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Structural relaxations in glass forming poly(butadiene): A molecular dynamics study
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We present results of a molecular dynamics simulation of a realistic model ofoptdylieng We find
Rouse-like dynamics and the corresponding diffusion coefficient shows a power law behavior. The coherent
intermediate scattering functions clearly show a crossover from Debye to non-Debye relaxation. The latter can
be described accurately by a stretched exponent. It is shown that the second scaling law of the mode-coupling
theory is valid fork=1.60 and 2.40 A in the temperature range measured. The corresponding relaxation
times also follow the temperature dependence of the mode-coupling th84d363-651X98)51110-5
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In past decades the dynamical behavior of glass forming11]. For the nonbonded interaction, a Lennard-Jones poten-
materials has been a subject of wide interest. The main ided&l is used, which is shown in E¢3)
of the dynamics, just above the structural glass transition, are
based on the mode-coupling thegMCT). Originally intro-
duced to describe the dynamics of dense liquids, it was ap-
plied by Leutheusser to describe the structural arrest near the
glass transitiori1]. In later years MCT has been extended, 6
which has led to important scaling laws for structural relax- Viors( )= 2 a,cos'¢o, 2
ations in undercooled liquid2]. In the case of simple mon- n=1
atomic liquids, molecular dynamics simulations have pro- 1 6
vided much information about the dynamical properties of V(1) =4e (E) _(S)
“normal” and undercooled liquid$3,4]. Unfortunately, the L r r/ |
results of these simulations are rarely compared with experi-
ments. This is because of the extremely high cooling ratélere 6 is the bond andp the torsion angle, ankl, is related
needed to avoid crystallization in simple liquids. Therefore,to the small angle force constaktvia ko=Kk/sir? 6,. Nu-
experimental results are usually obtained from “good” glassmerical details of these potentials can be found in REE].
formers, for example, polymers. A polymer that is exten- Starting configurations are made using a pivot Monte
sively studied using neutron scattering is pblytadieng  Carlo algorithm with a Metropolis acceptance criter[d2].
(PB) [5]. The results of these neutron scattering experimentyn  this way, 24 chains of 100 carbon atoms
are difficult to interpret and they only give limited informa- (=25 monomers) are made. 100 000 pivot moves per chain
tion about the dynamics. Here, as in the case of simple ligare performed in order to avoid correlation between the
uids, molecular dynamics simulations can provide detailedhains. After this, the 24 polymers are brought together in a
information about the dynamics of glass forming polymers.computational boxcube with a size of 39 & leading to a
Most molecular dynamics simulations of polymers are perdensity of 0.89 g/crh[13]. Excluded volume is gradually
formed at temperatures well above the glass transition antswitched on” using a truncated Lennard-Jones potential.
the results are analyzed within the framework of Rouse-like=inally, the system is equilibrated for 4 ns with molecular
dynamics[6,7]. In other cases, no connection with MCT is dynamics. In these simulations the bond lengths between the
made[8]. However, Monte CarlgMC) simulations showed carbon atoms are kept fixed using constraint dynarfids
that MCT can be applied to polymers but to what extent isThe temperature is regulated via a Nd$eover thermostat
still unclear[9,10]. The simulations we performed are differ- [15].
ent from others because we have used a realistic model of a Near the glass transition temperatdig, structural arrest
polymer with fixed bond length. This is in contrast to the reduces the number of degrees of freedom contributing to,
well-known bead-spring model. We determined the cohererg.g., the specific heat or the compressibility. Empirically, the
intermediate scattering function, which can be compared diglass transition temperature is determined by measuring the
rectly with neutron scattering experiments. The results arenergy of the system as a function of the temperature, or the
analyzed both phenomenologically and within the frame-wolume as a function of the pressure. A result of this mea-
work of MCT. surement for PB is shown in Fig. 1. Here, the system is
In our simulations a united atom model of 1,4- cooled fromT=0.5, which corresponds to 451 K, in steps of
poly(butadieng¢ (—CH,—CH=CH—CH,—),, is used. The 0.025, and is equilibrated at each temperature for 40 ps. The
distances between two connected carbon atoms are 1.43 diraight lines correspond to a linear fit with slopes of 1.99
for the CHb—CH and CH—CH bonds, 1.33 A for the and 2.38 kJmol K) below and abovd,. The change in the
CH=CH bond, and 1.53 A for the CH-CH, bond. These slope is small but clearly visible &=0.15, corresponding
values are fixed during the simulation. The general form oo a temperature of 135 K. This is well below the glass
valence and torsion potentials is shown in E@S.and (2)  transition temperature of 186 K measured in experimggits
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FIG. 1. Temperature dependence of the energy obtained from "~ 10 10° 10’ 102

