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We have conducted detailed Monte Carlo and molecular dynamics simulations of a model glass
forming polymeric system near its apparent glass transition temperature. We have characterized the
local structure of the glass using a Voronoi—Delaunay analysis of local particle arrangements. After
aperturbativeface elimination, we find that a significant fraction of Voronoi polyhedra consist of 12
pentagonal faces, a sign of icosahedral ordering. Further, we have identified metabasins of particle
vibrations on the potential energy landscape on the basis of persistence of particle positions and
neighbors over a simulated trajectory. We find that the residence times for vibrations are correlated
with a particular Voronoi volume and number of neighbors of a particle; the largest metabasins
correspond to particles whose average Voronoi volume is close to the value expected on the basis
of the density, and whose approximate number of neighbors is close to 12. The local distortion
around a particle, measured in terms of the tetrahedricity of the Delaunay simplices, reveals that the
particles with a higher degree of local distortion are likely to transition faster to a neighboring
metabasin. In addition to the transition between metabasins, we have also examined the influence of
vibrations at inherent structuré$S) on the local structure, and find that the the low frequency
modes at the IS exhibit the greatest curvature with respect to the local structure. We believe that
these results establish an important connection between the local structure of glass formers and the
activated dynamics, thereby providing insights into the origins of dynamic heterogeneitR050
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I. INTRODUCTION glass transition temperatur€ly) is approached. In these
_simulations, particles have been classified into liquid- or

One of the long-standing goals of theoretical and EXPerl5plig-like categories on the basis of free volume, and various

mental research on glasses has been to establish a relat'ﬁ’{éasures of shab“eand distortion® of the Voronoi polyhe-
between local structure and the observed dynamics. The reira and Delaunay simplicé&” Structural signatures in the

lation between a particle’s mobility and its free volume is Aorm of percolation threshold&812 of Delaunay networks

central tenet of the free-volume thec}r)?. E)fperlment'As and . dincrease in icosahedral ordefihig®have been observed
computer simulatiorfsof glass formers indicate that tlas/- . :
near Ty. Further, a higher degree of icosahedral order has

eragestructure exhibits no dramatic changes as the syste . . .
9 9 y géeen observed when the cooling rate is redlféﬁxperl—

goes through the glass transition even though the dynami . . .
become increasingly heterogeneSJshereby indicating an mentally, the degree of nonexponential relaxation and fragil-
{ty have been found to exhibit a correlation with chemical

27 .
ture. Since molecular simulations have access to detailegfructure for a number of glass forméfs?” with a general

particle trajectories and positions, they are well-suited for thdndication that structures presenting a greater steric hin-
investigation of local particle properties, structural arrangedrance exhibit a greater degree of nonexponentiality.
ments, and dynamic heterogeneities. A detailed analysis of Another useful theoretical framework for the study of
the dynamics has clearly revealed the presence of dynam@@@sses is the potential energy landscapEL).”™" In this
heterogeneities for several glass formf&rs. Recent framework, the PEL is partitioned into energy basins con-
studies?™® have attempted to describe the relaxation ofhected by saddle points that lead the system from one basin
glasses using the concept of “dynamic facilitation” wherebyto another. One view of the dynamics in glasses assumes a
mobile excitations in one region confer mobility on the sur-separation of time scales as the system approaches the glass
rounding regions leading to the presence of dynamic heterdransition temperature, such that motion at short times occurs
geneities. The fundamental origin of the mobile excitationsyia intrabasin vibrations about a particular inherent structure
however, is still an open fundamental questidrSeveral (local potential energy minimumand long-time motion oc-
molecular simulations have also examined the change of losurs via infrequent activated jumps over saddle points into
cal structure and free volume of glass forming liquids as theneighboring basins. An elaboration of this concept has led to
the picture of “metabasins® where each metabasin consists

JAuthor to whom correspondence should be addressed. Electronic maiplc several local _mm'ma sepgrgted by low energ)_/ bam?rsi
tsjain@cae.wisc.edu and thea relaxation occurs via jumps between neighboring
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metabasins. Past studies have demonstrated the influence ' ' ' ' ; 2800

the PEL on the dynamics of glass formers, with the appear- . _."‘

ance of a dynamical regime exhibiting a separation of intra- 102 ”‘0,,‘ -

basin and interbasin motion below a certain crossover ., e 13

temperaturé'*? Transitions between adjacent minima have 1} o, .

also been shown to exhibit cooperative motidi: More *’V-.‘ o | 5200

recent studies have established a link between the topogre® ges| ’,v"‘ r

phy of the PEL and the dynamics for a binary Lennard-Jones o *,

glass® Investigation of the energy barriers on the PEL for a 056 | .,.-" *, 13400

model bulk and free-standing film polymer glass have re- ’,.»" ”‘x..

