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a b s t r a c t

Nowadays, investigation on fragility in glass-forming liquids is a hot topic in the field of condensed mat-
ter physics, since the understanding of its microscopic mechanism is useful to uncover the underlying
mechanism of the glass transition. In the present paper, we performed dynamic Monte Carlo simulations
to explore the correlations between fragility index and conformational changes in linear and ring poly-
mer chains. Compared with ring chains, linear chains exhibit a higher fragility index. In addition, for both
ring and linear chains, during approaching the glass transition temperature (Tg), the fraction of segments
with trans-conformation increased significantly. To reveal the effect of conformational changes on seg-
mental dynamics during relaxation, a new parameter, the aggregation region of segments with trans-
conformation (ARST), is proposed. The maximum ARST has the lowest mobility, which determines the
relaxation time of polymers. The fragility index has a strong relationship with the maximum ARST. For
linear chains, during approaching Tg, the maximum ARST grew more abruptly, resulting in the larger fra-
gility index.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

The glass transition is an important feature of amorphous mate-
rials [1]. Large changes occur in mechanical properties, volume
characteristics, thermodynamic properties and electrical proper-
ties of polymer materials near the glass transition temperature
(Tg), which have a significant impact on the applications of poly-
mer materials. Therefore, the glass transition is still an important
research topic in polymer science. In the past 50 years, scientists
have established several theoretical models for the glass transition
[2–7]. However, all the theories have limitations. There is still
insufficient understanding of the physical nature of the glass tran-
sition mechanism [8–12].

In 1985 Angell proposed the concept of ‘‘fragility”, which can be
used to characterize how quickly transport coefficients or relax-
ation times increase with the decrease of temperature (T) in a
glass-forming system [7]. As the glass transition temperature is
approached, some liquids show a strongly non-Arrhenius temper-
ature dependence, and are considered as ‘‘fragile” liquids [7].
Specifically, the deviation from the Arrhenius temperature depen-
dence is traditionally quantified by the fragility index m, which is
the slope of log s vs. Tg/T at Tg [1]

m ¼ d log s
dðTg=TÞ

����
T¼Tg

ð1Þ

where s is the relaxation time.
Nowadays, it is widely accepted that fragility is closely corre-

lated with the microscopic mechanism of the glass transition
[7,13–17]. In other words, understanding of the microscopic mech-
anism of fragility is important for a full comprehension of the
mechanism of the glass transition. Up to now, numerous
researches have been carried out to investigate the relationships
between fragility and the glass transition [14–26]. Theories to
explain fragility are, for example, dynamic and thermodynamic
theories [3,18,19,27], potential energy map [3,28–31], and mode
coupling theory [32]. However, some questions about fragility still
exist and wait for solution. For instance, to which phenomenon is
fragility connected [20]? Questions like these encourage research-
ers to make further efforts on fragility.

In liquids, structural relaxation time exhibits a simple Arrhenius
behavior when the temperature is high. However, at lower temper-
atures, the relaxation time increases much faster than that pre-
dicted by the Arrhenius law. This means that the apparent
activation energy of the structural relaxation increases during
cooling toward Tg. Following the Adam–Gibbs theory [3], many
researchers ascribe this non-Arrhenius temperature dependence
of relaxation time to a significant increase in molecular cooperativ-
ity involved in the structural relaxation.
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Many experiments [18–23] and simulations [24–26] have been
carried out at temperatures near the glass transition to reveal the
relationship between fragility and cooperativity. Unfortunately, a
unified answer has not been achieved. Some studies
[19,20,22,24–26] indicated that cooperativity increases with fragi-
lity, which is in accord with our intuitive expectation. Based on the
bond strength coordination number fluctuation model, Aniya et al.
[24] concluded that cooperativity increases with increase of fragi-
lity. However, others [18,21,23] stated that a clear correlation does
not exist. Hong et al. [18] reported that although fragility of glass-
forming liquids is related to cooperativity in molecular motion, the
connections between cooperativity length scale and fragility index
remain unclear. This contradiction implies that further investiga-
tions performed from different points of view are necessary.

Recently, we have performed molecular simulations, including
molecular dynamics simulations and dynamic Monte Carlo (MC)
simulations, to investigate the micro-structural evolution of poly-
mers during glass transition [33–37]. It was found that conforma-
tional transitions occur during cooling [33,35,37]. We
demonstrated the existence of a strong correlation between con-
formational transitions and cooperativity [33,34] and also revealed
the key factors determining the distribution of local Tgs in ultrathin
polymer films and polymer nanocomposites [38,39]. In addition,
we investigated the effect of chain topology on dynamical hetero-
geneity [36]. Binder et al. [40] and de Pablo et al. [41] also per-
formed MC simulations to study the polymer glass transition
behavior.

