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ABSTRACT: Performing molecular dynamics simulations for an all-atom force field, we study the
segmental or, equivalently, R relaxation of poly(propylene oxide) chains consisting ofN=2-100 monomer
units. In particular, we analyze the dependence of the R relaxation on molecular weight and temperature on
the basis of incoherent intermediate scattering functions. For all studied chain lengths N, the temperature
dependence is well described by aVogel-Fulcher-Tammann behavior and time-temperature superposition
is obeyed at sufficiently low temperaturesT.When themolecularweight increases, time scale and stretching of
theR relaxation smoothly increase until they saturate atN=30-40,where the characteristic ratio reaches the
limiting value C¥ and, hence, the chains start to show Gaussian conformation. The temperature-dependent
R relaxation times collapse onto a master curve in a fragility plot, indicating that the high-temperature
fragility of the model polymer is independent of the degree of polymerization. We determine to which extent
the observed dependence of the segmental relaxation time onT andN can be traced back to excess free volume
near chain ends within free-volume theory.

Introduction

Polymer dynamics is of enormous interest for fundamental and
applied science, including the request for improved material
properties. One important feature is the slowing of the segmental
or, equivalently, R relaxation of polymer melts approaching the
glass-transition temperature Tg. Two key features characterize
the R relaxation: its time dependence differs from a single
exponential, and its temperature dependence deviates from an
Arrhenius law. In particular, in the monomeric regime, these
properties and, thus, the glass-transition temperature strongly
depend on the molecular weight. Therefore, it is important for a
fundamental understanding of melt behavior to ascertain the
features of segmental dynamics as a function of the number of
monomeric units N.

Fox and Flory1,2 proposed a time-honored empirical equation
for the molecular-weight dependence of the glass-transition
temperature:

TgðNÞ ¼ Tg,¥-
K

N
ð1Þ

Such behavior can be rationalized when assuming that polymers
of different chain lengthN exhibit the same free volume atTg and
considering that chains ends contribute excess free volume. Later,
other relations were put forward.3,4 For example, Dobkowski
suggested5

TgðNÞ ¼ Tg,¥ -
K

NþN� ð2Þ

In eqs 1 and 2, Tg,¥ is the glass-transition temperature for infinite
chain length. K and N* are empirical constants.

While several experimental studies6-10 confirm the smooth
increase ofTg(N) predicted by these relations, others11,12 reported
that the increase of Tg(N) is not continuous, but rather exhibits

three linear regimes. These regimes were assigned to (I) simple
liquid, (II) oligomer, and (III) polymer; i.e., they were argued to
reflect effects of chain connectivity and entanglements on the
segmental relaxation. Specifically, the crossover between regimes
I and II was proposed to mark the size of the Rouse unitNR and
the crossover between regimes II and IIIwas suggested tooccur at
NE, the number of monomers between entanglements.11 A list of
all symbols can be found in the Appendix. Thus, on the basis of
these regimes, if existent, it may be possible to determineNR and
NE and, hence, to shed light on the intriguing question of when
does a molecule become a polymer. However, other workers
challenged this view andput forward thatTg(N) does not saturate
at the entanglement length NE, but rather at NG, being the
minimum chain length for which chain conformation obeys
Gaussian statistics.9,13

Molecular dynamics simulations (MDS) proved a versatile
tool to investigate polymer dynamics.Various coarse-grained14,15

and all-atom16,17 models were used in MDS of polymer melts.
Excellent review articles give nice overviews over different simu-
lation techniques.18,19 While experimental studies on the molec-
ular-weight dependence of polymer dynamics may suffer from a
polydispersity of the polymer and from a presence of impurities,
monodisperse and pure systems can be investigated in computa-
tional work. Thus, MDS yield valuable information in the
accessible time window, which nowadays typically extends from
about 10-15 to 10-7 s, provided the employed force field enables
an appropriate description of the polymer. A number of workers
exploited this potential and performed MDS to analyze the
dependenceofpolymer dynamics on the degree of polymerization
for different types ofmodels, ranging from freely jointed chains to
chemically realistic force fields.20-34 However, MDS studies on
the molecular-weight dependence of the segmental relaxation are
still rare.26,28,32,34