vealed significant differences arising due to confinement by ooal .’ \‘

free interfaced? ' *... {600
However, possible links between the local structure and

activated dynamics on the PEL have not been extensively % 02 03 04

explored, though earlier studies have indicated the influence T
of p_Oteglgléil energ_§7_, |co§ahedral Ordermﬁe' and H FIG. 1. Specific volume and enthalpy as a function of temperature for the
bond|n<j’ % on mobility. This work presents results for a pulk system for a typical simulation.
model glass forming polymer that establish a relation be-
Eween fthtﬁ perlo?_slof V.'bff‘g'or? ohn thetPEtL a?d ;ge I(_)r(;]al SUUCHt the system in an amorphous glassy state. This glassy state
ure of the particies in the inherent struc urgs). N€S€ s also stable and reproducible under varying geometries
results indicate that the time of vibration of a particle in 85uch as thin filmE*%° The chains used in this work have
so-called “metabasin” is correlated with the structure of itslengthL:SZ which is close to one entanglement length for
Vqronoi pon.hed'ron and the o!istortion of the Delaunay Sim'this model. 1I'he number of chains used was 22. All results
plices to which it belongs. It is shown that the longest me-, o reported in reduced variables, i.e., temperatiire
tabasins occur for particles that have approximately 12 geo- KT/e and densityp’ =No3/V ' '
metrical neighbors and a Voronoi volume that is close to the The equilibratign of thesé systems was carried out using
valu_?hexpecteq from the zystefm”s denlsmé | we describdvanced Monte Carlo mov€étand molecular dynamics in
th edpclatper 'T org(;mlz?h_ astodows.dnd.ec. » We escfrlthqhe NPT ensemble at zero pressure. The system was first
€ mode “emp 03,{6 In this study, and dISCUSS SOme o gquilibrated afl"=1.0. The temperature was then reduced in
canonical “glassy” features that are exhibited by the modelSteps of 0.1 unti”" =0.6 and then in steps of 0.05. An ap-
Section Il discusses. the local structurg of the system "barent glass transition temperature was identifiedT?t
terms of the Voronoi-Delaunay analysis. In Sec. 1V, We_ 5 40 from the change in slope of the specific volufoe
present the algorithm for calculating the particle metabasingnergy versus temperature for a bulk systéFig. 1). The
of vibration on the PEL, and discuss the correlations betwee : N
the structure of the Voronoi—Delaunay constructions and thoalu_es_ ofT, determined fr_om both curves agree within the
) ) Y . tatistical error. The static structure factor of the system,
lengths of the metabasins. Section V discusses the influen q), is shown in Fig. 2 over a range of temperatures from
of the normal modes of vibration at the inherent structures OqTOhe }nelt-like state to.near the glass transition. From Fig. 2
the system structure: qually, we con.clude in Sec. VI an ne observes no qualitative changeTgsis approached, as
discuss some of the implications of this study. expected for a glass-former
Microcanonical molecular dynamics simulations were

0.5 0.6

Il. MODEL AND SIMULATION DETAILS

> T=0.4
ce T=0.7
-o T=09 |1

The model employed in this work consists of polymer
chains of spherical interaction sites of diameter Non-
bonded sites interact through a modifled-12 Lennard-
Jones potential with characteristic eneegyand bonded sites
interact through a harmonic potential,
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where ¢;,=0.016 316 891 ¢,=0.038 999 477 k,=100C:/ 0
is the spring constant, the equilibrium bond lengthyso, I &
andrj; is the distance between the interaction sites. The cut- i
off distance for the Lennard-Jones potential iso2.9he olanand¥” . . . .
modified potential is required in order to avoid a discontinu- ~ © 5 10 15 q 20 % 30 35
ity in the energy and the force at the cutoff. These parameters

were chosen to prevent crystallization and facilitate trapping FIG. 2. Static structure factor for the model bulk glass.
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FIG. 3. Incoherent intermediate scattering function for several temperatures FIG. 4. Distribution ofl" andO for the Delaunay simplices.

approachingry,.

voids. For a completely amorphous system, every face of a
then carried out al” =0.425 and at a density ¢f =0.984,  \oronoi polyhedron is shared by two sites, every edge is
with a time step of 0.001; configurations were saved every:ommon to three sites and every vertex of a Voronoi polyhe-
20 time steps. The ensemble average pressure is zero undfbn is shared by exactly four sites. The tetrahedron formed
these conditions. The choice of this temperature was dictateigly these four sites is called a Delaunay simdlexDelaunay
by several preliminary studies conducted at temperaturegtrahedron The Delaunay simplices are thials of the
ranging fromT =0.4 to 0.475. The incoherent intermediate \oronoi polyhedra, and also possess the property that they
scattering functioriby(t) is shown in Fig. 3 for several tem- tile space. While the Voronoi polyhedra enclose the volume
peratures in this temperature range. This function was calcuarounda particle, the Delaunay simplices enclose the volume
lated at a value off corresponding to the first peak 8iq).  betweenparticles. The shape of the Voronoi polyhedra and
One can clearly observe the onset of a two-step relaxatiothe arrangement of the Delaunay tetrahedra can provide a
with a stretched exponential decay Bgis approached. At measure of the local packing in amorphous systems. Several
temperatures lower than 0.425, it was found that the timegneasures have been used for Voronoi polyhedra; these in-
scale fora relaxation,, as defined by®y(7,)=0.3, was clude the volumdV,), surface aregA,), asphericity(S,),"’

