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ABSTRACT: Many efforts in experimental and theory are dedicated to study the puzzling problem of glass
transition. With the involvement of molecular modeling, a fresh look at this intricate phenomenon was taken.
Nevertheless, the difficulty to accurately probe all the domains of times necessary to describe this process still
remains. Moreover, using a full-atomic description to account for equilibrated systems has been called into question.
However, such depiction offers a special regard since it could deal with small modifications in the polymer
architecture. From an appropriate selection of phase space, it was shown that atomistic simulation was able to
link simulated and experimental glass transition temperatures of vinylic polymers using the established Williams-
Landel-Ferry equation. Consequently, atomic insight into the glass transition phenomenon can be gained from
a comparison of simulated data with actual models and experimental data. In this paper, the different parameters
intervening in the Vogel-Fulcher-Tamman equation stemming from the local dynamics of a series of vinylic
polymers are thus compared. Their behavior yields an atomistic viewpoint of the Adam-Gibbs model.

1. Introduction

The glass transition remains a perplexing problem, although
great experimental, theoretical, and simulation efforts have been
made toward a better understanding. Numerous problems remain
unsolved: the crossover region, multiple relaxations, cooperative
processes, etc.1,2 Additionally, the huge domain of length and
time scales covered by this phenomenon implicitly yields
numerous theories and models. Those currently employed are
the free volume theory,3 the Adam-Gibbs (AG) theory,4,5 the
coupling mode theory (CMT),6 the coupling model (CM),7,8 the
energy landscape model,9-11 and the spatially heterogeneous
dynamics.12,13 Their domain of applicability and their strength
in accurately depicting the glass transition are still sources of
debate. The lack of consensus stems greatly from the fact that
no experimental technique supports one specific theory.6,14-17

Regarding the treatment of this sensitive problem, molecular
modeling became an essential asset since it links theory and
experiment. Different kinds of molecular simulations are used
to deal with all the ranges of length and time scales in order to
describe the behavior of the glass-forming liquids and thus to
connect together the glass transition theories: molecular dynam-
ics (MD),18,19 coarse-grained simulations,20 and Monte Carlo
simulations.21,22Because of the small domains of time covered
by the all-atom approach, atomistic simulation (AS) was not
considered suitable to deal with the glass transition phenom-
enon.23 However, simulated glass transition temperatures (Tgs)
of a series of vinylic polymers have been shown to be correlated
to experimentalTgs through the Williams-Landel-Ferry (WLF)
equation.24 Valuable information at the atomistic level can be
extracted from those simulations if the correlations associated
with the computed property do not exceed the size of the
simulated system. Resulting conclusions can then be employed
in addition to experiments, coarse-grained simulation data, and
theories to give a better description of the glass transition
phenomenon.

Since AS adequately mimics the glass transition of polymers,
it can be worthwhile to evaluate the different models from an

atomistic viewpoint. Among the theories, the AG model offers
a particular perspective on the study of the glass transition of
polymers since it gives the theoretical basis of the widely used
Vogel-Fulcher-Tamman (VFT) equation. As reported by
Cangialosi et al.,25 it is generally accepted that this equation
gives a good description of the relaxation time with the
temperature. It actually relates the correlation time to an effective
activation energy and a vanishing mobility temperature,T0, also
referred to as the Vogel temperature.26 In fact, as the polymeric
system cools down, the available number of configurations
decreases, resulting in an increase of the correlation length and
a non-Arrhenius behavior of the relaxation time.27 The Arrhenius
behavior occurs at high temperature when the activation energy
is the same for all the segments, i.e., when the length of a bead,
or a cooperatively rearranging region (CRR), is reduced to unity.
This CRR corresponds to an average number of repeat units
that relax together independently of their environment. The AG
equation thus relates thermodynamics (entropy) and dynamics
(activation energy).27

The concept of growing CRR as the temperature is lowered
and the existence of an energy barrier are two strong arguments
that make the AG model particularly useful in describing the
glass transition. The purpose of this text is to explore the
possibilities offered by AS to provide atomistic details on
parameters intervening in the VFT equation with regard to the
AG model, in the case of vinylic polymers.27