Here, MDS are performed for a chemically realistic all-atom
model of poly(propylene oxide) (PPO). Since PPO is capable to
dissolve salts, it is a promising candidate for use in polymer elec-
trolytes.35 In previous works,36-38 we used NMR spectroscopy
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to characterize PPO dynamics in the presence and absence of
salts. In addition, we utilized MDS to study the torsional and
segmental motions of a PPO melt composed of chains of length
N=12.39 In the present contribution, ourMDSwork is extended
to the range N = 2-100. The focus is on an analysis of the
segmental relaxation as a function of temperature T and chain
length N. In particular, we investigate how the degree of poly-
merization affects time scale and nonexponentiality of the R relax-
ation. In this way, we analyze whether different regimes can be
distinguished. These results are discussed in the context of the
chain-lengthdependence of the characteristic ratioC to search for
correlations between dynamical and structural properties. More-
over, we determine the free volume as a function of N and T to
ascertain whether the dependence of the segmental relaxation
time τ on these parameters can be traced back to excess free vol-
ume in the vicinity of chain ends within free-volume theory.40-42

The molecular-weight dependence of the Rouse dynamics of the
PPO model will be addressed in future work.

Methods

We simulate atactic PPO chains CH3-O-[CH2-CH(CH3)-
O]N-1-CH3. To specify the chain length of the molecules, we use
the nomenclature PPON. All studied systems contain about 4000
atoms so that the number of molecules decreases from 200 for
PPO2 to 4 for PPO100 (see Table 1). We employ a classical chemi-
cally realistic all-atom force field of the form43

VðfrBgÞ ¼
X
bonds

VboðrijÞþ
X
angles

VanðθijkÞþ
X

dihedrals

VtorðφijklÞ

þVnbðfrBgÞ ð3Þ
Here, {rB} is the set of all particle coordinates. The bonded
interactions includepotentials for bond stretching, bondbending,
and torsional motion of dihedrals. The nonbonded interactions
Vnb comprise van der Waals interactions, which are captured
using a Buckingham potential, and Coulomb interactions. The
explicit form of the various force-field contributions and the
potential parameters can be found in the literature.43,44 There, it
was also shown that the model well reproduces thermodynamic,
structural, and dynamical properties of PPO melts.

All simulations are performed using the GROMACS software
package.45-49 We apply periodic boundary conditions and cut
nonbonded interactions at a distance of 1.2 nm. The LINCS
algorithm46 is employed to constrain all bonds, and the particle-
mesh Ewald technique50 is used to calculate Coulomb interac-
tions.A time step of dt=1 fs is utilized. Prior to data acquisition,
the systems are equilibrated at constant P and T, utilizing
the Parrinello-Rahman barostat51 and the Nos�e-Hoover
thermostat.52-54 The equilibration times amount tomultiples of τ.

These equilibration periods enable adjustment of the density. Since
dynamics is very sensitive to density, we use those configurations
from the end of the equilibration runs as input for the subsequent
production runs, forwhich the density is close to the average value.
Data are acquired in the canonical ensemble, i.e., at constantV and
T, by coupling the system to the Nos�e-Hoover thermostat.

Results

Time Scale of the Segmental Relaxation. The properties of
the R relaxation are analyzed based on incoherent inter-
mediate scattering functions

Fsðq, tÞ ¼ Æcosfq 3 ½rð~t0 þ tÞ- rð~t0Þ�gæ ð4Þ

which depend on the atomic displacements [r(~t0 þ t) - r(~t0)]
during the time interval t. In our case of isotropic samples,
the scattering functions only depend on the absolute value of
the scattering vector q= |q|, determining the length scale on
which dynamics is monitored. Here, we show data for the
oxygen atoms and use q= 9.13 nm-1, corresponding to the
first maximum of the intermolecular pair correlation func-
tion gOO(r).