extremely large, thereby rendering detailed calculations comand curvatureC,).*> The asphericity and curvature are de-
putationally unfeasible for the system sizes considered hergined by

At higher temperatures, the motion of the particles is influ- 3
enced to a lesser degree by the PEL=0.425 was therefore s,= 1A 1 3
chosen as the temperature for further study. In order to study 3611 V\Z, ’
the PEL of the model glass, it is necessary to minimize the
potential energy of the system to the local minima. Such a

. e A 16
mapping was proposed by Goldst&irand Stillingef® and _ '
has been extensively used to investigate both model v 247V,
glasse¥3! as well as atomistic systeris** Several
algorithm§3 exist for finding the minimum(or conversely,

: (4)

wherel, is the length of edgeof the polyhedron and,; is the
the maximum of a function. We employed a conjugate gra- angle betvx_/een the normals of th? mtersectln_g faces. The
value ofS, is zero for a sphere and increases with increasing

dient algorithn?® for this study. The energy minimization is Y'° A herical sh For the Del ol
assumed to have converged if the decrease in energy betwe%ﬁv'at'on rom a spherical shape. For t S 44e aunay simpiex,
“"octahedricity

subsequent steps is below 18 The final forces on the par- the Egeasureg inglude t?&ggtrahedritﬁﬁ), _
ticles are of the order of 10/ (0),”" and void sizdvy),” " i.e., the largest void that can be

inscribed inside the tetrahedron without overlap with the par-
ticles. The units fot;, A,, Vi, andv are in terms ofr, o2,
and o3, respectively.

This section describes the local structure of the inherent  Figure 4 shows the distribution of tetrahedricityand
structures of the system in terms of the Voronoi polyhedreoctahedricityO, for the Delaunay simplices obtained from
and the Delaunay simplices. By construction, a Voronoithe inherent structures at =0.425. One can observe a dis-
polyhedron of a site is the region of space that is nearest tonct bimodal structure that arises from the presence of both
that site than to any other site. The Voronoi polyhedronslightly distorted tetrahedra and quart-octahg@dea, the tet-
serves as a measure of the local empty space around a sitahedron formed from one quarter of an octahefirdime
These polyhedra possess the property that they completetgtrahedricity of an ideal quart-octahedronlig=0.05, and
tile space, i.e., they fill up space without any overlaps orthe octahedricity of an ideal tetrahedrords$=0.08. Though

Ill. AVERAGE LOCAL STRUCTURE OF THE SYSTEM
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first three quantities are unimodal and exhibit no specific
features. However, foAg, one observes a strong peak close
to zero, which implies the presence of geometrical neighbors
that have aperturbative origin, i.e., arise from distant
neighboré4 that will cease to be neighbors if the position of
the particles is slightly perturbed. Such perturbative artifacts
often mask the underlying nature of the local arrangement.
We have therefore eliminated such effects by the following
procedure:

0.08f

0.06f

0.04f

(1) Construct the complete Voronoi polyhedron for the par-
ticle.

(2) Calculate the face areas and the corresponding neigh-
boring particles.

(3) Reconstruct the Voronoi polyhedra by eliminating those
particles which lead to face areas below a certain cut-

V1 off, A..

0.02f

FIG._ 5. Distribution ofv_T_ vs O. The numbers on the contour plot are pro- We term the new neighbors obtained in this fashiorras
portional to the probabilityP(vy,0). The units forv; are in terms ofo®. . . o
geometric neighbors. A similar procedure has also been em-
loyed previously to study local arrangemeﬁ'tsEigure 7
not in exact agreement, the values at the second peaks of tiows a dramatic change in the probability distribution of the
distributions are close to the expected values, and confirymper of faces as the perturbative faces are eliminated. The
that the second peak Inarises from quart-octahedra and the gjstripution does not change furthewithin the uncertainty
second peak itD arises from distorted tetrahedra. Such bi- 55 the cutoff for the elimination is changed from 0.1 to 0.15.
modal distributions have also been observed in model SOftSpecificaIIy, after the elimination procedure, we observe the
sphere glasse§:* Figure 5 shows the two-dimensional dis- presence of a large fraction of polyhedra with 12 faces,
tribution of Delaunay simplex void size and the \yhich is a signature of icosahedral ordering. Further, upon
octahedricity. This figure corroborates the previous conclugjgser inspection of the number of edges per fdtg. 8), we
sions, and confirms the existence of two distinct populationging a large fraction of pentagonal faces, which provides ad-
of simplices. As expected, the octahedral voids have a larggfitional evidence for the presence of an underlying icosahe-
value ofvr than the tetrahedra. dral order in the system. Section IV details the calculation of
While the Delaunay simplices serve as a useful measurgye metabasins of vibration and investigates the correlation
of the local arrangement of particles, an analysis of the locahetween structural and dynamical aspects.
structure in terms of the Voronoi polyhedra reveals greater
information about the arrangement of particee®und the V- METABASIN CALCULATION AND INFLUENCE OF
particle of interest. Figure 6 shows the distribution of theSTRUCTURE ON DYNAMICS
Voronoi volume, surface area, curvature and face aheasf In a departure from previous detailed studies of the PEL
the polyhedra. One can observe that the distributions of thef model glasses, this work considers systems that are rela-