The studied polymers were chosen according to the relative
rigidity of their side chain and the impact of the stereoregularity
along their chain to theTg value. Moreover, they are representa-
tive of the three groups introduced by Dubowicz et al. in order
to classify polymers according to their architecture and their
Tg:28,29 flexible-flexible (FF), flexible-stiff (FS), and stiff-
flexible (SF). In the FF group, there is the polyethylene (PE).
Polystyrene (PS) and isotactic and syndiotactic poly(R-meth-
ylstyrene) (i-PRMS and s-PRMS) go into FS group. Poly(methyl
acrylate) (PMA) and isotactic and syndiotatic poly(methyl
methacrylate) (i-PMMA and s-PMMA) make up the SF group.
Except for PE, they all possess a side chain: an ester group for
PMA and PMMA and a phenyl group for PS and PRMS. The
presence of an additionalR-methyl group in PMMA and PRMS
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imparts to these polymers differentTgs according to the tacticity
of their chain,30 while no significant difference inTgs is observed
between stereomers of PMA and PS. Their scheme is displayed
in Figure 1. AS is particularly well suited to treat these polymers
since they differ from each other by small variations in atomic
interaction combinations but give rise to important changes in
the values ofTgs, from -80 to 200°C.

2. Procedure

All the details to get the final structure are exposed in a
previous publication.31 The selection of configurations upon
which calculations are performed is based on a specific method
using the self-avoiding walk procedure to generate configura-
tions,32 a comparison with experimental data to select the
apposite region of the configurational space, a simulated
annealing procedure to relax the system, and finally a uniform
hydrostatic compression to get the initial configurations. From
these configurations, the dilatometric technique is carried out
to determine theTg.33 As the system cools down, the specific
volume, i.e., the inverse of density, is reported for different
temperatures. The departure from a linear relationship between
the specific volume and the temperature yields the value of the
Tg. To apply this procedure to polymeric systems, optimized
configurations are gently heated to 800 K. Thereafter, the system
is cooled down to 240 K by 20 K steps. Configurations are
then kept at each temperature in the NPT ensemble (i.e., constant
number of particles, pressure, and temperature) for 100 ps, 500
ps, or 1 ns. How long the system remains at one temperature
determines the cooling rate.34 Three cooling rates,q, are used:
q1 ) 1.2× 1013 (20 K/100 ps),q2 ) 2.4× 1012 (20 K/500 ps),
q3 ) 1.2 × 1012 K/min (20 K/1000 ps).

All the MD simulations are carried out using the first-
generation OPLS force field with the DL_POLY code.35,36The
equations of motion are integrated using the Verlet-leapfrog
integration algorithm with a 1 fsintegration time step.37 During
the MD simulations, the Berendsen thermostat and barostat are
used in order to keep the system at the chosen temperature and
pressure.38 The nonbonded interactions are computed using the
Ewald summation; a nonbond cutoff of 10 Å is selected.39 For
each configuration, above theTg, an additional MD simulation
of 1 ns duration in the NPT ensemble is applied. From these
simulations, configurations were saved every 0.5 ps. These
trajectories were used to perform analysis of the local dynam-
ics.40,41

To study an appropriate dynamics, one bond,ub, is selected.
The rotational autocorrelation function (RACF) associated with
this bond is then computed from a MD trajectory. It allows the
computation of the second Legendre polynomial term,P2(t):

The correlation time is computed from the integral ofP2(t) over
all the time. Since that cannot be done practically, a stretched
exponential, or Kolsraush-Williams-Watt (KWW) function,
exp[-(t/τ)âKWW], is employed to fit P2(t).42 Because of the
reduced number of data at large times in the computation of
the RACF, only the first 800 ps on a 1 nsduration is used.43

Moreover, this fit is not applied at very low times where
librational motions occur.40 Since only motions of larger
magnitude are of interest in this study, the KWW function is
of practical use for this fit.