44 The brackets Æ...æ denote the average over all
oxygen atoms and various time origins ~t0.

Figure 1 shows Fs(q,t) for the example of PPO4. At
sufficiently low temperatures, the intermediate scattering
functions show a pronounced temperature dependence and
a two-step decay typical of glass-forming liquids.55 Here, we
focus on the R relaxation, which leads to the complete loss of
correlation at long times. To quantify its slowdown upon
cooling, we extract correlation times τ according to Fs(q,
t=τ) = 1/e. In Figure 2, we compare the temperature
dependence of τ for all studied chain lengthsN. As expected,
the temperature dependence does not follow the Arrhenius
law, but the Vogel-Fulcher-Tammann (VFT) law

τðTÞ ¼ τ¥ exp
C

T -T0

� �
ð5Þ

Then, a fragility plot is often used to compare the tempera-
ture dependence for different materials .56 It shows log τ as a
function of reduced inverse temperature,Tiso/T, whereTiso is
an isokinetic point; i.e., a temperature at which the materials
exhibit the same value of τ, Tiso= T(τ = constant). Exploi-
ting that glass formers exhibit τ=102 s at the respective glass
transition temperature,most experimental studies useTiso=
Tg and define the fragility index

m ¼ d log τ

dðTg=TÞ

 !
T ¼Tg

ð6Þ

Table 1. Studied Systems

N no. of molecules no. of atoms

2 200 3800
3 128 3712
4 96 3744
6 64 3776
9 48 4272

12a 32a 3808a

16 24 3816
18 22 3938
20 20 3980
22 18 3942
24 16 3824
36 12 4308
48 8 3832
100 4 3996

aThese data were reported in previous work.39

Figure 1. Incoherent intermediate scattering functions Fs(q,t) for the
oxygen atoms of PPO4 at various temperatures (q = 9.13 nm-1). The
dotted lines are KWW fits of the long-time decays due to the R
relaxation.
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to measure deviations from Arrhenius behavior. Here, we
define isokinetic points according toTiso=T(τ=10-9 s). In
Figure 3, we show the resulting fragility plot for the studied
PPON. Evidently, the data for all chain lengths nicely col-
lapse onto a master curve, indicating that the fragility is
independent of the molecular weight for our PPO model in
the accessible temperature range. This result is confirmed
when we inspect the inset of Figure 3, which shows the
fragility m(N) determined in analogy with eq 6 at T = Tiso.
We see thatm≈ 9.5 for all studied chain lengthsN=2-100.
Of course, as a consequence of the VFTbehavior, the present
values of m, which reflect the temperature dependence well
above Tg, are much smaller than the values found in experi-
mental studies in the vicinity of the glass transition tempera-
ture, e.g., m = 74 for PPONf¥.

10

To obtain further insights into the segmental motion, we
study the chain-length dependence of the isokinetic points,
Tiso(N), mimicking the behavior of Tg(N) in the accessible
temperature range. Since the choice of the relaxation time
may affect the results, three values of τ, namely, 0.1, 1, and
10 ns, are used to define isokinetic points. In Figure 4, we see
that the shape of Tiso(N) is independent of the value of τ,
indicating that the analysis does not depend on the used
value of the relaxation time, at least in the accessible time
window. Tiso(N) continuously increases when N increases;
i.e., the data do not yield evidence for the existence of linear
regimes. For further analysis, we fit Tiso(N) to eqs 1 and 2.

We find that the interpolation of the curves is improvedwhen
using eq 2 rather than eq 1, but fit parametersN*≈ 1 indicate
that the deviations from the Fox-Flory approach are weak
(see Table 2).

Nonexponentiality of the Segmental Relaxation. Next, we
analyze the nonexponentiality of the R relaxation. To deter-
mine whether time-temperature superposition is fulfilled,
we compare scaled scattering functions Fs(q,t/τ) for various
temperatures in Figure 5. For the examples of PPO4 and
PPO36, we see that time-temperature superposition holds at
sufficiently low temperatures. Specifically, scaling does not
work when vibrational motion interferes with segmental
relaxation for τ e 100 ps. Therefore, the high-temperature
data are not included in Figure 5. To further study the
nonexponentiality, we fit Fs(q,t) with the Kohlrausch-
Williams-Watts (KWW) function, c exp[-(t/τKWW)β] (see
Figure 1). The temperature dependence of the stretching
parameter β is shown for various values of N in Figure 6a.
Consistent with the results of our scaling analysis, cooling
results in a decrease of β toward a plateau value, which is
reached when τ exceeds about 100 ps. The existence of low-
temperature plateaus of β provides further evidence that
time-temperature superposition is fulfilled in this tempera-
ture range. However, the plateau value of β depends on the
chain length, indicating that the nonexponentiality of the
scattering functions varies with the molecular weight. To
demonstrate this effect without any fitting procedure we
compare scaled scattering functions Fs(q,t/τ) for various
N in Figure 5c. For all N, we show curves characterized by
τ ∼ 1 ns, ensuring that the respective low-temperature plateau
of β is reached. Evidently, the decays are more stretched for
longer chains. Figure 6b shows the low-temperature value of
the stretching parameter as a function of the molecular weight.
We see that β(N) continuously decreases when the chain length
increases until it saturates at N= 30-40.