0.1 0.03
(a) (b)
0.08
~,0.06 > 0.02
b <
Q. 0.04 a
0 0.01
0.02
0 0 FIG. 6. Distribution of(a) Voronoi volume,(b) surface
0.8 1 1.2 4.5 5 5.5 6 6.5 area of Voronoi polyhedra(c) curvature of Voronoi
Vy Ay polyhedra, andd) face areas of Voronoi polyhedra. The
0.25 arrow indicates the face area cutof{=0.15 below
“le) (d) which two sites sharing that face are not considered
0.2 true neighbors. The units for volume and area are in
’ 0.02 terms ofo® and o2, respectively.
:> 0.15 2 "1 o1s
o o
0.1 0.01 l
0.05
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0.5 S ——— the vector§(t)=[r;(t),ly,...,Ini ], wherer; is the position
= No Face Elimination . \Y . . .
045 | we Face Elimination Ac<0.1 |1 vector of the particle|;; denotes the Voronoi neighbgrof
sl wm Face Elimination Ac<0.15] | the particle, and\|, denotes the total number of Voronoi
neighbors at time. The algorithm begins by scanning the
035 ¢ ] vectorS over the length of the simulation. Two state vectors
03} . are considered different from each other if the displacement
:\2:0'25 I | between their positions is greater than a certain tolerance,
o duisp OF if there is a change in the list of Voronoi neighbors.
c2r 1 During the scan, the times at which each stateccurs are
0.5} 1 found and a note is made of the time of first occurrepge
oA last occurrencéy,, number of occurrences, and fractional
occurrencef,=n/ (t,—tx). Since a metabasin consists of a
particle residing in several neighboring local energy minima,
the time intervalg[ty,t,] overlap with several other time

intervals. We follow a variant of the procedure proposed by
Heueret al*® in order to combine these intervals to obtain

FIG. 7. Probability distribution for number of faces of the Voronoi polyhe- time periods corresponding to metabasins. Briefly, the proce-
dra with and without small face elimination. dure is as follows:

. - . (1) Time intervals with a fractional occurrence of less than
tively large. Large systems are necessary to reduce finite-size o
1% are eliminated.

effects whgn studymg a ponmgnc system. The S|mulat|on82) Next, we eliminate the intervalit,t,] that are com-
box length is approximately 1.5 times the average end-to-en . . o
pletely contained in another larger time interval.

i f th I hains. Previ h indi- . . . .
distance of the polymer chains rrevious reports have |ndr:(l3) Two intervals that overlap are combined, either if the
cated that a large supercooled-liquid system can be decom-

posed into smaller, weakly interacting subsystéfizurther- length of overlap_ IS greater _than half the maximum

more, the number of minima on the PEL grow exponentially length of the two intervals, or if the length of overlap is
) 0 .

with system size. In such a scenario, relaxations from thz4 _gl;_reater tr;an 80& of thel Sn;]alledr mterval._ he ab

different subsystems will superimpose, and it is not possibl ) Wo overlapping |_ntervast at do not sat|s_fy t.e above

to identify metabasins solely on the basis of the energies and criterion are split into smalls%r nonoverlapping intervals

configurations of the inherent structures, as has been done &S Prescribed by Heuet al.

