at the molecular level is of significant importance in the scientific field
and the technological applications of the materials.

Considerable efforts have been made to explore chain stiffness of
polymers, which is usually expressed by Flory’s characteristic ratio, 𝐶𝑛,
or through persistence length, 𝑙𝑝. Experimentally, the chain stiffness
under the unperturbed state can be evaluated by the technique of
small-angle neutron scattering (SANS) [2–6] and intrinsic viscosity
measurements in 𝛩 conditions [7–9]. In theoretical treatments, the
development of Rotational Isomeric State (RIS) model has made a
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breakthrough in predicting the chain stiffness of polymer systems [10–
15]. With the improvement of computing ability, Monte Carlo (MC)
simulations [16–18] and molecular dynamics (MD) simulations [19–
22] have been performed to extract the chain dimensions and stiffness
of various polymers. The combination of MC simulations and RIS theory
has been proposed and implemented for single polymer chains [23,24].

Tacticity plays an important role in the properties of polymers,
such as dynamical [19,20] and rheological properties [25–28], which
has been extensively studied in the literature. Polypropylene (PP) is a
typical kind of polymers with high regulation of various stereoregular-
ity, such as isotactic polypropylene (𝑖PP), syndiotactic polypropylene
(𝑠PP), and atactic polypropylene (𝑎PP). The comparison between PP
with different tacticity has been extensively studied. [25–33]. 𝑠PP
shows excellent elastic properties compared to 𝑖PP [29–31]. The more
striking difference lies in chain dimensions and rheological behavior
in melt state [27,28]. For instance, Jones and coworkers [28] found
that 𝑠PP exhibits dramatically larger chain dimensions than 𝑖PP. Eck-
stein 𝑒𝑡 𝑎𝑙 [25,26] showed that the plateau modulus of 𝑠PP with high
stereoregularity is greatly larger than those of 𝑖PP and 𝑎PP, which has
been further confirmed recently [32]. The probable reason for this
phenomenon is that 𝑡𝑟𝑎𝑛𝑠 conformation dominates in the 𝑠PP melts.
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Moreover, MD simulations [33] have been reported to study the effect
of tacticity on the dynamics of PP chains in melt state.

Tacticity has a significant influence on the chain stiffness of poly-
mers, as it mainly affects the distributions of dihedral angles along
chain backbone. Relevant results for PP have been reported in both ex-
periments [27,28] and theoretical calculations [12–15,34]. Antoniadis
and coworkers [19,20] applied MD simulations to the system of PP
with different tacticities and found that the difference of transition rates
between different isomeric states is accountable for the tacticity effect
on the segmental dynamics. A recent systematic study of single chain by
MC simulations [16] investigated the effect of tacticity on the stiffness
of a PP chain under the unperturbed state, where the Flory’s charac-
teristic ratio exhibited a nonmonotonic dependence on the tacticity
expressed by fractions of 𝑚𝑒𝑠𝑜 dyads. Moreover, the hybrid particle-
field molecular dynamics was proposed to describe conformational
differences of polymer chains as a function of tacticity [22]. It was also
reported for polybutene-1 (PB-1) that the stereoregularity plays a key
role in determining chain stiffness. [35] Despite tremendous efforts,
how the tacticity influences the chain stiffness and conformations at
the fundamental molecular scale remains to be better understood. We
must emphasize that most of the previous theoretical treatments and
simulations in literature are based on single-chain system and their
conclusion might need further correction for polymer melt.

It is notable that there is a wide discrepancy of the temperature
coefficient (𝜅 = d ln

⟨

𝑅2⟩ ∕d𝑇 = d ln𝐶𝑛∕d𝑇 ) of chain dimensions
and stiffness in actual results from different methods. For example,
the majority of RIS predictions [14,15,34,36–38] and the measure-
ments from 𝛩-condition [39–41] on PP yield large negative values
of 𝜅. A recent MC simulation [17] also gives a negative value of 𝜅
(−0.56 𝙺−1) due to the entropic elasticity. However, the SANS-based
melt results [3,5] lead to a contradicted conclusion that 𝜅 is almost
zero. A similar phenomenon is found for PB-1 [5,42]. The 𝜅 value of
PB-1 from the melt calculated using SANS results yields a small positive
value about 0.4 × 10−3 𝙺−1 while the intrinsic viscosity measurements
show negative values. The contradiction between SANS-based measure-
ments and RIS predictions and 𝛩-solution evaluations is also found for
polystyrene [43–45] . It is supposed that the diverse results are caused
by the correlation effects in the melt [5], which is neglected in either 𝛩-
solution measurements or RIS predictions. The fact that there is a good
agreement among 𝛩-condition results [46], RIS predictions [36] and
SANS-based melt results [47] on 𝜅 value of polyethylene (without side
groups) further confirms this supposition. But this interpretation under-
lying the obvious contradiction is still not clarified. The dependence
of chain stiffness on temperature is important because it is related
to the polymer properties at different temperatures during processing
stages. Thus, it is of interest to evaluate the temperature dependence
of polymer chain stiffness at molecular scale.