stepwise cooling. The glass transition temperature is estimated at 1.0 m—————rrr—r——rrrrr

T=0.15. The straight lines correspond to a linear fit with slopes of
1.99 and 2.38 kol K) below and abovd .

This is probably caused by the length of the polymer chains,
which is small compared to the length of the chains used in ___
experiments[16]. Note that the cooling rate is extremely @&
high, which usually leads to a high&y, value. g

To analyze the glass transition dynamics we determined
the mean square displacement of the carbon atoms. The re-
sults are shown in Fig. 2. The “diffusion” coefficient is
determined using

0.5

0.0
(R¥(t))=(Dt)“ (4) 10

—

0 2

10’ 10
time (ps)

10

in the long “f“e limit. As shown in Fig. 2y=0.62, WhiCh. is FIG. 3. Coherent intermediate scattering function fhr
somewhat higher than the 0.5 of ideal Rouse dynamics and | g5 g1 (a) andk=2.40 A1 (b) at four different temperatures:
close to the 0.67 of Zimm dynami¢47]. No crossover to a 1_( 225 T=0.25 T=0.30. andT = 0.40 (top to bottom. Repre-

linear time dependence is found on this time scale. The teMsentative fits according to Eq&) and(8), are also shown. The's
perature dependence Dfis shown in the inset of Fig. 2. The found in this way are 0.45 fok=1.60 A1 and 0.37 fork

straight line is a fit according to a power law: =2.40A1

with T,=0.18, consistent withl;=0.15 andy=3.2. This
value ofy is much larger than corresponding values obtained
in simulations of simple liquid$4].

D(T)~(T-Te)?, ©)

10 Another important quantity in analyzing the glass transi-
tion dynamics is the intermediate scattering functie(k,t)
2 given in Eq.(6) [18]:
107 ¢
o 1o [ F(kt)=( > > e kr®=r01) (6)
A P
“E 10° | To make a connection with experiments, we determined the
v coherent part of(k,t). For a phenomenological interpreta-
10” tion, F(k,t) can be split into two regions:
F(kt)~e YD, t<t,, )
FNREIT ool el vl ol |
10" 10° 10" 10° 10° 10* F(k,t)~e Wnm’ >t ®
t{ps)

wheret, is the crossover time, which can be temperature and

FIG. 2. Mean square displacement of the C atoms at four difX dependent. The nature of this crossover and the relation to

ferent temperaturest=0.5, T=0.4, T=0.3, andT=0.225. Inset:

the glass transition is still unclear. One explanation is that the

temperature dependence of the diffusion coefficient defined in Ecstretched exponential behavior is caused by a crossover from

(4). The straight line is a fit according to E¢), with T,=0.18 and

Ykww™— 3.2.

vibrational to relaxational motion, the vibration-relaxation
model[5]. In this way the vibrational and relaxational mo-
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FIG. 4. Static structure fact@®(k) at T=0.5 andT=0.3.

tion are related tg8- and a-relaxation, respectively. Another

c

FIG. 6. 7w for k=096A"1 k=1.60A"1 and k
=2.40 A1 at four different temperature§=0.225,T=0.25,T

explanation is that this behavior is caused by the crossover 0-30, andT=0.40. The solid line is fit according to E¢), with
from independent to cooperative dynamics of the chain segte™ 0-18 andyiww=3.7.
ments, and is therefore a property of polymer dynamics and

not directly related to the glass transitiph9]. This can be
understood by using the Gaussian approximation of the i
coherent intermediate scattering function in whielin Eq.