The question arises whether the observed molecular-
weight dependence of the nonexponentiality is the mere
consequence of different mobilities of monomers at various
positions along the chains. For example, onemay expect that
the mobility is higher for monomers at the end of a chain

Figure 2. Temperature-dependent segmental relaxation times τ for
PPO of various chain lengths N. The data were extracted from the
incoherent scattering functions according to Fs(q,t=τ) = 1/e. The
dashed lines are VFT fits. The horizontal dotted lines mark the values
τ = 0.1 ns, τ = 1 ns, and τ = 10 ns.

Figure 3. Segmental relaxation times τ forPPOof various chain lengths
N as a function ofTiso/T. The dotted lines indicate that isokinetic points
are defined according to Tiso = T(τ=1 ns). The inset shows the chain-
length dependence of the fragility m at the reference temperature Tiso

(see eq 6).

Figure 4. Chain-length dependence of the isokinetic point Tiso(N) =
T(N;τ=constant) for the indicated values of the segmental relaxation
time τ. Dashed and solid lines are interpolations with eq 1 and eq 2,
respectively.

Table 2. ParametersObtained fromFitting eq 2 to VariousQuantities
Q Describing Structure and Dynamics of PPO (See Figure 9)

Q Q¥ K N* K/Q¥

Tiso 287 K 432 K 1.21 1.50
1 - β 0.33 0.61 1.00 1.85
C 3.04 4.88 1.48 1.61
F 9.73 nm-3 3.13 nm-3 -0.50 0.32
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than for monomers in the middle of a chain, as observed in
MDSof poly(methylene)melts.57 Then, longer chains, which
comprise different types of monomers, would show higher
nonexponentiality since the observed relaxation is a super-
position of the respective dynamical behaviors. To quantify
the effect, we separately calculate the incoherent scattering
functions for the oxygen atoms at different positions Δn

within the chains. Here, Δn is the distance of a monomer
from the nearest chain end, starting with Δn=1 for the end
groups. Figure 7 shows the position-resolved scattering func-
tions fs(q,t,Δn) for PPO36 at 300 K. We see that the decays
shift to longer times when starting from the chain end and
moving toward the chain center until saturation is observed
atΔn≈ 6. Thus, there are diverse mobilities along the chains
so that a superposition of the respective contributions en-
hances the nonexponentiality. To study the relevance of this
superposition effect, we compare the time constants τe and
τmdescribing the relaxation behaviors of terminalmonomers
(Δn = 1) and middle monomers (Δn = nm), respectively.
Here, nm=N/2 for evenN and nm= (Nþ 1)/2 for oddN. In
the inset of Figure 7, the N dependence of the ratio τe/τm is
displayed. For N= 2, monomers exhibiting distinguishable
dynamical behaviors along the chain do not exist and, hence,
τe = τm. When the chains become longer, the dynamics at
the ends of the chains increasingly decouples from that in the
middle of the chains so that τe/τm decreases. Eventually, the
dynamics of terminal monomers is by about a factor of 4
faster than that of the middle monomers in the limit of long
chains.

This analysis reveals that the nonexponentiality is affected
by the diversity of the mobility along the chains. However,
the phenomenon is not a simple superposition effect, as can
be inferred from an analysis of the stretching of the position-
resolved scattering functions, which are not affected by
mobility differences along the chains. The stretching para-
meters βe and βm, which describe the nonexponentiality of
fs(q,t,Δn=1) and fs(q,t,Δn= nm), respectively, are included
in Figure 6b. We see that, for terminal and middle mono-
mers, the scattering functions are more stretched for long
chains than for short chains, suggesting that the nonexpo-
nentiality of the segmental relaxation is enhanced by chain
connectivity at all positions along the chains.