30 .
:)ef.gre.t. W;ahhavetthbere.foref adopted atm altﬁ/:nanve aF_’fF’rofl‘% some rare cases, we find that certain long intervals consist
0 lden n;y fti mel a g;ms or our Zyt? eHm.lmorlewslpeCI |c(:ja Yiof small fractional visits, which indicates that the same state

a variant of the algorithm proposed by Hewéral.” 1S use vector, S, is revisited after a long gap in time. Further, we

to track the positions and neighborhood of individual Par oiterate that we only look at particle positions and identity

ticles, and to identify metabasins of vibration for each par- . . . )
ticle instead of the entire system. We define that a change i%f the neighbors in defining the state point. Thus the s§me

. . . could result from a different arrangement of neighbors or
the environment of a particle has occurred if the number Ok om a short-lived fluctuation in the position. We ugeas a
identities of the geometrical neighbors of the particle have P '

changed. Thus at time a particlei’s state is characterized by S|mplg indicator of such an e"er.‘t and eliminate thoge inter-
vals, in order to prevent unphysically large metabasins. The

next two steps eliminate the short-lived vibrations between

0.7 : : . - o . . :
== No Face Eimination local minima within a larger metabasin and combine time
@ Face Elimination Ac < 0.1 intervals of significant overlap into a single metabasin. Fig-
0.6 mm Face Elimination Ac < (.15

ure 9 shows the trajectory of energies of inherent structures
generated during the NVE simulation. It is clear that the

0e system does not exhibit the distinct presence of metabasins
0l as defined in earlier studiés*® However, Fig. 9 shows the
o typical trajectory of a particle over the same inherent struc-
o« 03l tures. In Fig. 9 one observes that, over several long periods
of time, a particle vibrates about a mean position, and infre-
o2k quently jumps into a different metabasin. The dotted lines

show the metabasins identified by our algorithm for a typical
trajectory. The length of the dotted line is the size of the
metabasin in units of time. In order to ascertain whether the
. e . PEL actually influences the dynamics, i.e., if a separation of
2 3 4 5 & 7 8 ® 0 time scales exists between vibrations and activated jumps,
we have examined the correlation of the magnitude of the
FIG. 8. Probability distribution for number of edges per face of the Voronoi/JUMPS between successive metabasins in the IS trajectory
polyhedra with and without small face elimination. and the actual molecular dynami@dD) trajectory. This was

0.1r
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-3650

<VV >

position

15 2 25
t (MD steps)

FIG. 9. (a) Trajectory of IS energied),s. (b) Typical trajectories of particle A
coordinates. The particle numbers and directions are indicated in the top->>
right corner. The dotted lines denote the metabasins calculated for thisv
trajectory.

done as follows: over the time period of the metabasin, the
average position of the particle was calculated over the IS
trajectory and the MD trajectory. Next, the displacements
between the average positions were calculated for successiv
metabasins, for both trajectories. Figure 10 shows the corre
lation between the displacements for the two trajectories. We
find that the two are in excellent agreement, thereby confirmE'C

J. Chem. Phys. 122, 174515 (2005)

1.1F

1.051

0.95f

1.05f

10 10.5 1 15 12 125 13 135 14

. 11. Distribution of Voronoi volume as a function of number of neigh-

. . . . bors, during vibration in a metabasifa) without face elimination, an¢b)
Ing that the true dynamlcs are a reflection of the underlymg/vith face elimination withA.=0.15. The numbers are proportional to prob-

motion on the PEL. ability P(Ny,Vy). The units for volume are in terms of.

Figure 11 shows the distributions of Voronoi volumes
versus the number of neighbors, averaged over the vibrations

in a metabasin. As stated earlier, the elimination of perturballve faces reveals the presence of a large fraction of 12 co-

1.2

T 7
7
1 ,
0.8 1
@
=

&

5 0.6 1
0.41 1
0.2 J

0 ~ - - -
0 0.2 0.4 0.6 0.8 1.2
dlSp MD

FIG. 10. Correlation of particle displacements between metabasins in th

MD trajectory and the IS trajectory.

ordinated particles. Figure 12 shows the average length of
the particle metabasins in units of number of time steps,
(Lyg), as a function of the average Voronoi volume of the
particle and number of neighbors during its residence in the
metabasin. One can observe a clear correlation, with shorter
metabasins associated with lardey). The value of the av-
erage Voronoi volume over all the sites in the system.,
number densityis 1.02. Note that in the construction of this
figure, the small face elimination was not performed. If such
an elimination is conducted, then the distribution shifts to-
ward 12 neighbors, as shown in Fig. 7. Such a Voronoi cell is
reminiscent of icosahedral ordering, and the results indicate
that a greater degree of icosahedral ordering leads to a lon-
gevity of the particle metabasins. Figure 13 shows the distri-
bution of average tetrahedricity in a metabaglry, for sites
belonging to metabasins with differeht The distributions
shift to the left as the size of the metabasins increase, reveal-
fhg a distinct influence of° on metabasin size.
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tetrahedricity, andA is the displacement field. The expres-
sions forF andHp are given in the following:

11 12 6 I
Fmaz_EE <?_‘3_t)rmpa(l_5mp)y (6)
1577 5\ g 17 mp
1.08 —
A #ry 12 1 17
> =— = - = Smn— 9,
v ararl 15; % Ltz 13 (3~ Opr)
1 |
12 'mpal mps
X 50(,8(1 - 5mp) + _E 2 3 (8mn— 5pn)
157 5 |rmp|
0.95 4
X 50(,8(1 - 5mp) - E ﬁz rmpa(l - 6mp)
t t p
11
r 4
x2 ﬁ(l =m0 = 2 75 2 Ml 1= G
FIG. 12. Average lengti{Lyz) of a metabasin as a function of Voronoi k 1Nk ! te
volume and number of geometrical neighbors. The units in the contour plot r
are in terms of number of MD time steps. x> |—mp£‘1(l - 5mp)2 Mka(1 = Sk
r
V. INFLUENCE OF COOPERATIVITY ON STRUCTURE P njj “
2
It is well established that the dynamics in supercooled + 6_|1 Tmpa 1- ks 1-6 (7)
liquids exhibit a cooperative natufé>*°even at the level of ; 15It3§p: Irmpl( mp)% \rnkl( W

single transitions between neighboring inherent structtires.

While the results presented so far demonstrate that a corrétheret is the index over the tetrahedra containing particle
lation exists between dynamics and structure based on singf@: P andk are the indices of the particles in tetrahedtoh
particle properties, a study of the structure of cooperativelyS the average length of the edges in tetrahedr@md, 8
rearranging regions could provide even greater insights inté’enOFe the Cartesian dlrect.|ons. In a previous publlcachon
the microscopic origins of heterogeneous dynamics. OufVe discussed the cooperative nature of the modes and the
work suggests that some insights into the nature of collectivéignificance of the Boson peak on the observed dynamics in
motion on the structure of the system could be obtained b@lasses. In simulations, one can obtain the Boson peak by
studying the vibrations at the IS in the harmonic limit, i.e., Calculating the dynamic structure fact8f.(q,w), or by di-

the normal modes of vibration, and their influence on thedgonalizing the Hessian matrix at the IS. Figure 14 shows the
tetrahedricity of the systenfs. The tetrahedricity of the in- results obtain_ed from both methods; they are in excellent
herent structures can be expanded in a second-order Taylo@§reement, with a clear Boson peak presenb&?2.5. The

series: advantage of the Hessian method is that one can obtain the
1aT eigenvectors to examine the nature of the motion with a par-
I's=T'go-Fr-A+3A -Hr-A, (5 ticular frequency. Each eigenvectdy, has length BI, which

wherel'y, is the tetrahedricity of the system at the minimum, €0 be thought of a di§placement vectoi) acting on the
Fr andH, denote the force and Hessian equivalents of thé®@rticles in the system:

1 N
0.35 =[qi,....q"].
PP Qx=[jcs -, A ]
-4 10000 <L < 20000 . . N .
03l = 30000 <L < 40000} These p_artlclt_a vectors_ give th_e direction and dl_splacement of
- 80000 < L < 90000 the particles in a particular eigenmode. The eigenvector de-

scribes the collective instantaneous vibrational dynamics of
the system, since it gives the direction of displacement of all
the particles in the system. One can investigate the nature of
the vibrations on the local structure by studying hibwaries

as the system is moved along a nhormal mode of frequency
This can be quantified by

AT(w) =T'(w) - T'yy=~Fr - Q(w)
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FIG. 13. Distribution of average tetrahedricity for particles vibrating in where the frequency-dependent contributions due to the

metabasins of different lengths. The units in the legend are in terms ofOIC€ ar_‘d the _HeSSian are denotedA&_Sf(w_) ar_‘d AHp(w),
number of MD time steps. respectively. Figure 15 shows these contributions for the low
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VI. DISCUSSION AND CONCLUSIONS

The model glass forming polymer considered in this
work exhibits the canonical features expected from a glass-
former, such as a well-defined apparent glass transition tem-
perature and a two-step nonexponential relaxation behavior
over time. For each particle, metabasins of vibration have
been identified in the inherent structure trajectory using an
algorithm based on the position and neighborhood of the
particles. We have investigated the relationship between the
local structure around a monomer for this glass former and
its period of vibration on the PEL. We find that its Voronoi
volume and coordination number correlate with its residence
time in the metabasin. Our results provide concrete evidence
that activated dynamics are governed by both the local free
volume and thegeometryof the free volume. Recent results
by Cooperet al. have shown that the starting configuration
influences the spatial distribution of  dynamic
heterogeneitie%.However, the specific aspect of the local
structure influencing the dynamics was not investigated. Our
finding that specific structural arrangements have a direct
impact on the observed dynamics make this study novel.
Since certain local environments can lead to greater tendency
for motion, our results also aid in understanding the origin of
“mobile excitations” in the dynamically facilitated models
for glasseé.z'mlt has been previously hypothesized that frus-
tration of nonspace filling structurgs’ could be at the ori-
gin of dynamic heterogeneities, with motion occurring along
the domain walls between preferred local structures. Domain
frustration has also formed the basis of a recent thermody-

