http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese PhySics B

Metabasin dynamics of supercooled polymer melt

Jian Li(Z=4i)", Bo-Kai Zhang(3k 8 91)?
Citation:Chin. Phys. B . 2019, 28(12): 126101 . doi: 10.1088/1674-1056/ab4e82
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Transport coefficients and mechanical response in hard-disk colloidal suspensions

Bo-Kai Zhang(5k#dl), Jian Li(Z= i), Kang Chen(%:)#), Wen-De Tian(H 31%), Yu-Qiang Ma(5 42 i)
Chin. Phys. B . 2016, 25(11): 116101 . doi: 10.1088/1674-1056/25/11/116101

Visible to deep ultraviolet range optical absorption of electron irradiated borosilicate glass

Wang Tie-Shan, Duan Bing-Huang, Tian Feng, Peng Hai-Bo, Chen Liang, Zhang Li-Min, Yuan Wei
Chin. Phys. B . 2015, 24(7): 076102 . d0i: 10.1088/1674-1056/24/7/076102

XPS and Raman studies of electron irradiated sodium silicate glass

Chen Liang, Wang Tie-Shan, Zhang Gen-Fa, Yang Kun-Jie, Peng Hai-Bo, Zhang Li-Min
Chin. Phys. B . 2013, 22(12): 126101 . doi: 10.1088/1674-1056/22/12/126101


http://cpb.iphy.ac.cn/EN/abstract/abstract74969.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract68571.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract64720.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract56812.shtml

Chin. Phys. B Vol. 28, No. 12 (2019) 126101

Metabasin dynamics of supercooled polymer melt*
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We employ molecular dynamic simulation to investigate metabasin dynamics for supercooled polymer melt. We
find that, in a small system, the ¢-relaxation process is composed of a few crossing events that the monomers hops from
one metabasin to another. Each crossing event is very rapid and involves a democratic movement of many particles,
whereas such collective motion is not string-like. Evaluation on the contributions of metabasin exploration and demo-
cratic movement shows that the structural relaxation is mostly governed by the latter. Our calculated results show that
the metabasin—metabasin transitions are not the main reason of spatially dynamical heterogeneity. It is different from the
binary Lennard—Jones mixture model in which the metabasin—metabasin transitions are relevant for the spatially dynamical

heterogeneity.
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1. Introduction

The physical mechanism of glassy dynamics remains a
central open problem in condensed matter physics.[!#l One
concerned topic is the nature of the motion of particles in the
a-relaxation process at low temperature. This relaxation has
been believed to proceed by means of cooperatively relaxing
regions whose time scale and size grow considerably as the
temperature is lowered.!'"8) In this relaxation process, the dy-
namics may vary by orders of magnitude from one region of
the system to another.!>~7) This spatially dynamic heterogene-
ity (DH)[®-1%1 has been observed both in experiment and simu-
lation. From the simulations of binary Lennard—Jones mixture
(BLIM) systems!!%! and direct observations in colloidal sus-

pension experiments, %3]

it is also found that the spatially
DH is related to the cooperative motion, in which a small num-
ber of particles (a few percent) undergo a string-like collective
motion with the displacements comparable to the distance be-
tween the neighboring particles.

One way to understand the o-relaxation dynamics is
through the potential energy landscape (PEL).!17-191 The
PEL is very rugged with the presence of many barriers and
the dynamics becomes slow at low temperature. Within the
concept of the inherent structures, the “metabasin” (MB) is
defined as some minima which are locally connected and are
not separated by significant barriers. The motion of the system
in the PEL can roughly be decomposed into two types: 211
i) The system moves from one MB to another by cross-

ing over barriers.
(3]

This process is believed to correlate to

the a-relaxation,'”! i.e., it is the elementary event of the «-

DOI: 10.1088/1674-1056/ab4e82

relaxation. > ii) The system explores in an MB.

By molecular dynamic (MD) simulation, Appignanesi et
al.”?! found that the o-relaxation of a small BLIM system
(150 particles) corresponds to a small number of barrier hop-
ping events from one MB to a neighboring one. Such hopping
events are also realized by the collective motion of a signifi-
cant fraction of particles which form relatively compact clus-
ters. This movement is very different in nature from the string-
like motion driven by a few fast moving particles in the context
of spatially DH.!®!213] For a small BLIM system, the dynam-
ics is also quite heterogeneous in time as the consequence of
MB-MB transitions, [?>?3 which leads to sharp bursts of mo-
bility. This MB-MB transition that involves the collective mo-
tion of a significant fraction of particles has also been identi-

