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If some supercooled liquids are cooled further, they freeze into a specific medium state with both properties of liquid-like structure
and solid-like hardness, so-called “glass.” The fact that dynamics freeze drastically when there is only a slight change in static structure
remains a mystery in solid-state physics. Recently, it has been reported that when a particular kind of glass-forming liquids with two
order parameters are cooled rapidly, local crystalline orders with extremely slow dynamics start to emerge when approaching glass
transition temperature. This result suggests a concept of “frustration to crystallization” as a physical picture of glass transition. On the
other hand, although Adam—Gibbs theory has predicted the existence of cooperatively rearranging region (CRR) as the origin of
extreme slowdown in dynamics, CRR is still no more than a hypothetical subsistent to explain the slow dynamics of glass transition.
In this study, we found for the first time, local-bond orientational orders, “LBOOs,” which characterize glass transition in polymer
melts, one of the most representative glass-forming liquids. Furthermore, we confirmed that monomers composed of LBOOs were
concertedly vibrating and indicated that LBOOs can be identified as CRR. In other words, we were able to prove that the LBOOs we
have discovered were consistent with both the physical picture of frustration to crystallization and Adam—Gibbs’ theory.

1. INTRODUCTION

If supercooled liquids are cooled further, they freeze into a
specific medium state with both properties of liquid-like structure
and solid-like hardness, so-called “glass.”"* The principal me-
chanism of this phenomenon, known as glass transition, is one of
the most difficult and challenging issues in solid-state physics and
still remain as a mystery.” > Generally, when a phase transition
such as liquid—solid transition occurs, the long-distance order
parameter appears. In glass transition, however, such order
parameter cannot be confirmed and liquid-like static disordered
structure remains spread throughout. In other words, even
though static structure changes sli%htly, the dynamics freeze
drastically.> ® Many theoretical’ "° and experimental'~'*
works have been made in approach to find this “hidden order
parameter” in glass state. Free-volume theory,'> mode-couplin
theory,' energy-landscape theory,”” and spin-glass model'
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are few examples of such works that have attempted to explain
glass transition, yet had not grasped the complete concept. Over
the years, researches concerning glass-transition have greatly
advanced with the establishment of computer simulations. The
molecular dynamic approach,'®”*" distinct for its ability to
analyze the movement of each particle in detail, is one field that
has advanced with computer simulation. Data obtained by
simulation are extremely difficult to obtain by experiment. This
applies to studies of glass-transition as well, and thus simulation
plays a critical role in its investigation. Recently, by computer
simulations of Lennard-Jones (LJ) liquids with anisotropic
potential®* and polydisperse two-dimensional colloidal glass,*
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a split in a short-distance peak of radial distribution function
g(r) around the glass transition temperature T, has been
confirmed. This split has been indicated as a subtle structural
change characterizing glass state. Moreover, medium range
crystalline order (MRCO), which corresponds to this change
in g(r), has also been found. These local crystalline structures
identify dynamic heterogeneity, which are caused by frustration
toward the most stable state.”***

It should be noted, however, that these crystalline structures
occur in glass forming liquids as like colloids and has never yet
been reported about occurring in polymer glass, despite that it is
one of the most typical glass-forming materials. Experimental
results indicate possibility that dynamic heterogeneity exists in
polymer glass.”* Thus, the unavoidable question arises. If
dynamic heterogeneity is indeed correlated with MRCO, would
not it be easily found in polymer glass? Why is it that crystalline
structures cannot be found neither by simulation or experi-
ment? We think that the answers to these questions lie in the
fact that MRCO cannot be found in A ordered-space scale. We
believe that if we observe polymer glass from the right per-
spective, we will be able to find these structures, and that this
“right perspective” is if we observe it in a space scale in which a
polymer chain can be coarse-grained as a Gaussian chain.
Polymer chains can be interpreted this way because of the
conformation limitation of chemical bonds between neighbor
monomer units.

To verify this new hypothesis, and find correlation between
dynamic heterogeneity and MRCO, we regard polymer as a
form of Kremer—Grest model (bead—spring model).>* Pro-
vided by the fact that polymer chain is long enough to be
regarded as a Gaussian chain with entropic elasticity and further
divided into Gaussian chains consisting of several monomers,
the structure and dynamics of straight-chain polymer can be
regarded as this coarse grained model. Here, each Gaussian
chain and its entropic elasticity correspond to the bead and
spring, respectively. In this coarse grained scale, straight-chain
polymers act relatively similar to simple LJ liquids. The only
difference is the springs potential between neighboring beads
within the same chain.