In the present study, we employ all-atom MD simulations to explore
the role of tacticity and temperature on the chain stiffness of polymer
in the melt. Specifically, PP and PB-1 with different tacticities are em-
ployed to explore the effect of tacticity on chain stiffness. Meanwhile,
MD simulations of 𝑖PP, 𝑖PB-1, and PE at different temperatures are
performed to estimate the temperature dependence of chain stiffness.
By evaluating the local molecular stiffness, quantified by Flory’s char-
acteristic ratio and local persistence length, we can obtain insights
into the mechanism in action of tacticity. The results of the current
simulations highlight how tacticity influences the chain stiffness of
polymer melt, which will be beneficial for the design of polymer
materials and predictions of physical properties. Furthermore, we point
out that original RIS theory and single-chain simulations cannot make
a correct prediction of chain stiffness for polymer melt, as the density
2

effect and the relative thermal expansion is not considered.
2. Methods

2.1. System studied

The systems we studied are a series of PP and PB-1 chains with var-
ious probabilities (fractions) of 𝑚𝑒𝑠𝑜 dyads, 𝑃𝑚. In particular, polymer
chains with 𝑃𝑚 = 1.0 and 0.0 correspond to isotactic and syndiotactic
polymers, respectively. Several kinds of stereodefective 𝑖PP (termed
as st-𝑖PP 𝑃𝑚0.71, st-𝑖PP 𝑃𝑚0.88, st-𝑖PP-block, st-𝑖PP-dot) and 𝑖PB-1
(termed as st-𝑖PB-dot) chains were studied. The schematic representa-
tions of polymer chains studied are depicted in Fig. 1. For a clearer
view, the planar zigzag conformation is used and the side groups
are displayed on both sides of the chain plane. The stereochemical
sequence of each chain could also be illustrated by a color strap
shown under the schematic representation in Fig. 1. All 𝑚𝑒𝑠𝑜 and
𝑟𝑎𝑐𝑒𝑚𝑜 sequences are Bernoullian. All chains are arranged in head-to-
tail sequence, where monomer inversion is not allowed. The chains
are absolutely identical in each system; the 𝑚𝑒𝑠𝑜 and 𝑟𝑎𝑐𝑒𝑚𝑜 sequences
are exactly the same which is different from the previous paper. [16]
The bulk system in this work contains 50 chains with 50 repeat units
each chain, corresponding to a simulation box of 7500 carbon and
15100 hydrogen atoms for PP, and 10000 carbon and 20100 hydrogen
atoms for PB-1. To investigate the temperature dependence of the chain
stiffness of polymers, larger systems of PE, 𝑖PP, and 𝑖PB-1 are generated,
consisting 100 chains with 100 repeat units.

2.2. Overview of MD simulations

All MD simulations are carried out using GROMACS (version 4.5)
software package [48] with the all-atom model of OPLS force field
(OPLS-AA) [49,50], which has been widely applied in previous studies.
The interactions between atoms contain both bonded (bond, angle, and
dihedral) and nonbonded (van der Waals and Coulomb) potentials. A
cut-off distance of 𝑟𝑐 = 1.2 𝚗𝚖 is implemented in the Lennard-Jones
potential and the Coulomb potential. The leap-frog algorithm with a
time step 𝑑𝑡 = 2 𝚏𝚜 for the dynamic integration is used in all MD simu-
lations and periodic boundary conditions are applied in all directions.
The v-rescale thermostat (velocity rescaling with a stochastic term) and
Berendsen barostat are used to control the temperature and the pressure
of the system. In our simulations, the initial configurations of polymer
chains are first minimized by the steepest descent algorithm and melted
at 600 𝙺. The melt system is first compressed at 600 𝙺 and then equili-
brated at a fixed temperature (500 𝙺, 550 𝙺, 600 𝙺, or 650 𝙺) under an
isothermal–isobaric (NPT) ensemble with the pressure of 1 𝚋𝚊𝚛 for at
least 6 𝚗𝚜 until the density of system maintains almost unchanged and
the auto-correlation of end-to-end vector reaches 0.1. All the chosen
temperatures are much higher than the glass transition temperature,
and the system is surely in melt state at these temperatures. Afterward,
the production run is performed under the canonical ensemble (NVT)
at the corresponding temperatures for 300 𝚗𝚜 − 870 𝚗𝚜.

3. Results and discussion

3.1. Effect of asymmetric tacticity on chain stiffness of polymers

To quantify the chain stiffness of polymers, we first calculate the
modified local persistence length 𝑙(𝑘)𝑝 , which is defined as [51–53]:

𝑙(𝑘)𝑝 =
⟨

𝑟𝑘
|𝑟𝑘|

⋅ �⃗�
⟩

(1)

where �⃗� is the end-to-end distance vector of each chain and 𝑟𝑘 is the
nit vector of the 𝑘𝚝𝚑 bond along chain backbone. ⟨⋯⟩ denotes average
ver all chains. Fig. 2 shows the modified local persistence length 𝑙(𝑘)𝑝

versus 𝑘 at 600 𝙺 for PP and PB-1 chains, respectively. The local stiffness
of 𝑠PP chain is much larger than 𝑖PP chain, consistent with previous
experimental and theoretical studies. [16,25,26,28,32] PB-1 shows the
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Fig. 1. Schematic all-atom and strapped representations of different polymer chains displayed with different tacticity in the zigzag conformation. The big red and the small cyan
spheres represent 𝙲 and 𝙷 atoms, respectively. The stereochemical sequence of each chain is simplified and illustrated by a color strap shown under the corresponding schematic
representation. The blue represents the repeat units with side groups above the zigzag plane and the white describes the ones under it.
same tendency with PP, which means that 𝑠PB-1 is stiffer than 𝑖PB-1.
It can be observed that 𝑙(𝑘)𝑝 depends strongly on 𝑘 near chain ends for
all cases which we will discuss later. The values of 𝑙(𝑘)𝑝 reach a plateau
value in the middle range of 𝑘 for isotactic and syndiotactic polymers.
However, it is interesting that there are some peaks on the basis of
plateau values where 𝑟𝑎𝑐𝑒𝑚𝑜 dyads are introduced for st-𝑖PP and st-𝑖PB-
1 chains. This indicates that the introduction of 𝑟𝑎𝑐𝑒𝑚𝑜 dyads enhances
the local chain stiffness. We can notice that a typical peak has been
split into two little tips on the curve of 𝑙(𝑘)𝑝 , and there is a concavity
between the two tips. The exceptions on the curve of st-𝑖PP with 𝑝𝑚
= 0.71 near 𝑘 = 15 and 86 are caused by the overlap of a few of
neighboring peaks. We will discuss this characteristic later. It should
be noted that when an ensemble of chains with various meso-racemo
dyad sequences but all having the same percentage of meso dyads 𝑝𝑚 is
used, no peaks will appear at the plot of average 𝑙(𝑘)𝑝 versus 𝑘. We have
performed additional simulations for st-𝑖PP-dot system with randomly
distributed meso-racemo dyad positions. Fig. S.2 presents the modified
local persistence length 𝑙(𝑘)𝑝 versus 𝑘 at 600 𝙺 for the whole system and
for a specific chain. The 𝑙(𝑘)𝑝 plot for the randomly distributed st-𝑖PP-dot
system shows no obvious peaks either, but peaks due to local enhanced
chain stiffness can be seen considering only one chain in the system.

This phenomenon of enhanced chain stiffness raises the question
that how 𝑟𝑎𝑐𝑒𝑚𝑜 dyads affect the local molecular stiffness of poly-
mers. We speculate that a large conformational change happens at the
interfaces of two different stereochemical sequences and leads to a
sudden increase of local stiffness. Thus, we take PP systems as examples
to evaluate the relationship between chain conformations and chain
stiffness. Fig. 3 shows the time-index space by means of dihedrals
for a typical chain of 𝑖PP, 𝑠PP, and st-𝑖PP-dot. The specially selected
st-𝑖PP-dot introduces one monomer with syndiotacticity in 𝑖PP chain,
introducing two 𝑟𝑎𝑐𝑒𝑚𝑜 dyads. It is taken as a model system to explore
the physical explanation of the enhanced local stiffness, which is shown
in the right panel of Fig. 3. The alternation of green and red or blue
stripes represent helical segments (𝑡𝑟𝑎𝑛𝑠-𝑔𝑎𝑢𝑐ℎ𝑒 states), and the green
stripes exhibit the sustained 𝑡𝑟𝑎𝑛𝑠 state. There are certain amounts
of short helical segments in the 𝑖PP or 𝑠PP melts. It is worth noting
that there is a green stripe (𝑡𝑟𝑎𝑛𝑠-𝑡𝑟𝑎𝑛𝑠 states) where 𝑟𝑎𝑐𝑒𝑚𝑜 dyads
stay throughout the whole simulation time for st-𝑖PP-dot, as seen in
Fig. 3(c). This indicates that the probability of 𝑡𝑟𝑎𝑛𝑠 state is much
larger in the polymer chain where 𝑟𝑎𝑐𝑒𝑚𝑜 dyads are introduced than
3

that at other positions. The sustained 𝑡𝑟𝑎𝑛𝑠 state means an increased
Fig. 2. Modified local persistence length 𝑙(𝑘)𝑝 versus 𝑘 at 600 𝙺 for polymers studied.
The strapped stereochemical sequence is illustrated by different colors for clarity. The
bottom panel displays the modified local persistence length of three stereodefective
polymer chains, named by st-𝑖PP-block, st-𝑖PP-dot, and st-𝑖PB-dot, with same 𝑃𝑚 value
of 0.96 but of different stereochemical sequences. The areas of peak, non-peak, central
part and marginal part of the peak are marked by ‘‘a", ‘‘b", ‘‘c", ‘‘d", which will be
discussed in Fig. 4.

free energy barrier of rotation and makes a valuable contribution to

enhanced local stiffness.
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Fig. 3. Time-index space by means of dihedral for a typical chain of (a) 𝑖PP, (b) 𝑠PP,
and (c) st-𝑖PP-dot. The strapped representations of corresponding chains are shown on
the right. The green strip is highlighted by the black rectangle box. The color bar is
shown at the bottom.