[24] and colloidal sus-

fied in the supercooled water simulation
pension experiment.[>3! Polymer is a major glass-forming ma-
terial that has been extensively studied.?®?”] The a-relaxation
behavior of the polymer melt has been investigated in a wide
range of temperatures./?®! The spatially correlated dynamics of
the glass-forming polymer melt has also been studied by MD
simulations.?! But, whether the MB—MB transition exists in
the polymer system or whether there are qualitative or quanti-
tative differences in MB—MB transition between polymers and
simple molecules is not clear. Hence, in this paper, we perform
MD simulations on a coarse-grained polymer model to study
the MB—MB transitions. Since we are interested in individual
MB-MB transitions, one has to avoid the presence of several
independent local rearranging regions, but this will occur in a
large system and obscures the analysis of the individual event.
So a small (100 monomers) system is employed.
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The paper is organized as follows. Section 2 introduces
the model for polymers and the simulation method. The re-
sults are discussed in Section 3. Then, the paper concludes in
Section 4.

2. Model and simulation methods

We adopt a bead-spring model of linear chains and each
chain contains N = 10 monomers. 28331 All monomers inter-
act via a truncated and shifted Lennard—Jones (LJ) potential

0, r>rC7

UU(,):{48[(<:>”—<f>6]+vc, r<r )

where r is the center-to-center distance between the
monomers, ¢ is the LJ diameter, and € is the characteris-
tic energy. The potential is cut off at r. = 2ry;,, where
Fmin = 21/ is the minimum position of the potential. U, is a
constant energy shift, ensuring that the potential is continuous
at the cutoff. In the following, we use LJ units, i.e., € = 1,
o = 1, the Boltzmann’s constant Kg = 1, and the monomer
mass m = 1. The time scale 7y = (mo?/¢) 12 Neighboring
monomers along the polymer chains interact with each other
through a finitely extensible nonlinear elastic (FENE) bond
potential [3+3>]

Ureng (r) = —%R%ln [1_ (1;)2]
@@

The parameters Ry = 1.5 and K = 30. This FENE potential
yields a sharp minimum at rp, = 0.9606.

Using the above model, we perform MD simulations for
a small (10 chains) system to study the MB dynamics, and a
large (270 chains) system is also used to calculate the charac-
teristic time. The implementation has two steps!?®3?! with a
time step df = 0.001. The volume of the simulation box is first
determined in an isobaric simulation at P = 1. Then, this vol-
ume is fixed and the simulation is continued in the canonical
ensemble using the Nosé—Hoover thermostat. The simulation
is under the temperature T = 0.48, which is slightly above the
mode coupling theory critical temperature 7, = 0.45.18] The
monomer density is py, = 1.03. All results are obtained from
simulations in equilibrium.

3. Results and discussion
3.1. Characteristic time

To serve for the study of MB dynamics, a large system
(270 chains) is used to calculate the characteristic time at 7 =
0.48, and twenty independent configurations are simulated for
statistical average. An important quantity that is widely used

to study the relaxation dynamics is the self-intermediate scat-
ting function
| o N
Flg1) = — ZT Z,l (exp{ig[ri(t) —ri; (0)]}), (3
=1 j=
where r;; (¢) is the position of the j-th monomer in the i-th
chain at time ¢. Usually, g is chosen to be the position of the
first peak of the static structure factor. Such correlation func-
tion accounts for the loss in time of the memory of the initial
structural configuration. The ¢-relaxation time 7, is defined
as when F; (q,t = 74) = 0.1. A quantity called non-Gaussian
parameter is introduced to reflect the presence of the spatially

DH. It is defined as
3 <r4 (t)> B
== Sy

The position of the peak denotes a characteristic time #*, at

“

which the motion of monomers deviates most from the nor-
mal diffusion. The self-intermediate scatting function F; (¢,)
and non-Gaussian parameter o (¢) at T = 0.48 are shown in
Fig. 1. We have the -relaxation time 7y ~ 550, which is in
agreement with the result calculated by Bennemann et al.[*8)
We also have t* ~ 40.
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Fig. 1. The self-intermediate scatting function F;(g,t) and non-
Gaussian parameter s (¢) of the system at 7 = 0.48. The F; (¢,¢) = 0.1
and o (t*) = 0.82 are marked out by dashed lines.

3.2. Metabasins and metabasin—metabasin transitions

The MBs are studied in a single run of the small system
(10 chains),?>>4 5o that the two types of motion (exploring
in an MB and MB-MB transition) are separated in time. In or-
der to identify the MBs, the following distance matrix (DM),
which has been described detailedly in Refs. [22] and [23], is
calculated:
n N

1 2
2
R ") = —= 3 3 i () =i (") |- 5)

niN = &=

i=1j=1

Thus, R*(¢',¢") gives the system-averaged squared displace-
ment of the monomers in the time interval that starts at ¢’ and
ends at /. Since R (¢',t") = R*>(¢",t'), this is a symmetric
matrix. In other words, the DM contains the average squared
distances between each pair of the recorded configurations.