frequency modes. One can make the observation that the lof@Mmic theory of glass transiticti.Interestingly, an increase
frequency modegdirections with lowest curvature of poten- N the coordination number has been shown to influence the

tial energy on the PELcorrespond to the greatest change in

dynamics in supercooled wat&rThese observations were

local structure measured in terms of the tetrahedricity. HowIationalized through geometric frustration arguments in a tet-
ever, a distinct change in the nature of the curve is observeghedral network. Atomistic simulations of m-toluidine
atw~2, which is close to the Boson peak frequency for thishave revealed the presence of pairs of strongly H-bonded
model. Similar observations were also made by Scheber Molecules that exhibit slower dynamics than the rest of the
37 . .
al.” for soft-sphere glasses. Thus, we find that similar measystem.” However, both of these systems exhibit strong di-

sures of local structuréetrahedricity in this caganfluence
the motion in both the vibrational limit as well as in the limit
governing the transitions between metabasins.

0.05

0.1

0.15f

0.25F

03

0.35F

0.4

0.5 1

1.5 2

®

25

5.2

14.8
14.6

144 AH_

14.2

13.8

3.6
3

rectional interactions in the form of H bonding, and it is not
clear from the above studies whether such conclusions ex-
tend to glassy systems in general, including polymeric
glasses. Studies of a model poter‘?ﬁalhat imitates the struc-
ture of metallic glass formers have also shown the influence
of local structure on the dynamics, with substantial reduction
in the mean-square displacement for particles present in an
icosahedral ordering. However, the potential is constructed to
favor icosahedral orderiﬁé in the first coordination shell.
Our system lacks specific directional interactions, and our
results indicate that the specific preferred structural arrange-
ments have a clear and well-defined influence on glassy dy-
namics in general. Identification of such structural motifs in
different glass formers could considerably improve our un-
derstanding of the influence of chemical structure on the dy-
namics in glass formers.

Furthermore, we have also found that the vibrations at an
inherent structurénot a metabasinexhibit a nontrivial de-
pendence on the structure, which changes at a frequency

FIG. 15. Change of system tetrahedricity as a function of normal modeclose to the Boson peak for this model. In a previous study
frequency.

using the same model, we demonstrated the cooperative

Downloaded 24 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



174515-9 Local structure and motions in a supercooled polymer

J. Chem. Phys. 122, 174515 (2005)

character of the vibrations of the low frequency modes. Fron’flp. J. Steinhardt, D. R. Nelson, and M. Ronchetti, Phys. Rev. é&t1297

earlier studies on soft-sphere glas$gsit is known that the
low frequency modes are concentrated ©(10) sites that

(1981).
22H. Jonsson and H. C. Andersen, Phys. Rev. L&€,. 2295(1988.
2T, Kondo, K. Tsumuraya, and M. S. Watanabe, J. Chem. PBgs5182

are spatially correlated and exhibit structural differences (1999.

from the average structure of the glégsExcitation of the
low frequency modes in NjP;q glass’ was also found to

result in well-defined atomic motions with cooperative char-

%K. L. Ngai and C. M. Roland, Macromolecules, 6824 (1993.

2C. M. Roland and K. L. Ngai, J. Non-Cryst. Solids72, 868 (1994).

2. P. Privalkoet al, J. Chem. Phys112 5254(2000.

2’R. Bohmer, K. L. Ngai, C. A. Angell, and D. J. Plazek, J. Chem. P19@s.

acter. Other studies have shown that short time vibrational 4501 (1993,

dynamics correlate both with the local free voluthand the

2E H. Stillinger and T. A. Weber, Phys. Rev. 28, 2408(1983.

long-time relaxation of several small-molecule and poly-“M. Goldstein, J. Chem. Phy$1, 3728(1969.

meric glass former¥ °! The intensity at the Boson peak

frequency has also been interpreted in terms of the length

3%B. Doliwa and A. Heuer, Phys. Rev. E7, 031506(2003.
315 Sastry, P. G. Debenedetti, and F. H. Stillinger, Natluandon 393
554 (1998.

scale of 2the frozen-in fluctuations of the local elasticr, schrader, S. Sastry, J. Dyre, and S. Glotzer, J. Chem. Pl 9834
constant$? Our results indicate that motions at both shortss(zooo.
and long time scales exhibit a dependence on the tetrahedricM- Vogel, B. Doliwa, A. Heuer, and S. C. Glotzer, J. Chem. Phy20,

ity which is a measure of the local structure and distortion

4404(2004).
“T. S. Jain and J. J. de Pablo, Phys. Rev. L8f, 155505(2004).

We pelieve that our.fir?ding of a common structural.origin 3C. Donatiet al, Phys. Rev. E60, 3107(1999.
provides a mechanistic explanation for the experimentaf®™. bzugutov, S. I. Simdyankin, and F. H. M. Zetterling, Phys. Rev. Lett.

observation® ® that relate the nature of the short-time vi-

brational dynamics to the relaxation.