To have a better understanding of the influence of the chain con-
formations on the stiffness of the chain where 𝑟𝑎𝑐𝑒𝑚𝑜 dyads are intro-
duced, we plot the equivalent free energy landscape of adjoint dihedral
pairs (𝛷−𝛹 plot) for the st-𝑖PP-dot chains at different bond index ranges
in Fig. 4. The equivalent free energy landscape, 𝐹 (𝛷,𝛹 ), is calculated
by the inverse Boltzmann formula:

𝐹 (𝛷,𝛹 ) = −𝑘𝐵𝑇 ln𝑃 (𝛷,𝛹 ) (2)

where 𝑘𝐵 is the Boltzmann constant and 𝑇 is the temperature. 𝑃 (𝛷,𝛹 )
is the probability of adjoining (𝛷,𝛹 ) pairs found in simulations.
Fig. 4(a) and (b) show the equivalent free energy landscape of adjacent
dihedral pairs at the bond index range corresponding to the peak and
non-peak in the 𝑙(𝑘)𝑝 curve shown in Fig. 2. As expected, there are large
quantities of 𝑡𝑟𝑎𝑛𝑠-𝑡𝑟𝑎𝑛𝑠 states (the strong dark and red points at the
center) besides helical conformations at the peak range in comparison
with the non-peak range where the 𝑡𝑟𝑎𝑛𝑠-𝑔𝑎𝑢𝑐ℎ𝑒 states are dominating.
This indicates that large quantity of 𝑡𝑟𝑎𝑛𝑠-𝑡𝑟𝑎𝑛𝑠 states contributes to
the enhanced chain stiffness, which is consistent with the observation
in Fig. 3. The bond index range at the peak is further divided into the
central part and the marginal part, and the corresponding equivalent
free energy landscape of adjacent dihedral pairs are displayed in
4

Fig. 4(c) and (d), respectively. It can be observed that the 𝑡𝑟𝑎𝑛𝑠-𝑡𝑟𝑎𝑛𝑠
states mainly exist at the center of the peak while the 𝑡𝑟𝑎𝑛𝑠-𝑔𝑎𝑢𝑐ℎ𝑒
states (blocks of helical conformations) appear at the marginal part.

To facilitate a better insight into the conformational distribution
near the introduced 𝑟𝑎𝑐𝑒𝑚𝑜 dyads on polymer chain, we compare
the corresponding equivalent free energy landscape of dihedral pairs
between adjacent bonds of st-𝑖PP-dot, as illustrated in Fig. 5. For
clarity, a schematic representation of chain configuration in the planar
zigzag conformation is described in the middle of Fig. 5. Side groups
of st-𝑖PP-dot at the opposite sides of the chain plane are denoted as
‘‘black’’ and ‘‘striped’’. The ‘‘striped’’ one refers to the monomeric unit
of different tacticity introduced into the isotactic chain. The equivalent
free energy landscapes between two consecutive backbone bonds are
specified. We take the ‘‘striped’’ side group as the chain segment center,
and analyze the dihedral pairs from this center to both directions. As
shown in Fig. 5(c), (g), and (h), conformational distributions of dyads
reveal a preference for 𝑡𝑟𝑎𝑛𝑠-𝑡𝑟𝑎𝑛𝑠 conformers within two backbone
bonds from the center. This observation is consistent with the previous
study [20] that distributions of pairs of successive torsion angle prefer
𝑡𝑟𝑎𝑛𝑠-𝑡𝑟𝑎𝑛𝑠 conformation for 𝑠PP. Continuously away from the center,
it is found that portions of bond pairs stay in helical conformations
(𝑡𝑟𝑎𝑛𝑠-𝑔𝑎𝑢𝑐ℎ𝑒 states) of opposite chirality as shown in Fig. 5(b) and
(d). This observation has been confirmed in published studies [54,55],
which showed that the conformation of 𝑠PP chains in melt state is
expected to exhibit short sequences of helices of opposite chirality
separated by joints (long sequences of consecutive 𝑡𝑟𝑎𝑛𝑠 state) at the
low cost of conformational energy. Fig. 5(a), (e), (f), and (i) show the
equivalent free energy landscape of bond pairs corresponding to the
plateau value of persistence length 𝑙(𝑘)𝑝 as shown in Fig. 2. We can
observe that there is a small quantity of 𝑡𝑟𝑎𝑛𝑠-𝑔𝑎𝑢𝑐ℎ𝑒 sequence. The
all-𝑡𝑟𝑎𝑛𝑠 sequences and the connected helical sequences along the chain
contribute to an increase in chain stiffness. The all-𝑡𝑟𝑎𝑛𝑠 sequences
correspond to the concavity of the peak, while the connected helical
sequences correspond to the little tips of the peak of 𝑙(𝑘)𝑝 as shown in
Fig. 2.