In our simulation, the total run time ¢ = 2400 is larger than
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the o-relaxation time 7y ~ 550. We record 101 equal-time-
interval configurations. The time interval between two succes-
sive recorded configurations is At = 24.

Figure 2 shows a typical graph of DM as a function of
¢ and t” at T = 0.48. The small value of R?(¢',#") means
that the relation of the two paired configurations is close. The
color represents the value of R? (#',¢"). Clearly, island struc-
tures can be seen in the DM graph. Note that the typical value
of R%(¢',¢"") within an island structure is around 0.035, while
the value reaches larger than 0.105 in between the island struc-
tures (see legend on the right of the figure). The island struc-
tures are the “landscapes” of MBs, i.e., MBs are composed
of closely related configurations. The MBs are separated by
rapid increases of R? (#',#"), which correspond to the MB-MB
transitions. The transitional process is quite short on the order
of 20.

2400
2000

1600 0.1400
0.1050

1200 0.07000

"

.0 03500

800

400

400 800 1200 1600 2000 2400
+

Fig. 2. Distance matrix R2 (',1") of the small system (10 chains) at
T = 0.48. The different colors correspond to values of R? (¢/,¢") (see
the color bar).

The typical sojourn time within one MB is around 200-
400, which is around 50% of 7, ~ 550. So the o¢-relaxation is
realized after several (1-3) MB—MB transitions. We have * ~
40, which is much smaller than the MB sojourn time. Hence,
we can conclude that the MB—MB transition is not the main
reason of spatially DH, and the same conclusion has been ob-
tained through an experiment of glassy colloidal systems. >
However, it is different from the BLIM system, (221 in which
the time scale of t* corresponds to the sojourn time within one
MB, and the MB—MB transitions are relevant for the spatially
DH.

It is also found that the typical sojourn time within one
MB is much larger than the MB—MB transitional time. Hence,
the dynamics of the system is quite heterogeneous in time, i.e.,
the system stays for a significant time in an MB before it finds
a pathway out. The occurrence of the MB—MB transitions is
not regular but random.

To investigate the physical mechanism of MB dynamics,
we calculate the averaged squared displacement (ASD) of the

monomers within a time interval Ar. It is defined as

8% (1,A1) = R* (1 —At/2,1+At)2)

1 & N
TVZZ’TU

Ay |

—A1/2) =i (1 + At J2)]7 (6)

Thus, 62 (t,At) is R? (',¢"") measured along the diagonal 1" =
t' + At. At the same time, the mobile monomers are defined
as those having moved farther than 7y = 0.30 and the num-
ber fraction of mobile monomers is denoted by m (¢,At). The
calculated 87 (¢, At) (solid line) and m (¢, At) (vertical bars) for
At = 24 are shown in Fig. 3. We can see that m (¢, Ar) varies in
steps with 82 (t,Ar). Compared with Fig. 2, 8% (¢,At) shows
pronounced peaks exactly when the system leaves an MB. At
the large peaks of 52 (t,Atr),1i.e., MB-MB transitions, the num-
ber fraction of mobile monomers m (¢,At) is around 20%.
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0
2400

0
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Fig. 3. Solid line (right scale): averaged squared displacement 82 (¢, Ar)
for the trajectory given in Fig. 2. The At is 24. Vertical bars (left scale):
the function m (z,At), which gives the number fraction of mobile parti-
cles (particles that moved farther than the threshold value rg = 0.30 in
the time interval [t — Ar /2,1 + At /2]).

In order to further understand the nature of the motion
of monomers when the system leaves an MB, the distribution
of the displacement r of the monomers is calculated, which is
defined as