The correlation time is thus computed at different tempera-
tures aboveTg for the 10 selected configurations of each of the
nine polymers, a number which includes the stereoregular
polymers. To relate the different correlation times with the
different temperatures, two equations can be employed: WLF
(eq 2) and VFT (eq 3). Since the AG model is the theoretical
foundation of VFT, this latter equation is specifically employed
to fit the correlation times at different temperatures. However,
some parameters extracted from the WLF equation are used to
help in interpreting the simulation data. In fact, the two equations
are equivalent in the time domain of the AS.23,44

where τVFT, B, T0, C 1
g, and C 2

g are fitted parameters. The
equivalence between the two equations involves the following
equalities: B ) ln(10)C1

gC2
g andC2

g ) Tg - T0.
Study of the correlation time, and thus the determination of

B andT0 in eq 3, unveils the dynamics associated with a specific
segment of the polymer chain. The selection of the segment is
thus of great importance. Two bonds are chosen, and their
location inside the repeat unit is displayed in Figure 1. The bond
vector ubCH reveals the backbone motion, while bond vectors
ubCO and ubCC uncover the backbone and side-chain motions
simultaneously for the PMA and PMMA and for PS and PRMS,
respectively.40 Some attempts have been made to separate the
two motions from theP2(t) graph without success. Accordingly,
the dynamics resulting from such coupling inside the polymer
chain can be studied. Finally, it has to be pointed out that since
the differences inTg values between iso- and syndiotactic
configurations of PMA and PS are smaller than the margin of
error, the reported data correspond to the average of both
configurations.

3. Results and Analysis

3.1. Overview of the AG Theory.At high temperature, in
the Debye relaxation regime, bonds freely rotate. At a specific
point, as the temperature is lowered, motions are collective and
the AG theory becomes effective.27 According to this model,
participation of larger grouping of segment, thus defining a CRR
where segment motion is collective, is progressively growing
as the glass transition is approached. It becomes infinitely long
atT0 where no motions occur, except vibrations. This increasing
cooperativity is envisioned as a loss of the configurational
entropy,Sconf. The correlation time is thus expressed as follows:

whereC is a constant. The central assumption in the AG theory

Figure 1. Repeat units of the studied vinylic polymers with vectors
used to uncovered local dynamics:ubCH, ubCO, andubCC. (a) PE; (b) PMA
(R ) H) and PMMA (R ) CH3); (c) PS (R) H) and PRMS (R )
CH3).

log[ τc(T)

τc(Tg)] ) -
C1

g(T - Tg)

C2
g + T - Tg

(2)

τc(T) ) τVFT exp( B
T - T0

) (3)

τc(T) ) τVFT exp( C
TSconf

) (4)

P2(t) )
3〈(ub(t) ‚ub(0))2〉 - 1

2
(1)
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is that Sconf ∼ ∆s, i.e., the difference in the entropy between
the liquid and the glass phases. The entropy stemming from
the residual vibrations is thus neglected. Considering the
variation of the heat capacity between the two phases as
hyperbolic dependent on temperature withK, the constant of
proportionality, the correlation time reduces to

D is called the fragility index, or the strength index45 since it
describes the strength of temperature dependence of relaxation
time,46 and is equal to the ratioC/K. Comparing this equation
to the VFT equation (eq 3) yields the following equality:DT0

) B. A particular expression forD has been derived by Angell,27

where differentiation between the kinetic (numerator) and
thermodynamic (denominator) parts was established:

δµ is the chemical potential difference between liquid and glass
states; it plays the role of a free energy barrier to the cooperative
rearrangement.kb is the Boltzmann constant.sc* corresponds
to the minimum of entropy; a value ofkb ln 2 is usually
considered, butkb ln 23 has been preferred by Hodge.47

The purpose of this article is to use simulation at the atomistic
level to correlate the VFT and AG parameters to polymer
characteristics. A global analysis of the different terms interven-
ing in the fragility index could not be performed at this point
sinceδµ depends on the molecular weight. Specific comparison
between two polymer configurations, as in the case of PMMA,
could be carried out and will be presented in a dedicated paper.
The discussion in this article is specifically centered on a
comparative study ofT0, B, andD for the two studied dynamics
and the different polymers.T0 andB directly stem from the fit
of the correlation time by the VFT equation. The fragility index
D, which comes from the AG equation, is deduced from those
parameters. A correlation between AS results and AG model
can thus be established. Behavior of these three parameters with
Tg is considered using data obtained by MD simulation
performed at the lowest cooling rate,q3. The specific impact
of the cooling rate on these parameters is exposed in the final
part.