The significant impact of chain tacticity on the molecular stiffness
of PP chains has been illustrated in our simulations. It shows that the
local persistence length 𝑙(𝑘)𝑝 appears to be strongly increased at the
chain positions where repeat units with different stereoregularity are
introduced. From the view of chain conformations and free energy
landscape of adjacent dihedral pairs, we have attempted to provide a
physical meaning and uncover the origin of enhanced chain stiffness.
The results show that special conformational sequences, which are
helical conformations with asymmetric chirality joined by all-𝑡𝑟𝑎𝑛𝑠 se-
ries, prevail where variations in stereoregularity occur. Previous studies
based on the RIS model reported that such conformational sequences
have a low cost of conformational energy. [55] It has been reported
that the dependence of the characteristic ratio, 𝐶𝑛, on tacticity, 𝑃𝑚, is
not monotonic but exhibits a minimum as tacticity increases, which is
caused by two competing mechanisms. [16] As 𝑃𝑚 increases, all-𝑡𝑟𝑎𝑛𝑠
sequences become shorter, which tends to decrease the chain stiffness,
while at the same time more lengthy helical conformations appear,
which results in the increase of chain stiffness.

3.2. Effect of chain density and temperature on chain stiffness of polymer
melt

In this section, the temperature dependence of the chain stiffness
of polymers is investigated for PE, 𝑖PP, and 𝑖PB-1 with 100 repeat
units by evaluating the Flory’s characteristic ratio 𝐶𝑛 and the modified
local persistence length 𝑙(𝑘)𝑝 at different temperatures. The selected
temperatures are 550, 600, 650 𝙺 for PE system, 500, 600, 650 𝙺 for
𝑖PP, and 500, 550, 650 𝙺 for 𝑖PB, respectively. These temperatures are
represented by 𝑇𝑙𝑜𝑤, 𝑇𝑚𝑖𝑑 and 𝑇ℎ𝑖𝑔ℎ in an increasing order. Fig. 6(a) plots
the Flory’s characteristic ratio 𝐶𝑛 of PE, 𝑖PP and 𝑖PB versus the length
of chain backbone in form of bond number 𝑛 at different temperatures.
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Fig. 4. Equivalent free energy landscape of adjacent dihedral pairs at different bond index ranges: (a) peak, (b) non-peak, (c) central part and (d)marginal part of the peak in the
𝑙(𝑘)𝑝 curve shown in Fig. 2. The left- and right-handed helices are divided by the diagonal and are represented by the ‘‘L’’ and ‘‘R’’ letters.
Fig. 5. Equivalent free energy landscape between adjacent bonds of st-𝑖PP-dot. The two red arrows mark the two little tip values of 𝑙(𝑘)𝑝 curve shown in Fig. 2.
It can be observed that 𝐶𝑛 reaches a plateau value at certain values
of 𝑛. The plateau value of PE decreases with increasing temperature.
However, it does not show much difference between 𝑖PP and 𝑖PB-1.

Fig. 6(b) shows the modified local persistence length 𝑙(𝑘)𝑝 of PE, 𝑖PP
and 𝑖PB-1 at different temperatures. The dependence of 𝑙(𝑘)𝑝 on 𝑘 can
be well described by an approximation, proposed by Schäfer, [56,57]
5

which are plotted using dashed lines:

𝑙(𝑘)𝑝 ∕𝑙 = 𝛼[𝑘(𝑁𝑏 − 𝑘)∕𝑁𝑏]2𝜐−1 (3)

where 𝛼 is a (nonuniversal) constant, 𝑙 is the bond length, and 𝑁𝑏 is
the total number of monomers. 𝜐 is the exponent characterizing chain
linear dimensions in good solvents, where

⟨

𝑅2⟩ ∝ 𝑁2𝜐
𝑏 . It shows that

there is some deviation for our results from Eq. (3) . We attribute
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such deviations to two factors: From one point, the suitably applied
situation of Eq. (3) is a single chain in solvent without interchain
correlations, but the condition in our results is polymers in the melt
state. From the other point, the definition of Eq. (3) decides that there is
a convex variation with the maximum around the right middle, which
contradicts with the flat plateau in the chain interior in our results.
Similarly to 𝐶𝑛, there is no obvious temperature dependence of 𝑙(𝑘)𝑝 for
PP or 𝑖PB-1.

As mentioned above, RIS model and previously reported single-
hain simulations ignored the multi-chain effect, i.e., the effect of chain
ensity and thermal expansion. However, in our all-atom simulations of
olymer melt, it is found that thermal expansion and the chain density
f PE, 𝑖PP and 𝑖PB-1 cannot be ignored. For a given pressure of 1 bar,
he densities of PE, 𝑖PP and 𝑖PB-1 are slightly different. However, the
hain densities are more different due to the sizes of side-groups of 𝑖PP
nd 𝑖PB-1. Flory states that polymer conformations in a melt behave
tatistically random-walks as Gaussian chains, and the results of end-to-
nd distance and radius of gyration in our simulations further support
t. There, in order to exclude the thermal expansion effect, we scale
(𝑘)
𝑝 at different temperatures by the same volume of every system, and
ntroduce the normalized local persistence length, 𝑙∗𝑝 , for 𝑖PP and 𝑖PB-1,
hich is defined as:

∗
𝑝 = 𝑙(𝑘)𝑝

𝑣1∕30

𝑣1∕3
(4)

Where, 𝑣 and 𝑣0 are the volume of considered polymer melt and
the reference (1000 𝚗𝚖3). In this way, the values of 𝑙(𝑘)𝑝 and 𝑙∗𝑝 of our
simulation results can be compared to the experimental SANS data and
calculated RIS data, respectively.