The Kremer-Grest model has proven to indicate universal
scaling between structural relaxation and vibration dynamics for
glass-forming liquids and polymers.”® By applying molecular
dynamics, an effective method to investigate microscopic dy-
namics of molecules, to the bead spring model, we will not only
be able to find MRCO, but also reveal the correlation between
MRCO and dynamic heterogeneity to discover the universal
origin of slow dynamics in glass state.

2. MODEL AND SIMULATION TECHNIQUE

There are mainly two methods to investigate glass-transition
of polymers by molecular dynamics simulation.

The first method is to use a model that regards polymers in
atomic scales. This method takes into account the chemical
structure in the calculation, which allows the prediction of the
absolute value of T}, of materials. However, the typical integration
time step is about Ot = 1.0 fs, and requires immense calculation,
about an order of 10° to calculate 100 ns. Considering that we can
only observe glass transition in this model for only a few seconds
at laboratory level, this model is unfit to completely grasp the
concept of glass-transition. Thus, it becomes most effective to use
coarse-grain method.
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Figure 1. Potential energy of Kremer—Grest model.

As already mentioned, the most famous coarse grained model
of polymers is the bead spring model proposed by Kremer et al., a
model known to vitrify without crystallization.”” Generally, when
a model is coarse-grained, minute information on its chemical
structure is lost. However, since glass—transition is a universal
phenomenon, it is possible to discuss general characteristics of
glass transition by this method. With the coarse-grained scale, we
believe that polymers can be perceived as a dynamic system very
similar to that of colloids and L] liquids. Thus, we expect to find
MRCO as observed in L] liquids.

In the present work, our investigated combinations of polymer
chain number p and segment number # of a polymer chain are 20
and 400, respectively. Total segment number N is 8000. All
segments mass m; are set to 1.0. Polymer segments are soft
spheres, which have a diameter of 0 and are bonded by a finitely
extensible nonlinear elastic (FENE) potential:

2
UF(r) = ~kre In |1 — <1) . r=150,k=30 (1)
2 1o

Here, r is the distance between neighbor polymer segments in
same polymer chain in units of 0, T is the temperature in units of
&/kg, rq is the limitation length of a spring in units of ¢, and k is
the spring coefficient. Moreover, the interaction between i and j
monomers is Lennard-Jones potential

12 6
UY(r) = 4¢ ri - ri
ij ij

+¢ 1 = taof = 4.50

(2)

where r;; is the distance between i and j monomers in units of o
and ¢ is the well depth of the potential. L] potential is minimum
(Fmin) at r = 2'6G. We define the cutoff distance as Teutof =4-50,
and constant ¢ = 0.00048 when U"(r=ruoq)=0. In the present
work, we chose 0 = 1 and kg = 1. The superposition of FENE and
L] potentials leads to a minimum position b,,;,. Note that there
exists two stabilization points 7, and by, in this polymer
model. As shown in Figure 1, by, is 0.96 and 1, = 2V (~1.12).
In other words, when one simplifies the potential energy that acts
upon coarse-grained polymers, one begins to see that fundamen-
tally, there exists two stabilization points in polymers. Such
structure with several stabilization points is typically known to
cause frustration in its system.

Prof. Tanaka’s group observes MRCO by providing frustration
to the system. Frustration is provided by artificially introducing
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anisotropic potential or dispersion in particle diameter when
vitrifying L] liquid and colloidal liquid.*>** However, in a coarse
grained model, it is unnecessary to artificially apply frustration
because it is generated naturally, a point which we found worth
noting. This model has been studied from various perspectives,
such as the dependence of T, on cooling rate,*® validation of
mode-coupling,” ' the dynamics of glass state and its relation
to Rouse mode,”” and studies on dynamic heterogeneities.” Yet
none of these studies have reported anything concerning MRCO.