3.2. Behavior of the Vogel Temperature,T0. According to
the AG model, the vanishing temperature, or Vogel temperature,
T0, could be equated toTg during an infinitely slow process
where the glass transition would become a true second-order
transition.48 It has to be pointed out that there are different
opinions in the literature whether it is equivalent to the Kauzman
temperature.46 However, since configurational and thermody-
namic entropies have been equated, no difference between the
two temperatures is considered. The Vogel temperature is
primarily regarded as a fitting parameter.

Values ofT0 are shown in Table 1. For a specific polymer,
comparable values ofT0 are found independently of the
considered motion. This independence observed using AS is in
agreement with the fact that no more motions are observed
below this temperature. Only one value ofT0 for a polymer is
thus used in further calculations: it corresponds to the average
of the value for each motion.

SinceC2
g ) Tg - T0, a link betweenTg andT0 exists. This

difference, primarily considered as universal, depends on the
architecture of the polymer. Such a dependency is clearly

observed using AS (Figure 2), and in fact a linear relationship
is found with a reliability factor of 99.89% (eq 7). This equation
takes into account all the polymers, every type of motion, and
also all the cooling rates (all the data are available in Tables
S-1 and S-2, Supporting Information):

Such a relation was reported by Bartenev for different degrees
of tacticity in the PMMA chain.49 Similar relationships between
T0 andTg can also be inferred from experimental data reported
in the literature.25,50,51

Using AS, the physical meaning ofT0 is accurately described.
Moreover, a relationship between this temperature andTg is
established. Analysis of the energetic terms intervening in the
VFT and AG equations can now be carried out.

3.3. Study of the Effective Activation EnergyB. Remarks
have first to be made about the designation ofB and thus on its
intrinsic physical description. It is actually related to an
activation energy at very high temperature where the Arrhenius
behavior occurs. Ferry thus consideredRB as an apparent
activation energy whereR is the gas constant.52 For a sake of
clarity, R will be omitted in the remaining of the text. For
Solunov,51 it is related to the activation energy per basic
molecular specie (BMS); the apparent activation energy is
equivalent toz2B, wherez is the size of a CRR,z ) T/(T - T0).
Average activation energy was also used by some authors.28

The term of effective activation energy is employed in this text.26

The reason for this choice lies in the fact that its behavior with
respect toTg yields some physical significance.

3.3.1. Backbone Dynamics.Backbone dynamics is inferred
from the study of theubCH motion (Figure 1). The resulting
effective activation energy does not exhibit significant variation

τc(T) ) τVFT exp( DT0

T - T0
) (5)

D )
δµsc*kb

-1

K
(6)

Table 1. Comparison of SimulatedTgs, Vogel Temperature,T0,
Effective Activation Energy, B, and Fragility Index, D, Stemming
from Backbone Dynamics (bb) and the Coupling between the Side

Chain and the Backbone (bb/sc), Carried Out at the Cooling Rate of
1.2 × 1012 K/min

T0 (K) B (kJ mol-1) D

polymer Tg (K) bb bb/sc bb bb/sc bb bb/sc

PE 285( 2 216 12.5 7.0
PMA 380( 3 318 312 13.9 8.4 5.3 3.2
i-PMMA 415 ( 3 358 353 13 10.2 4.4 3.5
s-PMMA 483( 3 430 428 13.7 15.4 3.8 4.3
PS 449( 3 402 391 12.8 12.4 3.9 3.8
i-PRMS 472( 5 420 417 13.5 15 3.9 4.3
s-PRMS 550( 4 502 500 13.6 18.9 3.3 4.5

Figure 2. AverageT0s of studied polymers, reported with respect to
simulatedTgs at three cooling rates: 1.2× 1013 (9), 2.4 × 1012 (b),
and 1.2× 1012 K/min (2). Linear fit (eq 7) is also displayed.