Fig. 6(c) shows that the normalized persistence length 𝑙∗𝑝 of 𝑖PP
ecreases obviously with increasing temperature, which is qualitatively
onsistent with RIS results [14,15,34,36–38]. These results indicate
negative value of 𝜅 for 𝑖PP. While the molecular stiffness of 𝑖PP,

escribed by Flory’s characteristic ratio 𝐶𝑛 and modified local persis-
tence length 𝑙(𝑘)𝑝 , does not show a temperature-dependent relationship,

hich is in agreement with experimental SANS results [3,5]. The
ompensation of thermal expansion causes the negative value of 𝜅 to
e around zero for 𝑖PP. We hereby conclude that the chain density and
hermal expansion of chain dimensions leads to the contradicted results
etween SANS-based experiments and those from RIS prediction and
ingle-chain simulation. The temperature dependence of melt density is
nvolved by all experimental methods, but is ignored by RIS theory and
C simulations of single chain. Our simulations considered both chain

ensity and temperature expansion in polymer melt and thus our results
onsist with SANS-based experiments. The temperature coefficient 𝜅 =
ln
⟨

𝑙(𝑘)𝑝

⟩

∕d𝑇 is calculated by the plateau values of persistence. In
able 1, we compare temperature coefficient 𝜅 for polymers estimated
rom simulation data (𝑙(𝑘)𝑝 ) and normalized data (𝑙∗𝑝) and comparison
ith reported results from literature. The effect of thermal expansion
n 𝜅 is of certain extent which is much stronger for 𝑖PP and 𝑖PB-1 than
E. So the thermal expansion effect can nearly be ignored for PE. It can
xplain the closeness of the values from SANS and RIS, which are on the
ame level with our estimation. For 𝑖PP, the thermal expansion effect
an remarkably change the temperature coefficient 𝜅 from a relative
erspective. The estimation of 𝜅 from simulation data is close to zero
eported by SANS, and the value from normalized data approaches the
alues calculated by RIS. The 𝜅 results of 𝑖PB are very close to 𝑖PP.
nfortunately, we did not find the corresponding experimental results
f 𝑖PB.

Now an alternative approach is attempted to obtain the persistence
engths based on the single-chain structure factor, 𝑆(𝑞), [59] as defined
y

(𝑞) = 2
𝑁(𝑁 + 1)

∑

𝑖<𝑗

sin(𝑞𝑅𝑖𝑗 )
𝑞𝑅𝑖𝑗

(5)

here 𝑁 is the number of backbone carbon atoms, 𝑞 is scattering
ector, and 𝑅 is the distance between the 𝑖th and 𝑗th carbon atoms.
6

𝑖𝑗
Fig. 6. (a) Flory’s characteristic ratio 𝐶𝑛, (b) modified local persistence length 𝑙(𝑘)𝑝 , and
(c) normalized persistence length 𝑙(∗)𝑝 for PE, 𝑖PP, 𝑖PB-1 versus the number of backbone
bonds 𝑛 at different temperatures. The statistic noise for 𝐶𝑛 is very high even for long
time simulations. A symmetrical average processing for 𝑙(𝑘)𝑝 and 𝑙(∗)𝑝 is used to reduce
the statistic noise.

If 𝑁𝑏𝑙∕𝑙𝑝 ≫ 1 and scattering vector 𝑞 is very large, namely 𝑞𝑙𝑝 ≫ 3, a

simple approximation is obtained:

𝑁𝑞𝑙𝑆(𝑞) = 𝜋 + 2 1 (6)

3 𝑞𝑙𝑝
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𝑚
o

Table 1
Temperature coefficient 𝜅 estimated from original data and normalized data.

Polymer 𝜅 × 103 (𝐾−1)

Simulation data Normalized data SANS RIS

PE −1.40±0.06−1.77±0.08 −1.06±0.07 [47] −1.1 [58]
𝑖PP −0.13±0.07 −0.41±0.02 0 [3,5] −1.0 to −4.0 [34,36–38]
𝑖PB −0.16±0.00 −0.47±0.00
⟨

l
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t
T
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o
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Fig. 7. The single-chain structure factor of (a) PE, 𝑖PP, and 𝑖PB-1 chains at different
temperatures and (b) polymer chains shown in Fig. 2 at 600 𝙺.