Next, we will explain the two simulation techniques used in
this study. The first is boundary conditions set on the simulation
cell. Generally, the magnitude that computer simulation could
withstand is about 10°~10° particles, due to its limitation in
performance. However, in reality, matter is made up of particles
in order of 10*, which is 10> greater than that calculated by
simulation. Typically, such difference is creatively compensated
by imposing periodic boundary conditions on the computer cell.
By this calculation method, the dynamics observed within the
simulation cell is apt to represent dynamics of the entire system.
The second technique is the control method of temperature and
pressure. In this study, we used the Nosé thermostat’*** and
Andersen barostat®® to calculate molecular dynamics under
constant temperature and pressure (NPT ensemble). The mo-
tion equation is written as follows.

f= - - TE )

g = Vv ',

2s [ N om;
il T
Q\= 2

0<¢& <1,

2

e

3
ENkB T0> + - (4)
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Here V is the volume of the simulation cell, U is the potential of
the system, r; is the position vector of segment i, §; is the scaled
position vector of segment i, Q is the inertial parameter of heat
source parameter s, g is the total number of degrees of freedom in
the system, Wis the inertial parameter of a piston, T is the preset
temperature and Py is the preset pressure. Time t, and pressure P
are in units of (m,0”/¢& 1 2 and /0%, respectively. Nose—Andersen
Hamiltonian H is expressed by

IR Sy 1/3£N Q.,
H= sziv &+ uWyv E)—!—Es

i=1
w.
+gkpIns + gV2 + PV (6)

By placing &, V, and s on a general coordinate system, and
resolving eq 3, 4, and S, it becomes possible to control the
temperature and pressure of the system, T, and Py, respectively,
to a desired value. A stepwise cooling in steps of AT = 0.1 starting
from T = 1.0 to T = 0.2 was carried out, using cooling rate of I" =
10 ¢ (in MD time units) defined as I' = AT/At. Here, At
is 100000 MD time steps (one MD time steps corresponds to
t = 0.006(m,0%/€)"/?).
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Figure 2. T-dependence of v.

3. RESULTS AND DISCUSSION

3.1. Glass Transition Temperature. To fully understand the
dynamics of glass transition, we must first define the glass tran-
sition temperature T,. Generally, the T-dependence of specific
volume v changes below and above Ty, because all particles are
frozen and immobilized below T,. Therefore, T, can be defined
as the point at which the slope of T-dependence of v changes,
which is shown in Figure 2. From this result, we determined T as
T = 0.46.

3.2. Dynamic Heterogeneity. The dynamics of polymer used
in this study is well portrayed in Figure 3. In Figure 3a, the
dynamic heterogeneity is observed by self-part intermediate
scattering function (ISF). It is calculated as follows:

Fla,t) = Y ewlia- () —r(0)) @

Here N is the number of all polymer segments and g is the
wavenumber corresponding to the first peak of the structure
factor. The structural relaxation that shows long-time decay in
ISF is called o relaxation, and can be fitted by a stretched
exponent function (the empirical Kohlrausch—Williams—Watts
formula): exp[f(t/‘ra)’g ], where relaxation time of 0. mode
(o relaxation) 7 is defined as F(q, 7o) = 1/e, and f3 is the
stretching parameter. In the range of T = 1.0 to T = 0.7, a
stretched exponential well fits F(q, t). Note that a plateau region
appears at T ~ 0.6, which indicates that there are two-steps in
relaxation process (“fast 5” and “ relaxation”). In other words,
dynamic heterogeneity starts to appear when approaching T,.
The relaxation occurring at the plateau region is called the
Johali—Goldstein process. To better understand the nature of
the polymer used, we observe the 1/T-dependence of 7, (Angell
plot) as shown in Figure 3(b). Generally, in glass-forming liquids,
it is well-known that 7, is fitted by the Vogel—Fulcher—Tammann
(VFT) equation37739

Ty = exp|: ] (8)

T—Ty
where D is fragility index and T, is ideal glass transition
temperature. Although Hecksher has recently concluded that
VFT is not necessarilg the most adequate equation to be used as
the fitting function,” our data are fitted by VFT equation to
determine whether the T-dependence of 7, in the polymer
systems used is Arrhenius or non-Arrhenius. As fitting para-
meters, we determined T and D to be 0.31 and 1.72, respectively.
As shown in the Figure, 1/T-dependence of 7, can indeed be
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Figure 3. Dynamic heterogeneity. (a) t-dependence of F(q, t). (b) InT, versus T,/T (Angell plot). Solid lines represent VFT equation. Dashed line
represents Arrhenius equation: 7,=7, exp[ E/ T, where E is activation energy. Inset: Closer focus of shift point from Arrhenius to VFT. (c) t-dependence

of o.. (d) T-dependence of O,

fitted by VFT equation and determined as Arrhenius in the region of
high temperature. However, note that as T approaches T, its
difference with the Arrhenius equation dramatically increases.