Chain Conformation and Monomer Density. The question
arises to which extent the molecular-weight dependence of
the segmental relaxation can be traced back to structural
changes. To tackle this question, we study the chain conforma-
tion and the monomer density as a function ofN. Information
about the chain conformation is available when we study the
relative orientation of bond vectors along the polymer back-
bone. For this purpose, we define the bond-bond correlation
function

BðδnÞ ¼ Æenm 3 enm þδnæ ð7Þ
Here, ei is the unit vector connecting the oxygen atoms of the
monomers i and iþ 1 along a chain. Figure 8 shows B(δn) for

Figure 5. Scaled incoherent intermediate scattering functions Fs(q,t/τ)
of PPO. Results at various temperatures are shown for (a) N = 4 and
(b)N=36. In panel (c), scattering functions, characterized by τ∼ 1 ns,
are compared for various chain lengths N.

Figure 6. (a) Temperature dependence of the stretching parameterβ for
various values of N. (b) Chain-length dependence of the stretching
parameter β, as obtained from averaging at sufficiently low tempera-
tures. The line is a fit with a generalizedDobkowski equation, eq 9. The
stretching parameters βe and βm characterize the respective stretching of
the position-resolved scattering functions fs(q,t,Δn=1) and fs(q,t,Δn=
nm) at sufficiently low temperatures; i.e., they are a measure for the
nonexponentiality ofmonomer dynamics at the end and in themiddle of
a polymer chain.

Figure 7. Position-resolved incoherent intermediate scattering func-
tions fs(q,t,Δn) for the oxygen atoms at different distances Δn from
the nearest chain end of PPO36; see text for details (q=9.13 nm-1,T=
300 K). The inset shows the chain-length dependence of the ratio of the
relaxation times τe and τm, which are defined as fs(q,τe,Δn = 1) = 1/e
and fs(q,τm,Δn = nm) = 1/e, respectively.
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PPO36 at T = 450 K, but we ensured that the results do not
depend on the value of N for sufficiently long chains. We see
that the orientational correlation of two segments diminishes
exponentially with the number of monomers between these
segments, as expected for Gaussian chains.58 Thus, fitting
the data with an exponential decay, exp(-δn/δnps), allows us
to determine the persistence length according to lps = aδnps,
where a = 3.19 Å is the intramolecular oxygen-oxygen dis-
tance. The analysis yields δnps = 1.28 and lps = 4.08 Å. While
our finding of an exponential decay of the bond-bond correla-
tion function is consistent with textbook knowledge about
Gaussian chains,58 power-law decays were reported for dense
polymer solutions.59

The characteristic ratioC is another source of information
about chain conformation. A decrease of the molecular
weight results in a crossover from Gaussian behavior to
non-Gaussian behavior,60 which manifests itself in a chain-
length dependence of the characteristic ratio,C(N). Tomoni-
tor this crossover for the PPOmodel, we determine the mean
squared end-to-end distance ÆRe

2(N)æ and calculate the
characteristic ratio according to

CðNÞ ¼ ÆRe
2ðNÞæ

ðN- 1Þa2 ð8Þ

InFigure 9, it is evident thatC(N) converges toward the long-
chain limit C¥ ≈ 3.04, being a measure of chain stiffness.
Using the relation C¥ =2lps/a,

61 the characteristic ratio can
also be calculated from the above determined persistence
length. This calculation yields C¥ = 2.56, in reasonable
agreement with the value obtained from the end-to-end
distances. Inspection of Figure 9 reveals that the properties
of the segmental relaxation cease to change when the chain
conformation starts to obey Gaussian statistics at chain
lengthsNG=30-40, consistent with observations in experi-
mental work.13

In addition, Figure 9 shows the number density of the
monomers, F, as a function ofN for T= 300 K. We see that
not only C(N) but also F(N) shows a chain-length depen-
dence that is highly comparable to that of the time constant
τ and of the nonexponentiality parameter 1 - β of the seg-
mental relaxation, suggesting a close relation between struc-
ture and dynamics. Since eq 2 enabled a good interpolation
of Tiso(N), we further investigate a potential relation by
fitting also the other quantities Q to (Q = 1 - β, C, F):