T0 ) 1.05Tg(simulated)- 77 K (7)
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with Tg, as is observed in Figure 3. A value of 13.4( 0.4
kJ/mol is obtained (Table 1). Since all polymers possess the
same backbone, i.e., PE-like,B is directly linked to the intrinsic
dynamics of the backbone. Moreover, its independence in
relation toTg indicates that all the polymer backbones exhibit
the same behavior at a relative temperature aboveTg. Experi-
mentally, Bartenev et al. observed that relaxation processes
in linear polymers containing the CH2 group were charac-
terized by a comparable effective activation energy, which was
attributed to the backbone rotation. The physical significance
of these results was understood according to the concept of free
volume model.53

Similar behavior was observed using AS but with a different
force field (pcff) for the two configurations of PMMA.40 The
difference between polymers dynamics at an absolute temper-
ature thus comes from the presence of the side chain and its
alternation. The dynamics resulting from the simultaneous
consideration of motions described by bond vectorubCO or ubCC

(Figure 1) is presented in the next section.
3.3.2. Backbone and Side-Chain Dynamics.As previously

outlined, the behavior of the RACF of the vector associated
with the side chain (Figure 1) with respect to time describes
the coupling between the side chain and the backbone. Effective
activation energy vsTg is thus reported in Figure 3. Data are
exposed in Table 1. A linear fit is revealed with a reliability
factor of 99.19% (eq 8).

Recently, a similar linear relationship betweenB and the
experimental glass transition temperature of thecis-polyisoprene
at different pressure was observed by Solunov.54

Several observations can be deduced from a linear relationship
betweenB andTg. Primarily, consideringB ) 0 in eq 8, a value
of 254 K is obtained for the simulatedTg. This value has to be
related with the simulatedTg of the amorphous linear PE, 285
K, at the same cooling rate (q3). Such a comparison is
worthwhile since the PE chain have only hydrogen atoms as
their side chains. As a matter of fact, the adjunction of a side
group to the main chain creates a perturbation that increases
the Tg. It automatically yields a nonzero value forB due the
coupling between the backbone and the side chain.

The dynamics which is characterized by the motion of the
vector on the side chain includes several kinds of motions:
mobility of the side chain, its rotation around the backbone,

and motion of the backbone. This heterogeneity is at the origin
of the observed variations in the value ofTg. Experimentally,
using NMR relaxation, Spiess et al.55 found thatâ-relaxation
predominantly influences the time scale of theR-relaxation
leading to a high mobility of the main chain itself. Using the
multidimensional NMR, Schmidt-Rohr et al.56 showed that the
â process, relating to the side-chain rotation motion, is ac-
companied by a small backbone motion. Additionally, O’Reilly
et al.57 found that the difference in conformational energy of
the backbone and side-chain motions in the PMMA decreases
as the percentage of racemic diad increases. Vacatello and
Flory58 suggested that a greater exchange in energy between
backbone and side-chain motions in the case of i-PMMA could
explain this difference. This exchange was related to the
cooperative motion between the side chain and backbone.59

Consequently, the side-group rotation affects the thermal energy,
effective activation energy, which is available to promote the
coupling between the side group and the backbone. The same
arguments are found using AS60 and quasi-elastic neutron
scattering61 in the study of PMMA.

Consequently, the general behavior of the two VFT fitting
parameters stemming from AS is in agreement with experi-
mental data. The behavior of the fragility index, i.e., the ratio
of the two VFT entitiesB andT0, can now be examined.

3.4. Behavior of the Fragility Index, D. Alike the effective
activation energyB, the behavior of the fragility indexD in
relation toTg is investigated. Dynamics associated with back-
bone motion and backbone/side-chain coupling are investigated.
This strength parameter is directly linked to the fragility of
supercooled liquids. Introduced by Angell,62 the concept of
fragility allows a classification scheme for such liquids. Rigid
structures yield a low density of potential energy minima, which
describes the energy landscape of strong liquids. Conversely,
fragile liquids possess a great number of configurations, giving
rise to a very high density of potential energy minima.