We take another close look at dynamic heterogeneity in
Figure 3, parts ¢ and d. The glass state is considered a system
with nonergodic property in which non-Gaussianity appears.*'~*
In this state, dynamic heterogeneity is known to occur. Figure 3¢
shows the time dependence of the non-Gaussian parameter
(NGP), which is expressed by

Ar(t)*
at) = {200 1) )
S(Ar(t)%)
Here, the bracket denotes an ensemble average. As it is obviously
seen, the peak of NGP shifts to a longer time with decrease of T.
Figure 3(d) shows T-dependence of maximum O, of NGP.
Note that 0, increases drastically below T & 0.6.

3.3. Local-Bond Orientational Orders. In earlier discussion,
we observed dynamic heterogeneity around T, in polymer
system. It is noted that dynamic heterogeneity appears promi-
nently around T~0.6. (This temperature will be discussed in
section 3.6) Next, we investigated whether some kind of ordered
structures are associated with glass transition. It is unlikely that
icosahedral structures are formed, because each segment is chemi-
cally bound with neighboring segments within same chain unlike
colloid and LJ liquid. Instead, it is intuitively plausible that ordered
structure such as locally bundled bonds exists. We call these “Local-
bond-orientational-orders (LBOOs).” Hence, we define the bonds
correlation function (L, 6) to detect LBOOs as follows:

(9(L, 0))

, 0= 6 =<90°
sin 0 / (,(L,0)) dO

U)(L; 9) = (10)

6618

Here, L is the distance between midpoints of any two bonds, 0
is the angle between the any two bonds, ¢;(L,0) is measured
number of segments which has the angle 6 ~ 0 + A0 and the
distance L with segment i, and the bracket denotes an ensemble
average. We set Af to 0.5 deg (see Appendix). When L is large
enough, in other words, when two bonds are not correlated,
Y(L,0) becomes 1.0. If two bonds are correlated, 1 (L,0)
becomes greater than 1.0. Figure 4 shows T and L-dependence
of (L,0). As it can be seen, when L = 5.0, 9 (L,6) is almost 1.0.
This indicates that two bonds are displaced far enough and are
not correlated at any temperature. In smaller L, same tendency in
T and L-dependence of 1(L,0) is observed. Same trend con-
tinues from L = 5.0 to L = 1.3, but at smaller L, a large change is
observed. When L = 1.1 and 1.2, 1(L,0) has a sharp peak at 6 =
0—35 deg, and it corresponds to LBOOs. This is likely due to the
fact that the two bonds are oriented. When the distance between
the two bonds become no less than that of neighboring segments
(corresponding to 7., Or see the position of first peak shown in
Figure 6a), the neighboring bonds connected to each bond cause
steric-hindrance. Thus, the two bonds become oriented. It
should be noted that this peak increases to twice its height under
T, These results indicate that LBOOs drastically appear around T,

In addition, it is found that up to three bonds can be directed
parallel to a bond in our system. In order for us to identify which
LBOOs are connected with glass transition, we broke down T-
dependence of number of segments into LBOOs composed of
two bonds and those composed of three or four bonds. It should
be noted that we calculate time average of 10000 MD time steps
as number of segments because LBOOs fluctuate over time. The
number of segments of LBOOs composed of two bonds and that
of three or four bonds are (N,;) and (N, 3), respectively.
T-dependence of (N,;) and (N, 3) are shown in Figure S, parts
aand b, respectively. (N},;) is inversely proportional to T. On the
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Macromolecules

(a) (b)
16 16
4 b 1=5.0 4 b 1=13
12+ —— T=1.0 (melts) 12+ — T=1.0 (melts)
10 F — T=0.2 (glass) 10 F — T=0.2 (glass)
< <
< 87 < 87
X 6| X 6t
4 r 4 F
2r 2
0 i 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
(©) 0 (degree) d) 6 (degree)
16 16
4k 1=12 4 b I=1.1
12t — T=1.0 (melts) 12k — T=1.0 (melts)
10+ — T=0.2 (glass) 10+ — T=0.2 (glass)
< <
S S
X 4 b 18
4
2
0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
6 (degree) 0 (degree)
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Figure 5. T-dependence of the number of segments composed of
LBOOs: (a) (Np1); (b) (Np2,3)-

other hand, even though (N,,, ;) is nearly unchanged from T'= 1.0
to T = 0.86, in further low temperatures, (N, 3) increases with
decrease of T. Especially, from T = 0.86 to T = 0.48(~Ty), it
increases drastically. From this analysis, we judged that LBOOs
composed of over two bonds are strongly correlated with glass
transition and will further refer to these specific LBOOs when we
mention “LBOOs” hereafter.