1

nN

N
25 F—‘Tij(l

1j=1

M=

Gs (r,t,t+At) = )—rij (t+An)]). (7)

i

Note that the average of Gs(rt,t+Ar) over time gives
G; (r,Ar), which is the self part of the van Hove function. The
distribution for Ar = 24 is shown in Fig. 4. In Fig. 4(a), ¢ is
chosen to be time that ASD is small, i.e., the system is explor-
ing in an MB. The self part of the van Hove function G (r,At)
is also included in the graph. We find that the distributions of
G; (r,t,1 + Ar) within the uncertainty of noise are identical to
G; (r,Ar), implying that within the time interval of Ar, the mo-
tion of a system exploring in an MB is statistically roughly the
same as the time-averaged motion. In Fig. 4(b), the same dis-
tributions are shown, but now ¢ is chosen to be the time when
the system leaves an MB. In these time regimes, the distribu-
tions of G (r, 1,7 + At) shift to the right of G (r, Ar), indicating
that the motion of the system is faster than average. Notably,
the shift is global, which implies that a substantial part of the
monomers moves faster than average, i.e., the MB—-MB tran-
sition or the peak of ASD involves a democratic movement
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of many particles. This is in contrast to the behavior of co-
operative motion on the time scale of £*,[!%1213] in which the
cooperative motion is contributed by the string-like motion of
a few fast moving monomers.13-36]

3.0
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Fig. 4. The distribution function G; (r,#,t + Ar) for different values of
t (curves with symbols): (a) values of ¢ at which the system is inside a
MB, (b) values of ¢ at which the system is about to leave an MB. The At
is 24. The bold black curve is G (r,Ar), the self-part of the van Hove
function.

To further clarify that the number of monomers that par-
ticipate in the democratic motion is indeed substantial, the
number fraction of mobile monomers is extracted by integrat-
ing the distribution of G (r, At) from r¢, = 0.30 to infinity and
gets 0.065. From Fig. 3, the number fraction m (¢, At) is around
0.20 for the MB-MB transitions, which is significant larger
than that extracted from G (r, At).

In order to study the relation between the structural relax-
ation and MB dynamics, we define the following function:

F(q,t,Ar)

n N

= n;{;;exp{iq[rﬁ (t+A2/2) —rij(t—At/2)]}. (8)
It estimates the memory of the configuration at time 7+ At /2 to
the configuration at time 7 — Az /2. Small F; (q,¢,At) means the
structure relaxes a lot in the time interval [t — At /2,t + At /2].
The behaviors of F; (¢,¢,At) (vertical bars) and 87 (¢, At) (solid
line) for At = 24 are shown in Fig. 5. Note that F;(g,t,At)
shows the presence of valleys, which coincide with the peaks
of the function &2 (¢,At) or MB-MB transitions. This result
again manifests that the existence of MB dynamics and most
of the decay of the correlation function arises from the MB—

MB transitions.
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Fig. 5. Solid line (right scale): averaged squared displacement 82 (¢, Ar)
for the trajectory given in Fig. 2. The At is 24. Vertical bars (left scale):
the function F (g,7, At) for the trajectory given in Fig. 2, the memory of
the configuration at time 7 + Az /2 for the configuration at time t — Az /2,
using At = 24.

To check whether the MB dynamics appears in large sys-
tems, the DM of a large system (270 chains) is shown in Fig. 6.
Instead of island structures (landscapes of MBs), the gradient
of R?(¢',t") is perpendicular to the diagonal line in the DM
plot, i.e., the DM depends only on |¢' —¢"|. Hence, the re-
laxation of the system is gradual. The reason of the gradual
relaxation of the large system lies in the randomness of the
MB-MB transitions of different small parts of the large sys-
tem, which gives smooth global dynamics on average.

2400
F

2000

16001

% 12004
800
4001

0 400 800 1200 1600 2000 2400
Y

Fig. 6. Distance matrix R?(¢/,¢") of the large system (270 chains) at
T = 0.48. The different colors correspond to values of R? (¢',#) that
are given by the color bar.

4. Conclusions

The metabasin dynamics of the supercooled polymer melt
is investigated by molecular dynamic simulation. In a small
system, the o-relaxation process is composed of a few cross-
ing events that the monomer hops from one metabasin to an-
other. Each crossing event is very rapid and involves a demo-
cratic movement of many particles. Evaluation on the con-
tributions of metabasin exploration and democratic movement
shows that the structural relaxation is mostly governed by the
latter. The dynamics of a small system is heterogeneous in
time, i.e. the averaged motion does not evolve gradually with
time but exhibits rapid bursts of mobility signaling a demo-
cratic movement of many particles. The MB—MB transitions
of different small parts of the large system appear randomly.
Hence, the relaxation of the large system is gradual on average.
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At last, we note that the metabasin dynamics are also found for

the BLJM model!??! and colloidal suspension experiment. >

Through comparing the maximum non-Gaussian time with
the sojourn time of metabasin, our polymer melt simulation
and the colloidal suspension experiment'>! show that the
metabasin—metabasin transitions are not the main reason of
spatially dynamical heterogeneity. However, the metabasin—
metabasin transitions of the BLIM model!*?! are relevant for
the spatially dynamical heterogeneity.
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