QðNÞ ¼ Q¥ -
K

NþN� ð9Þ

In Figure 9, we see that this approach allows us a good
interpolation of all data. The resulting fit parameters are
compiled in Table 2. For a straightforward comparison of

the chain-length dependence, it is useful to consider the
normalized quantities Q/Q¥ and, hence, the scaled para-
meterK/Q¥. Inspecting Table 2, it is evident that the studied
dynamical and structural properties of the model polymer
show a very similar dependence on the molecular weight.
For the number density, we find somewhat smaller values of
N* and K/Q¥, but the behavior is still comparable. These
correlations imply that the segmental relaxation is strongly
affected by the chain conformation. To investigate in more
detail to which extent excess free volume in the vicinity of
end groups leads to not only a lower monomer density but
also a faster structural relaxation when the molecular
weight is reduced, we apply free-volume theory in the next
section.

Free-Volume Approach. In seminal works,40,41 Doolittle
found that the viscosity η and, thus, the relaxation time τ are
related to the relative free volume

vf

v0
¼ vT - v0

v0
ð10Þ

Here, vT and v0 are the volumes per monomer at a finite
temperature T and absolute zero, respectively. Explicitly, an
exponential relation was proposed, leading to

ln τ ¼ ln AþB
v0

vf
ð11Þ

If chain ends cause excess free volume and, hence, vf is higher
for shorter chains, τ will increase when N increases, consis-
tent with the observed molecular-weight dependence of Tg.
Motivated by these arguments, we determine the volume per
monomer, v=1/F, for all studiedN and T. In Figure 10, we

Figure 8. Bond-bond correlation functionB(δn) forPPO36 atT=450K
(see eq 7). The dashed line is a fit with an exponential decay.

Figure 9. Chain-length dependence of dynamical and structural prop-
erties of PPO: (a) isokinetic point Tiso(N) for τ = 10 ns (see Figure 4),
(b) nonexponentiality parameter 1- β(N) (see Figure 6), (c) character-
istic ratio C(N) at T = 450 K, and (d) number density of monomers
F(N) at T = 450 K. The lines are fits to eq 9.
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see that the chain-length dependence of vT is well described
by

ln vT ðNÞ ¼ aðTÞ
N

þ bðTÞ ð12Þ

at the studied temperatures, as was proposed by Doolittle.
Therefore, we further follow his approach to determine v0
and, thus, the relative free volume, from extrapolation of vT
to absolute zero. Specifically, we fit the temperature depen-
dence of a and bwith ln a= c1Tþ c2 and b= c3Tþc4. In the
insets of Figure 10, we see that Doolittle’s approach yields
good interpolations. The fit parameters are c1 = 5.0 � 10-3

K-1, c2 = -3.2, c3 = 7.0 � 10-4 K-1, and c4 = 2.6, when
volumes are in nm3. On the basis of these parameters, vT(N)
can be calculated for all T and N, providing access to the
relative free volume vf/v0(T,N). Of course, the present meth-
od does not enable a rigorous determination of the relative
free volume, which is difficult in any case. In particular, we
neglect that factors other than thermal contraction can lead
to a decrease in the free volume upon cooling.62

Figure 11 presents a test of the free-volume theory. In
panel (a), we show log τ as a function of the inverse of the
relative free volume, (vf/v0)

-1. While comparable behavior
is observed for N g 20, the data for shorter chains do not
collapse onto a master curve. Furthermore, we do not find a
linear increase, as predicted by eq 11, but rather a superlinear
increase, suggesting a divergence of the relaxation time at a
finite value of the relative free volume. Simultaneously fitting
the curves forNg 20 to a VFT-like behavior (see Figure 11)
yields evidence for a divergence at (vf/v0)min = 0.131. These
results imply that the polymer chains cannot access thewhole
free volume determined within Doolittle’s approach. Con-
sistently, previous work argued that a portion of the excess
volume vT- v0 stems fromanharmonic vibration and cannot
be redistributed during R relaxation.63,64 Therefore, we con-
sider the reduced relative free volume