3.4. Radial Distribution Function. Next, we investigate the
radial distribution function g(r), defined as

1 N

( Z "i(’))

i=1

g(r) (11)

- 47r pAr

where p is the density, and n,(r) is the number of segments
between r and r + Ar. We chose Ar = 0.005. Figure 6a shows a
wider region of g(r). There are two close peaks at around r = 1.0,
so-called “first peak”. These peaks correspond to the equilibrium
position (the cage position) of neighboring segments interacted
by only L] potential and both of L] potential and FENE potential,
respectively. The former position is r &~ 1.12 (=fy,), and the
later is 7 2 0.97 (=bp,). Notice the first peak changed into two
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Figure 6. T-dependence of g(r). (a) Bule lines are blow T, (glass state).
Orange lines are T = 0.60. Red lines are otherwise. (b) Closer focus of
second peak around r = 2.0. (c) Closer focus of third peak around r = 3.7.
(d) Pattern diagram represents typical configuration of LBOOs.

sharp peaks from two gentle peaks with decrease of T due to
decrease of thermal vibration of segments.

Figure 6b focuses on the range of 1.7<r < 2.2 of g(r),
corresponding to the “second peak”. When decreasing T from
1.0 to 0.7, the second peak remains unchanged. However, below
T =~ 0.6, the top of the second peak increases and the peak
broadens at smaller range of the peak (1.7 < r < 2.0). The
pattern diagram of LBOOs configuration which causes these
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Figure 7. Snapshots of LBOOs. Square boxes are simulation cell. Key: (a) T = 1.0; (b) T=0.9; (c) T=0.8; (d) T=0.7; (e) T=0.6; (f) T=0.5 (~Ty);

(g) T=04; (h) T=0.2.

changes is shown in Figure 6d. When two bonds (bond 1, bond
2) are oriented and four segments composed of two bonds are
lined up in form of parallelogram, the length ofline a is 1.83 and it
corresponds to broadening of the second peak around r = 1.8.
Given that bond 3 is directed parallel to bond 2, the length of line
b varies depending on the position of bond 3. When three bonds
are coplanar, the length of line b is a maximum of 2.02. When the
triangle formed by segments a—c is an equilateral triangle, line b
is a minimum of 1.12. These values imply that bond 3 causes the
broadening of the second peak.

Figure 6¢ shows the range of 2.5 < r < 3.0 of g(r), corre-
sponding to the “third peak”. When decreasing T from 1.0 to 0.7,
the third peak remains unchanged. However, below T & 0.6, the
top of the third peak increases and the position of the peak shifts
to 2.70 from 2.90. Similar to the case of the second peak, given
that bond 4 is directed parallel to bond 3, the length of line ¢ can
be estimated as 2.70.

A snapshot of LBOOs is shown in Figure 7. We identify
segments composed of bonds which apply the conditions of 0 <
0 < S5at1.0<L =< 1.2as LBOOs. Although only few LBOOs are
found above T = 0.7, they rapidly appear at lower temperatures.
This result agrees well with the result of T-dependence of (N, 3)
shown in Figure Sb. Further note that LBOOs are not suspended,
but localized. In other words, the correlation length of LBOOs
becomes longer with decrease of T.

3.5. Correlation Between Dynamic Heterogeneity and
Orientational Bond Orders. We have made clear that both
dynamic heterogeneity and LBOOs emerge in association with
glass transition. We then investigated if there are any correlation
between LBOOs and dynamic heterogeneity. We compared
mean-square-displacement (MSD) of segments composed of
LBOOs with that of other segments. MSD is calculated as
(Ar(t)*). Figure 8 shows time changes of MSD at T = 0.66,
0.60, 0.56, and 0.50. Blue lines and red lines are MSD of LBOOs
and others, respectively. Time axes are normalized by relaxation
time 7, of each temperature condition. When T = 0.66, there is
little to distinguish LBOOs from others in all time range. How-
ever, when T = 0.6, notable difference appears. MSD of LBOOs is
obviously smaller than that of the others and this trend continues
from short to long time frame. This difference between MSD of
both is dynamic heterogeneity and this result obviously indicates
that LBOOs are correlated with dynamic heterogeneity. More-
over, MSD at short time frame 75 (f &~ 1.0) is called the