1.0

F(kit)

F(k.t)

0.0 g g g

10

(4) and B in Eq. (8) are identical. In Fig. 3 the results of a

nmeasurement of (k,t) are shown fok=1.60 A1 (a) and

k=2.40 A" (b) at four different temperaturest=0.225,
T=0.25,T=0.30, andT=0.40 (top to bottom. The values
of F(k,0) are normalized to unity; the normalization constant
S(Kk) is the static structure factor and is shown in Fig. 4. The
first peak ofS(k) corresponds to the intermolecular distance
and is temperature dependent. The second peak corresponds
to the intramolecular distance and is therefore temperature
independentk=1.60 A~ andk=2.40 A~ correspond, re-
spectively, to the first peak and the first minimumgk).
At thesek values a representative fit according to EGB.
and(8) is shown. The crossover is clearly visible at all tem-
peratures and botk values andt; is approximately 1 ps.
This crossover is also seen in the incoherent scattering func-
tions, which are not shown here.

One of the important results of the MCT is the second
scaling law{ 2], which states that in the time regime of the

relaxation a master functioki(k,t) exists such that
F(k,t,T)=F(k,t/7(T)). 9

This is also referred to as the time-temperature superposition
principle. In our caser(T) in Eq. (9) corresponds tay,,, in

Eqg. (8). When this 7, is determined one can rescale
F(k,t). The result of this is shown in Fig. 5 for the sake

andT values as in Fig. 3. The master functib(k,t), which

is Eq. (8) with 7,,=1, is also shown. It is clear that the
second scaling law, Eq9), is valid for bothk values in this
temperature range. Th€'s found in this way are 0.45 for
k=1.60 A"! and 0.37 fork=2.40 A"1. This is in good
agreement with experimental results obtained by neutron
scattering(also 0.45 and 0.3720]. The difference between
these values and the 0.62 of the Gaussian approximation can

FIG. 5. Rescaled coherent intermediate scattering function fobe explained bya-relaxation stretching2]. The k depen-

k=1.60A"1 (a andk=2.40 A1 (b) at four different tempera-
tures, T=0.225,T=0.25,T=0.30, andT=0.40 (left to right). The

master functionF(k,t), which is Eq.(8), with 7,,,=1, is also

shown.

dence ofB is caused by th& dependence o8(k). This is
included in extended versions of MCT, which can only be
solved numericalljf2]. A detailed analysis of thik depen-
dence will be described in a future publication.
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According to MCT, 7, follows the same temperature analyzed in the framework of MCT. It is shown that in the
dependence as the diffusion coefficient. This temperature déemperature range measured, the second scaling law is valid
pendence is shown in Fig. 6 fok=0.96, 1.60, and for k=1.60 and 2.40 A% Thep's found in this way, 0.45
2.40 A~1. The straight line is a fit according to E(R) with and 0.37, are in agreement with exper_imental_results. The
T.=0.18 andy,,,=3.7. Nok dependence of,,, is ob-  temperature depender]ce of therelaxathn, Whlch _takes
served. The value OF,, is similar to yp and values ob- Place in the Rouse regime, and the diffusion coefficient, fol-
tained by MC simulation§9]. Since the relaxation takes |0W the predictions of MCT. A full analysis within the
place in the Rouse regime, it is influenced by the relaxationffamework of MCT, for both coherent and incoherent inter-

in the chain. However, this cannot explain the high values O]mediate scattering functions, will be described in a future

vp and yiuw- Recently, Bennemanet al. performed a mo- publication.

lecular dynamiCS simulation of pOlymerS in which smaller This work is part of the research program of the Founda-

values ofy were observed. This is probably caused by thetion for Chemical Researdl8ON) and was made possible by

smaller chain length of only 10 beafi21]. financial support from the Netherlands Organization for Sci-
In summary, we have performed a molecular dynamicsentific ResearciNWO). We thank the Center for High Per-

simulation of a realistic model of palputadieng The co- formance Applied ComputingHPaC) for a generous alloca-

herent intermediate scattering function was calculated antlon of computing time on the CRAY-T3E.
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