This equation has been used to extract the persistence length of poly-
mers with bottle-brush architecture. [60,61] A flat region from 𝑞 ≈ 𝑙−1𝑝
to 𝑞 ≈ 𝑙−1, the so-called ‘‘Holtzer plateau’’, is expected to see in the
single-chain structure factor multiplied by 𝑞. The onset of this ‘‘Holtzer
plateau’’ in 𝑞 gives some information of 𝑙𝑝. Fig. 7(a) shows the single-
chain structure factor of PE, 𝑖PP and 𝑖PB at three different temperatures
as described in Fig. 6. Fig. 7(b) exhibits the single-chain structure factor
of various short polymer chains with different tacticities at 600 𝙺 as
discussed in Fig. 2. The 𝑆(𝑞)𝑞 exhibits a ‘‘Holtzer plateau’’ only for
𝑖PP and st-𝑖PP chains. The onset of the horizontal regions is marked
by a vertical dashed line located around 𝑞 = 7.8 𝚗𝚖−1. An approximate
persistence length 𝑙(𝑘)𝑝 = 0.80 𝚗𝚖 is extracted from it, which is consistent
with the estimated values from Figs. 2 and 6.

Fig. 8(a) shows the normalized distributions of dihedrals (torsion
angles) along the backbone of PE, 𝑖PP and 𝑖PB-1 at different temper-
atures. Three torsional states, 𝑡𝑟𝑎𝑛𝑠 (𝑡), 𝑔𝑎𝑢𝑐ℎ𝑒 𝑝𝑙𝑢𝑠(𝑔+) and 𝑔𝑎𝑢𝑐ℎ𝑒
𝑖𝑛𝑢𝑠(𝑔−) are identified by the minima of the normalized distributions
f dihedrals. Specifically, the 𝑡𝑟𝑎𝑛𝑠 (𝑡) state is defined as the dihedral
7

within 180 ± 65◦, the 𝑔𝑎𝑢𝑐ℎ𝑒 𝑚𝑖𝑛𝑢𝑠 (𝑔−) state from 245 to 330◦, and the
𝑔𝑎𝑢𝑐ℎ𝑒 𝑝𝑙𝑢𝑠 (𝑔+) from 30 to 115◦. All the chains have three well-defined
peaks corresponding to the 𝑡𝑟𝑎𝑛𝑠 and two 𝑔𝑎𝑢𝑐ℎ𝑒 states. The quantity of
𝑡𝑟𝑎𝑛𝑠 states is the largest for PE and the smallest for 𝑖PB-1. The quantity
of 𝑔𝑎𝑢𝑐ℎ𝑒 states is the smallest for PE, while the other two are close to
each other. The probability of 𝑡𝑟𝑎𝑛𝑠 states for PE and 𝑖PP increases as
the temperature decreases. There is little change of 𝑡𝑟𝑎𝑛𝑠 probability of
𝑖PB-1 at different temperatures.

Fig. 8(b) presents the proportion of helical segments with different
length 𝑛ℎ in expression of dihedral number at different temperatures
for 𝑖PP and 𝑖PB-1. Here the helical segments are defined based on
the helical units, such as 𝑡𝑔+, 𝑡𝑔−, 𝑔+𝑡, and 𝑔−𝑡. Each helical segment
consists of the same 𝑔𝑎𝑢𝑐ℎ𝑒 states, that is, sequences like 𝑡𝑔+𝑡𝑔− are
not considered. The proportion of helical segments decreases with
increasing helical length. Long helices are not easy to form and stabilize
in the melt. As temperature is increased, the proportion of helical
segments decreases, which is more obvious for longer helical segments.

From previous results shown in Fig. 6(b), PE is much stiffer than 𝑖PP,
while 𝑖PP is slightly more flexible than 𝑖PB-1. For 𝑖PP, the introduction
of methyl side groups on PE results in the formation of large amounts
of helices(Fig. 7), which attributes to an enhanced flexibility. For
𝑖PB-1, the addition of larger ethyl side groups can also lead to the
formation of helices similarly. But the quantity of helices with different
length is slightly higher for 𝑖PP than 𝑖PB-1, which makes 𝑖PP more
flexible. Besides the existence of helical structures, the role of side
group sizes should also be considered. Both of the steric hindrance
and the excluded volume of the side groups cause an increase of
persistence length. It is worth noting that similar observation about the
influence of side chains on the stiffness of polymers has been reported
in the literature. It mentioned that the persistence length could be
systematically increased by increasing the size of side groups under
good solvent conditions, and the backbone stiffness of polymers is
determined by a balance between the backbone conformations and the
size of the side chain. [21]

The bond orientational correlation function of 𝑖PP and 𝑖PB-1 is
calculated in the next step using equation defined by:

⟨cos 𝜃(𝑠)⟩ =
⟨

𝑟𝑖 ⋅ 𝑟𝑗
⟩

∕𝑙 (7)