“Debye—Waller factor” and expressed as (Ar(74)?). This factor
represents the size of the cage and is negatively correlated to the
system’s solidity.”® Thus, it can be seen that LBOOs have far
more solidity than others. Also note that this trend continues to
approximately three times 7, and after that, the differences
disappear. This result indicates that the lifetime of LBOOs is
approximately three times 7. Same results are observed in cases
of T = 0.56 and 0.50 (~Ty). In conclusion, our studies indicate
that LBOOs are correlated with dynamic heterogeneity. This
correlation strongly indicates possibility that LBOOs are the
origin of dynamic heterogeneity and eventually slows the dy-
namics in glass transition.

3.6. Motion of Center of Polymer Chains. We confirmed
that dynamic heterogeneity and LBOOs were found in associa-
tion with glass transition. In both cases, characteristic changes
were observed around T =~ 0.6, which was higher than glass
transition temperature. Therefore, we investigate whether this
temperature is physically meaningful. In our system, the melting
temperature T, has been reported as Ty, & 0.76.”° T ~ 0.6 is
roughly midpoint between T, and T,. In polymer, “rubber state”
is defined as a state where cross points of polymer chains become
fixed, and diffusion of polymer chain is frozen. Although cross
points are fixed, the polymer chains still have mobility, which is a
distinguishing feature of this state. We predict that a character-
istic temperature, in which polymer chains are frozen, exists
between T, and T, We call this temperature as rubber transition
temperature T,.

The diffusion of polymer chain can be calculated as the
diffusion of its center. The center position of the polymer chain
is defined as rg(t) = 1/nZr,(t), where r;(t) is position vectors of
polymer segment i, and ¢ is time. The differential MSD of the
center of the polymer chain is calculated as d{Arg(t)*)/dt. It is
known that MSD of all segments composed of polymer chains
goes through four stages. At the first stage, polymer chains
behave free from the tube of reptation theory and operate in
accordance with Rouse mode. Therefore, MSD of all polymer
segments is proportionate to £'/2. At the second stage, the motion
of polymer chains becomes subject to the restriction of the tube,
and then polymer chains move one-dimensionally along the tube.
Hence, MSD is proportionate to #/* and then, /2, After that,
polymer chains are thrown off the limitation of the tube and
MSD is proportionate to t'. We calculated MSD of center of
polymer chains in the time-range, in which MSD of all segments
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is proportionate to t'/* at the second stage to observe that the
motion of polymer chains is frozen in the tube. Figure 9 shows T-
dependence of d{(Arg(t)*)/dt. Note that d{Arg(t)*)/dt de-
creases with decrease of T, and falls abruptly around T = 0.6.
We define T, as the point at which the slope of T-dependence of
d(Arg(t)*)/dt changes. From this result, we determined T, as
0.61. This temperature agrees well with the temperature in which
dynamic heterogeneity and LBOOs drastically emerges. This
means that we can interpret this as follows: In a temperature in
which the motion of center of polymer chains is active enough, it
is very difficult to form LBOOs because segments have transla-
tory motion component. However, with decrease of temperature,
LBOOs are formed and thus this slows down the center-of-mass
motion. Furthermore, when LBOOs are formed, the center-of-
mass motion is further slowed down, and induces formation of
more LBOOs. From this cycle of reactions, dynamics hetero-
geneity begins to emerge. In other words, in polymer system, T,
is a motive temperature in which LBOOs and dynamic hetero-
geneity start to emerge.

3.7. Cooperatively Rearranging Region. Conventionally, in
Adam —Gibbs’ theory,* the slow dynamics of glass transition can
be explained by the presence of Cooperatively Rearranging
Region (CRR). However, it still remains a mystery why CRR
emerges when approaching glass transition. CRR is still no more

6621

than a hypothetical subsistent to explain the slow dynamics of
glass transition. On the other hand, in this study, we confirmed
the strong correlation between LBOOs and dynamic hetero-
geneity. Given these facts, it stands to reason that LBOOs are
both structural orders and dynamic orders, the so-called “CRR”.
Therefore, we calculate velocity autocorrelation function C,(t) as
follows,