ACKNOWLEDGMENTS

Financial support from the US Department of Energy

(Contract No. DE-FG02-9914981s gratefully acknowl-

89, 195701(2002.

%'R. Chelliet al, J. Chem. Phys116, 6205(2002.

3N. Giovambattistaet al, Phys. Rev. E65, 051402(2002.

393, sastry, P. G. Debenedetti, and F. H. Stillinger, Phys. ReS6F5533
(1997.

O, Escobedo and J. J. de Pablo, J. Chem. Ph@g, 2636(1994).

“IF, Escobedo and Z. Chen, J. Chem. Phy%3 11382(2000).

423, Mossaet al, Phys. Rev. E65, 041205(2002.

edged. The authors would also like to thank Professor MarK®w. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannéty;
Ediger for several interesting discussions during the coursgmerical Recipes in GCambridge University Press, New York, 1988

of this work.

IM. H. Cohen and G. S. Grest, Phys. Rev.2B, 1077(1979.

T. G. Fox and P. J. Flory, J. Appl. Phy&1, 581 (1950.

3A. K. Doolittle, J. Appl. Phys.22, 1471(1951).

“R. L. Lehenyet al, J. Chem. Phys105, 7783(1996.

5F. varnik, J. Baschnagel, and K. Binder, Eur. Phys. J38,E95(2002.
M. Ediger, Annu. Rev. Phys. Chen&l, 99 (2000.

H. Sillescu, J. Non-Cryst. Solidg43 81(1999.

8C. Donatiet al, Phys. Rev. Lett.80, 2338(1998.

°A. Widmer-Cooper, P. Harrowell, and H. Fynewever, Phys. Rev. 198t.
135701(2004).

103, C. Glotzer, J. Non-Cryst. Solid&74, 342 (2000.

15 Butler and P. Harrowell, J. Chem. Phya5, 4454(1991).

123. P. Garrahan and D. Chandler, Phys. Rev. L8%.035704(2002.

3. Berthier and J. P. Garrahan, Phys. Rev68 041201(2003.

¥N. N. Medvedev, A. Geiger, and W. Brostow, J. Chem. Phga. 8337
(1990.

153, C. G. Montoro and J. L. F. Abascal, J. Phys. Ch&m.4211(1993.

16y, Hiwatari and T. Saito, J. Chem. Phy81, 6044 (1984).

. A. Luchnikov, N. N. Medvedev, Y. I. Naberukin, and H. R. Schober,
Phys. Rev. B62, 3181(2000.

18y, P. Voloshin, Y. I. Naberukhin, and N. N. Medvedev, J. Chem. Phys.

102, 4981(1995.
1%, Hiwatari, J. Chem. Phys76, 5502 (1982.
20T, Kondo and K. Tsumuraya, J. Chem. Physl, 8220(1991).

“W. Brostow, M. Chybicki, R. Laskowski, and J. Rybicki, Phys. Re\6B
13448(1998.

53, L. Finney and J. Wallace, J. Non-Cryst. Solidi3, 165 (1981).

463, Buchner and A. Heuer, Phys. Rev. Legd, 2168(2000.

“’A. Heuer and B. Doliwa, Phys. Rev. E7, 030501(2003.

“8R. A. Denny, D. R. Reichman, and J.-P. Bouchaud, Phys. Rev. B6tt.
025503(2003.

%y, Gebremichael, T. Schrader, F. Starr, and S. Glotzer, Phys. Réd, E
051503(2003.

50T, s. Jain and J. J. de Pablo, J. Chem. PHy20, 9371(2004.

51F H. stillinger, J. Chem. Phys39, 6461(1988.

52C. Frank, Proc. R. Soc. London, Ser. 215, 43 (1952.

53D, Kivelson and G. Tarjus, Philos. Mag. B7, 245 (1998.

%M. Dzugutov, Phys. Rev. A6, R2984(19932.

%5c. Oligschleger and H. R. Schober, Solid State Comm@s, 1031
(1995.

56B. B. Baird and H. R. Schober, Phys. Rev. Let, 636(1991).

L. D. Van Ee, B. J. Thijsse, and J. Sietsma, J. Non-Cryst. S&@f 641
(1996.

8F. W. Starr, S. Sastry, J. F. Douglas, and S. C. Glotzer, Phys. Rev.8%tt.
125501(2002.

5. L. Ngai, A. Sokolov, and W. Steffen, J. Chem. Phyl€17, 5268(1998.

%K. L. Ngai, Philos. Mag.84, 1341(2004.

®MT. Scopigno, G. Ruocco, F. Sette, and G. Monaco, ScieB@2 849
(2003.

2A. P. Sokolovet al, Phys. Rev. Lett.78, 2405(1997.

Downloaded 24 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