vf

v0

� �
red

¼ vf

v0
-

vf

v0

� �
min

ð13Þ

Here, we use (vf/v0)min= 0.131 for all chain lengths. In panel
(b), we see that log τ linearly depends on the inverse of the
thus defined reduced relative free volume for all studiedN, as
predicted by free-volume theory. However, the slope of the
curves increases with increasing chain lengths until it satu-
rates atN=30-40 (see the inset of Figure 11). The observed
slopes correspond to values 0.3-1.0 for parameter B in

eq 11, in harmony with its interpretation as overlap param-
eter.63,64 Consistent with the present findings, Doolittle
reported that the dependence of log τ on v0/vf differs for
paraffins of diverse molecular weights. When we follow his
approach and fit the chain-length dependent slope to

b1 exp -
b2

Nb3

� �
ð14Þ

we obtain b1 = 0.46, b2 = 2.1, and b3 = 0.71. However, the
quality of the interpolation is not reduced when using other
fitting functions, e.g., eq 9.

Discussion

For a PPOmodel, we found that a VFT law well describes the
temperature dependence of the segmental relaxation time τ for
chain lengthsN= 2-100. All data nicely collapse onto a master
curve when plotted on a reduced temperature scale, i.e., in
a fragility plot.56 Hence, the fragility is independent of the degree
of polymerization in the accessible temperature range T>1.2Tg.
Consistently, no dependence of the fragility on the molec-
ular weight was observed in experimental work on PPO in the
vicinity of Tg.

65,66 In experimental studies on other polymers,
a molecular-weight-independent fragility was found for some
materials,8,10,67,68 while the fragility of most materials substan-
tially varies when the chain length is increased in the oligomeric
regime.7,8,10,11,68-72 It is a widespread opinion that the mecha-
nism for the R relaxation of viscous liquids changes when
approaching Tg, e.g., that activated hopping processes are unim-
portant above a crossover temperature Tc, while they are im-
portant belowTc. At the present, it is unclear to which extent this

Figure 10. Volume per monomer, vT, as a function of the chain length
N for the indicated temperatures. The dashed lines are fits to eq 12. The
insets show the temperature dependence of the fit parameters ln(a) and b.
The lines are interpolations with linear functions; see text for details.

Figure 11. Test of the free-volume theory: (a) log τ as a function of the
inverse of the relative free volume, (vf/v0)

-1. The solid line is a fit to a1þ
a2/(v0/vf - a3), which yields a3 = 7.61, suggesting a divergence of the
segmental relaxation time at (vf/v0)min= 0.131. (b) log τ as a function of
the inverse of the reduced relative free volume, [(vf/v0)red]

-1, which is
defined in eq 13. The dashed lines are fits to a linear function. The inset
shows the resulting slopes as a function of the chain lengthN. The solid
line is an interpolation using eq 14.
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change ofmechanismaffects themolecular-weight dependence of
the fragility and, hence, whether computational results above Tc

can directly be compared with experimental findings below Tc,
although the present computational and previous experimental
studies on PPO yield a coherent picture. For example, it was
proposed to use separate definitions of fragility for each regime.73

However, one may hope that fragilities defined in different
temperature ranges are related. To shed some light on this
question in future studies, it may be interesting to construct
fragility plots of experimental data using reference temperatures
T > 1.2Tg, comparable to that of the present computational
study.

To further ascertain the molecular-weight dependence of the
segmental relaxation, we determined isokinetic points Tiso(N)
from the criterion that the relaxation time τ has a specific value at
these temperatures. Then, the curves Tiso(N) can be expected to
mimic the dependence of Tg on the degree of polymerization. In
the accessible temperature range, we observed that Tiso is a
smooth function of N. Specifically, the data are well described
by a modification5 of the Fox-Flory equation (see eq 2). Thus,
the present results are consistent with the continuous molecular-
weight dependence of the segmental relaxation reported in some
experimental studies,6-10 including a smooth variation of Tg as a
function of N found for PPO,66 while they do not yield evidence
for the existence of linear regions ofTiso(N), which were reported
for Tg(N) in other experimental approaches.11,12 We note that a
peculiar behavior of Tg(N) was observed for poly(propylene
glycol) (PPG), where the CH3 end groups of PPO are replaced
by OH end groups.74