) (o)
w0

Here, v;(t) is a velocity vector of segment i, and the bracket
denotes an ensemble average. The range of measurement time is
0 < t < 27,. We compute Fourier transformation to the obtained
Cy(t) to analyze differences between LBOOs and the others in
vibrational component of segments. Figure 10 shows power
spectrum at T = 0.60, 0.56, 0.52, and 0.46. Blue lines and red lines
are LBOOs and the others, respectively. In both power spectra,
there are two vibrational components: one is thermal oscillation
at high frequency region, and the other is spring oscillation at low
frequency region, which is caused by entropic elasticity. How-
ever, whereas there is a broad spectrum of high frequency
component originating from thermal noise in the spectrum of
the segments other than LBOOs, there is not such high fre-
quency component in that of LBOOs (see insets). Moreover, the
peak of thermal oscillation at high frequency region decreases
when approaching T, while the peak caused by spring vibration
increases. This result can be interpreted that spring vibration is
the more dominant vibration for LBOOs than the other seg-
ments, and the segments composed of LBOOs are concertedly
vibrating in the direction of the orientational bond.

The purpose of this study is to investigate whether or not
LBOOs could be identified as CRR. From analysis of vibration
spectra, it is clear that LBOOs vibrate concertedly. Also note that
this concerted vibration continues on to until t & 27. In other
words, we can interpret that LBOOs vibrate concertedly within
the time frame of Debye—Waller region to its lifetime, which is

Cu(t) (12)
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the time frame of diffusion motion. If CRR consists of segments
in crystalline order, then it is natural to assume that this region
vibrates concertedly. On the basis of this assumption and
observation of LBOO behavior, it is possible to think that the
concerted vibration of CRR is equal to concerted vibration of
LBOOs. Thus, LBOOs that we have discovered may be a possible
candidate for CRR in polymer glass.

4. CONCLUSION

By simplifying polymer by coarse-graining, we investigated the
ordering process underlying glass transition. Using bonds corre-
lation function, we were able to find local crystalline orders,
“LBOOs”, which characterized glass transition, and revealed their
structure. We also confirmed that LBOOs drastically emerge in
association with glass transition. Furthermore, the segments
composed of LBOOs apparently have lower mobility than that
of other segments and their duration time are upheld until
approximately three times 7,. These results strongly indicate
that LBOOs are the origin of dynamic heterogeneity. This result
supports the concept of “frustration to crystallization” as a physical
picture of glass transition in two-order-parameter model.**
One interesting fact is that orders we have found which distin-
guish glass state are found in coarse grained space. Although
many researches have been conducted over the years to find any
structures which distinguish glass state in polymer, nothing has
ever been found. This may be because LBOOs are only observed
in coarse grained space. Furthermore, from the results that
segments composed of LBOOs are concertedly vibrating in the
direction of orientation bond, we indicated the possibility that
LBOOs can be identified as CRR. It means that we could
prove that LBOOs we found are consistent with both the
physical picture of “frustration to crystallization” and Adam—
Gibbs’ picture. At least in polymer glass, we can interpret that
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two-order-parameter model gives theoretical background of
forming local crystalline orders when approaching T, and
Adam—Gibbs theory gives explanation to the mechanism of
extreme slow down of dynamics and dynamic heterogeneity
caused by local crystalline orders. Note that our results were
obtained in a general model for straight-chain polymers,
which was the most representative glass-forming liquid. Our
results may lead to further understanding of other glass-
forming liquids.

B APPENDIX. TWO-BONDS-CORRELATION-FUNCTION

Given a bond (bond 2) is inclined at an angle of € to a certain
bond (bond 1) at distance L, bond 2 is free to rotate about an axis
of bond 1 maintaining an angle of 6. Moreover, bond 2 is also free
to rotate about the axis which is parallel to bond 1 and passing
through the midpoint of bond 2. Then, the existence probability
P,(L,0) of bond 2 for bond 1 is proportionate to passing area of
segment connecting to bond 2. Therefore, we define P;(L,0) as
follows:

27tLb sin 6
/ 27tLb sin 6 dO

Pi(L,6) = = sin 6

(A1)

Here, b is the bond length and 0° < 0 < 90°. When the number
of bonds with L and 6 is measured as ¢,(L,0), its existence
probability P,(L,0) is expressed as A2.

_ (s,0)
/ (6(L, 0)) o

P,(L,0)* (A2)
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We define 1(L,0) as the proportion of P,(L,0) to P,(L,0).

(9,(L,0))
sin 9/ (¢,(L,0)) do

1/)(L, 9) = (A3)
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