Then, some new questions appear. Whether some connections
exist between the conformational transitions and fragility? Or
what is the molecular structural origin of fragility in polymers?
Our previous paper [36] showed that the differences in dynamical
heterogeneity between ring and linear polymers can be attributed
to differences in their topologies. In this paper, the microscopic
mechanism of fragility was studied from the viewpoint of confor-
mational changes. We comparatively study the fragility of ring
and linear polymers by using dynamic MC simulations. Linear
polymers show a higher fragility index compared with ring poly-
mer. We demonstrated that fragility is closely correlated with
the Aggregation Region of Segments with Trans-conformation
(ARST). During approaching Tg, the polymer system that exhibits
a faster growth of ARSTs has the higher fragility index.

2. Simulation details

In the current paper, on-lattice MC simulations were carried
out. Firstly, a cubic lattice box, whose side length was 32 lattice
sites, was established. In order to improve simulation efficiency,
512 ring and linear chains were placed into the lattice space,
respectively, in which one segment can only be located on one lat-
tice site, and each chain consists of 32 segments. Thus, the occupa-
tion density of polymer chains in the lattice space is 0.5 high.
Although the linear chain length is the same as the box side length,
the values of X-axis, Y-axis and Z-axis parts of mean-square radius
of gyration of the relaxed chains (hR2

gxi;hR2
gyi and hR2

gzi) are around 4
lattice sites, much smaller than the box side length. Thus, in this
condition, the effect of the box side length on the simulation
results can be ignored. The simulations of the system with higher
occupation density (0.875) were also performed, and the difference
in fragility between ring and linear polymers was almost unaf-
fected by the change of occupation density. Therefore, only the
simulation results of the systems with the occupation density of
0.5 were displayed. Taking into the account of excluded volume
effects, the crossing among bonds was not allowed. In the lattice
space, a bond (formed by two consecutive segments) could be ori-
ented along lattice sides or along face diagonals or along body

diagonals, and thus the length of the single bond could be 1 orffiffiffi
2

p
or

ffiffiffi
3

p
lattice sites, as illustrated in Fig. S1a in supporting infor-

mation. Obviously, the coordination number in our system that
contained 3 sides, 6 face diagonals and 4 body diagonals was 26.
Two collinear adjacent bonds constitute a trans-conformation;
otherwise, the conformation is considered as a gauche-
conformation. In order to improve the simulation efficiency and
avoid boundary effects, periodic boundary conditions were
adopted in the simulation process. In one MC step all the chain seg-
ments tried to move once on average. In our system, the chain seg-
ment primarily moved in two ways: jumping of a single segment
and slipping of partial segments [42]. This micro-relaxation model
was used by de Gennes to investigate the Tg of polymer films
[43,44]. A similar motion mode was also adopted to study the
structural relaxation in ultrathin polymer films by Hu et al. based
on dynamic MC simulations [45,46]. The Metropolis sampling
method was used to decide whether the motion can be accepted.
The acceptance probability (p) of a new state was calculated as
follows:

p ¼ minf1; expð�DE=kTÞg ð2Þ

DE ¼ cEc þ lELJ þ
X

f iEf ð3Þ
where k represents Boltzmann’s constant, Ec is the energy

change for non-collinear connection of consecutive bonds along
the chain, which can be used to reflect the flexibility of chains, c
is the net change of non-collinear connection pairs of consecutive

bonds, ELJ ¼ 4e r
r

� �12 � r
r

� �6h i
is Lennard-Jones potential energy,

representing the interactions between all non-bonded segments
(e is the characteristic energy potential well, r represents the lat-
tice spacing considering the excluded volume, and r is the distance
between two segments. The distance can be achieved based on the
three-dimensional coordinates of the corresponding two non-
bonded segments, as shown in Fig. S1b), l is the net change of
Lennard-Jones interaction pairs between non-bonded segments
within the cut-off distance, Ef denotes the frictional barrier for
chain sliding imposed by other neighboring segments, reflecting
the frictional effect of local packing density on segmental mobility,
and Rfi is the number of neighboring segments around the moving
segment along the local sliding diffusion path. In the present sim-
ulation, the value of 4e/Ec is 1 and r is 1 lattice site. When the dis-
tance between two non-bonded segments was greater than 3
lattice sites, the Lennard-Jones potential energy between them
was be ignored. We use kT/Ec to represent the reduced system tem-
perature (below abbreviated as T⁄). Ring and linear polymers were
relaxed for 106 MC cycles to prepare an initial equilibrium state at
T⁄ = 8. After that, the initial equilibrium state was cooled from
T⁄ = 8 to T⁄ = 0.05 at a rate of 0.01 unit of T⁄ per 100 MC cycles.

3. Results and discussion

In order to obtain the fragility curves of the ring and linear
chains, the Tgs and the relaxation times at several typical temper-
atures should be obtained. In our previous paper [33], a new
parameter, the probability of segment movement (PSM), was pro-
posed to reflect segmental mobility. PSM was defined as the prob-
ability of each chain segment moving to the neighboring vacancy
lattice site by jumping or sliding motion in one MC step:

PSM ¼ min 1;
Xn
j¼1

exp
�DEij

kT

� �" #
ð4Þ

where n is the number of vacancy lattice sites in the neighborhood
of the corresponding segments, and DEij is the energy change of the
system due to the movement of a segment from site i to site j.
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