where 𝑟𝑖 is the 𝑖th bond vector along the backbone, 𝑠 = |𝑖 − 𝑗|, and
𝜃 is the angle between two bonds separated by 𝑠 bonds. Fig. 9 shows
the bond orientational correlation function ⟨cos 𝜃(𝑠)⟩ of 𝑖PP and 𝑖PB-
1 versus 𝑠 in the log–log form at different temperatures. The result
shows a power-law, rather than an exponential, decay of the bond
orientational correlation function, especially at the middle 𝑠 range.
The power-law fitting curves of ⟨cos 𝜃(𝑠)⟩ = 1.00𝑠−1.52 for 𝑖PP and
cos 𝜃(𝑠)⟩ = 1.00𝑠−1.27 for 𝑖PB are plotted as green solid and red dashed
ines. Similar results have been reported in the previous works, in which
ond orientational correlation functions show a power law decay rather
han an exponential decay for both dense melts and at 𝛩 point. [62–64]
he inset shows the bond orientational correlation function ⟨cos 𝜃(𝑠)⟩ in
he log-linear form within a short range at different temperatures. No
bvious difference between each temperature is observed within two
eparated bonds (𝑠 ≤ 2) due to the same bond angle. However, we
an observe a strong oscillation at the range of 𝑠 ≥ 5 for both chains.
he extent of oscillation becomes weaker for 𝑖PP, but not change much
or 𝑖PB-1 when temperature is increased. This indicates that helical
onformations are considerably formed in the melt of 𝑖PP and 𝑖PB-1.
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Fig. 8. (a) Normalized distributions of dihedrals along the backbone of PE, 𝑖PP, and 𝑖PB-1 at different temperatures. (b) Proportion of helical segments in different segment lengths
𝑛ℎ (represented with dihedral number) at different temperatures for 𝑖PP and 𝑖PB-1.
Fig. 9. Bond orientational correlation function ⟨cos 𝜃(𝑠)⟩ of 𝑖PP and 𝑖PB-1 versus 𝑠 in
the log–log form and the corresponding log-linear form in the inset.

Finally, it is necessary to rethink the standard definitions of chain
stiffness, such as Flory’s character ratio 𝐶𝑛 and persistent length 𝑙(𝑘)𝑝
discussed above. We must note that these standard definitions of chain
stiffness are based on coarse-grained concepts and ignore the details
of local structures. As pointed by Hsu 𝑒𝑡 𝑎𝑙 [61], standard definitions
of persistence length do not describe the local ‘‘intrinsic" stiffness of
real polymer chains. Here, we further emphasize the effect of detailed
local structures on the chain stiffness, such as helical structures. Helical
structures lead to correlation along chain backbone, which breaks
the preconditions of standard methods. For an extreme example, the
8

correlation length in the perfect 3/1 helix is expected as infinity.
Considering that helical structures are common in real polymers, a
refreshed definition of chain stiffness based on all-atom concepts, rather
than coarse-grained, is demanded in future studies.

4. Conclusions

In the present study, the effect of asymmetric chirality and chain
density on the chain stiffness of polymers in melts is investigated by us-
ing all-atom molecular dynamics simulations. It is found that the chain
stiffness of stereodefective 𝑖PP and 𝑖PB-1, expressed by the modified
local persistence length, increases significantly at the position of the
polymer chain where an asymmetric stereoregular pair is introduced.
Analyses of dihedral-pair distributions show that the enhanced stiffness
is induced by the conformational sequences of helices with opposite
chirality joined by all-𝑡𝑟𝑎𝑛𝑠 series. Further it is concluded that the free
energy landscape of adjacent dihedral pairs explain the various stiffness
of chains with different tacticities. The temperature dependence of the
chain stiffness of PE, 𝑖PP, and 𝑖PB-1 is studied, and it is revealed that
the characteristic ratio and the modified local persistence length are
almost independent of temperature for 𝑖PP and 𝑖PB-1. This is in line
with the SANS-based measurements while contradicts with the RIS
predictions. By considering the effect of chain density, the normal-
ized persistence length decrease as temperature is increased, which
is qualitatively consistent with RIS results. Thus it can be concluded
that SANS-based measurements and RIS prediction are harmonic. The
discrepancy between original RIS theory and SANS-based experiments
is caused by the chain density which is ignored in original RIS theory
and previously reported single-chain simulations. PE chain is much
stiffer than 𝑖PP and 𝑖PB-1 chains, while 𝑖PP is slightly more flexible
than that of 𝑖PB-1. With introduction of methyl or ethyl side groups, a
large amount of helical structures are formed, which leads to enhanced
chain flexibility. Comparing between 𝑖PP and 𝑖PB-1, it is known that
sizes of side groups play an important role in chain stiffness. Both of
the steric hindrance and the excluded volume of side groups cause an
increase of persistence length, which results in a stiffer chain for 𝑖PB-1

than 𝑖PP.
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𝐶𝑛 Flory’s characteristic ratio
𝑙(𝑘)𝑝 Modified local persistence length
𝑙∗𝑝 Normalized local persistence length
𝜅 Temperature coefficient of chain dimensions and chain stiffness
𝑃𝑚 Fractions of 𝑚𝑒𝑠𝑜 dyads
𝑅 End-to-end distance of each chain
�⃗� End-to-end distance vector of each chain
𝑅𝑖𝑗Distance between the 𝑖th and 𝑗th carbon atoms
𝑟𝑘 Unit vector of the 𝑘𝚝𝚑 bond along the backbone
𝑙 Bond length
𝑁𝑏 Total number of monomers
𝐹 Equivalent free energy landscape
𝑆 Single-chain structure factor
𝑇 Temperature
𝑣 Volume of polymer melt
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