Scaling and fitting analyses revealed that the segmental relaxa-
tion obeys time-temperature superposition at sufficiently low
temperatures, where it does not interfere with vibrationalmotion.
Comparing the shape of the decays in this temperature range, we
found that the curves are more stretched for longer chains and,
thus, theKWWstretching parameterβdecreaseswhenN increases.
Consistently, experimental work on PPG reported enhanced non-
exponentiality for higher molecular weights,69 while the stretching
was found to be independent of N for other polymers.7,8,11 In the
present case, the more pronounced nonexponentiality for longer
chains results from both a diversity of monomer mobilities along
the backbone, i.e., faster relaxation of monomers near chain ends,
and from amolecular-weight dependent stretching at all monomer
positions. For the temperature range in vicinity of Tg, it was
established that the stretching parameter β is correlated with the
fragility m such that large m are usually associated with small β.75

Here,weobserved that the stretchingdoes and the fragility does not
dependonN, indicating thatβandmare not correlated for thePPO
model well above Tg, suggesting that a potential relation between
these quantities may be restricted to highly viscous liquids where
dynamics is dominated by the potential energy landscape. How-
ever, exceptions to the correlation were also observed for polymer
melts near Tg.

7,11

Interestingly, we found that the molecular-weight dependence
of the segmentalmotion is very similar to that of the characteristic
ratio C, implying a close relation between dynamics and struc-
ture. Inparticular, the time constant and the nonexponentiality of
the segmental relaxation saturate at chain lengths NG = 30-40,
at which the characteristic ratio reaches the limiting value C¥.
Hence, the chain-length dependence of the segmental relaxation
ceases when Gaussian chain conformation is established, con-
sistent with results of previous experimental9,13 and theoretical76

approaches. By contrast, themolecular-weight dependence of the
segmental relaxation vanishes before the entanglement limit is
reached at NE ≈ 90.77

Since it is often argued that the excess free volume in the
vicinity of chain ends is at the origin of the chain-length
dependence of the R relaxation and, thus, of Tg, we studied

whether free-volume theory captures the present observations.
UsingDoolittle’s approach to determine the occupied volume per
monomer v0 and the free volume per monomer vf, we did not
observe the theoretical prediction of a linear relationship between
log τ and v0/vf. However, a linear relationship resulted for all
studied chain lengthsNwhen reducing the relative free volume by
about 13%, in qualitative agreementwith previous arguments.63,64

Then, the slope of the lines increases with increasing molecular
weight for N < NG while it is independent of the degree of
polymerization for larger N g NG. These results imply that the
availability of free volume does play a role for the segmental
relaxation, but free-volume theory does not capture all the subtle
effects. For example, one may speculate that, due to the chain
connectivity and the cooperative nature of the dynamics, relaxa-
tion requires the availability of free volume for several rather than
one polymer segment, where the number of the involved segments
may depend on N and T.

Conclusions

Performing MDS for PPO, we investigated the dependence of
the segmental (R) relaxation on the molecular weight. For this
purpose, incoherent intermediate scattering functions Fs(q,t) of
the oxygen atoms were analyzed for a scattering vector corre-
sponding to the intermolecular oxygen-oxygen distance. The
analysis showed that the fragility is independent of the chain
length N and that the properties of the R relaxation, e.g., the
relaxation time τ, are smooth functions of N. These results
indicate that an increase of the degree of polymerization does
not lead to qualitative changes of the glass transition phenom-
enon in the oligomeric regime. Themolecular-weight dependence
of the R relaxation is very similar to that of the characteristic
ratio, implying a close relation between segmental motion and
chain conformation.

List of Symbols

N = number of monomers of a chain
NR = number of monomers of a Rouse unit
NE = number of monomers between entanglements
τ = segmental relaxation time
β = stretching parameter
Tiso = isokinetic point
Fs = incoherent intermediate scattering function
fs = position-resolved incoherent intermediate scattering
function
τe = segmental relaxation time of terminal monomers
βe = stretching parameter of terminal monomers
τm = segmental relaxation time of middle monomers
βm = stretching parameter of middle monomers
Δn = distance of a monomer from the nearest chain end
lps = persistence length
a = intramolecular oxygen-oxygen distance
C = characteristic ratio
F = number density of monomers
vT = volume per monomer at temperature T
v0 = volume per monomer at temperature T = 0 K
m = fragility index
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