Values ofD for both dynamics are shown in Table 1. The
inverse ofD is reported in Figure 4 with respect toT0/Tg for
both dynamics. Such a straight line reveals the fragility of the
liquid as outlined by several authors.1,46 In fact, the inverse of
D is proportional to the fragilitym.45 A classification of
polymers according to their fragility can thus be achieved.
Considering only the backbone dynamics, PE is the strongest
polymer, followed by PMA and i-PMMA (Table 1). s-PMMA,
PS, and i-PRMS exhibit the same strength, while s-PRMS is
the most fragile polymer. This fragility is in agreement with
experimental data: PE< PMA < PMMA < PS where PS is

Figure 3. Effective activation energy,B, reported with respect to
simulatedTgs at 1.2× 1012 K/min cooling rate, for backbone dynamics
(b) and backbone/side-chain coupling (O), for which the linear fit is
also displayed.

B ) 0.064Tg - 16.15 kJ mol-1 (8)

Figure 4. Fragility index, D, reported with respect to simulated
T0/Tg at 1.2× 1012 K/min cooling rate, for backbone dynamics (b)
and backbone/side-chain coupling (O); linear fits are also displayed.
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the most fragile polymer.63,64The fact that PE backbone yields
the highestD is thus not surprising: its simplified architecture
gives rise to less potential wells. The same argument is valid
for PMA with its more simplified side chain among the studied
polymers.

A clearly different behavior is observed when the backbone/
side-chain coupling is considered (Table 1 and Figure 4). In
that case, PMA becomes the most fragile polymer and s-PRMS
the strongest. As outlined by Dubowicz et al.,28 the relative
rigidity of the side chain affects the structural relaxation time
which is disclosed by the AG equation. A higher fragility
resulting from the coupling between the side chain and the
backbone yields a lower fragility for backbone, and vice versa
(Figure 4). The agreement between simulated and experimental
data supports the use of AS in dealing with the glass transition
phenomenon. A detailed analysis of the fragility from an
atomistic simulation viewpoint was thus undertaken and will
be the subject of an incoming article.

3.5. Influence of the Cooling Rate.The final section of this
article concerns the incidence of the cooling rate on the values
of B andD; it was shown that the ratioT0/Tg is not affected by
the cooling rate (Figure 2). Because of the lack of data, a detailed
analysis cannot be carried out: all the data are available in
Tables S-3 and S-4 in the Supporting Information. However,
tendencies are outlined and reveal similar behavior: bothB and
D increase as the cooling rate decreases. As a representative
example, the average value of the effective activation energy
stemming from the study of backbone dynamics is reported with
respect to the logarithm of the cooling rate,q, in Figure 5. As
the cooling rate is decreased, a greater exploration of the phase
space is achieved, and the resulting correlation time becomes
longer. Such an increase inτ leads undoubtedly to an increase
of both the effective activation energy and the fragility index.

4. Conclusion

Local dynamics of nine vinylic polymers were examined
using atomistic simulation in order to extract parameters
intervening in the VFT equation. According to the selection of
appropriate bond vectors, two dynamics were revealed: back-
bone dynamics and coupling between the side chain and the
backbone. The behavior of two VFT fitting parameters with
respect toTg were specifically studied: the Vogel temperature,
T0, and the effective activation energy,B. T0 was thus found to
be equal for either dynamics, in agreement with the fact that,
by definition, no motions, save vibrations, occur under this
temperature. Considering the dynamics associated with the

backbone motion, the effective activation energy was found
roughly constant, while it varies linearly withTg when the
dynamics resulting from the coupling between the side chain
and the backbone is considered. A nonzero value forB was
thus attributed to the coupling between the side chain and the
backbone. The ratio of the two VFT entities,T0 andB, yields
the fragility index,D, occurring in the AG model. The inverse
of D is actually proportional to the fragility. A direct comparison
with experimental data was thus carried out. Data stemming
from the consideration of backbone dynamics show good
accuracy. However, values extracted from the backbone/side
chain exhibit an opposite behavior, thus revealing the importance
of coupling during the glass transition phenomenon. Such
behaviors pave the way for a broader treatment of fragility,65

using atomistic simulation.
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