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16 Abstract

We present a Molecular Dynamics study in the isothermal-isobaric ensemble of a flexible model
20 of linear m-alkanes for 2 < n < 10 close to the glass transition. Our model is a modification of a
22 realistic force field in which we have turned off the bond bending and the torsional intramolecular
24 potentials to get the chain flexible. The glass transition is characterized by the change of slope
26 of specific volume, as well as the vanishing of the self-diffusion coefficient and the divergence of
28 the shear viscosity. Additionally we characterize the chain rearrangement dynamics above and
close the glass transition. Our results are in qualitative agreement with those previously obtained
with more realistic models, so we conclude that the flexibility of the alkane chain does not play a

33 dominant role in the glass transition.
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I. INTRODUCTION

When a liquid is quenched below the melting temperature, it may not undergo the first-
order crystallization transition, but to remain in a metastable fluid phase: the supercooled
fluid [1]. This state is the continuation of the thermodynamically stable liquid phase above
the melting point, and its physical properties are similar to those of the true equilibrium
liquid. If we continue cooling the system (or we wait for a long enough time), the fluid
may crystallize to the true equilibrium solid state. Alternatively, the fluid may arrest in a
disordered state where the structural relaxation time becomes longer than the experimental
timescale. This situation does not correspond to a truly thermodynamic transition but a
dynamical one, and it is known as the glass transition. The occurrence of the glass transition
depends on the cooling rate, the presence of impurities, the liquid viscosity at the melting
point, and the similarity of the molecular packing in the liquid and the crystal, among others
[1].

In this paper we will study the glass transition of a model for linear n-alkanes. This study
will be carried out by molecular simulation, which has become a powerful tool to understand
different phenomena experienced by the liquid matter. The glass transition on this system
has been extensively studied in the literature [2-6], from the short alkanes to polyethylene.
Different force fields have been proposed to model real alkanes, such as the TraPPE [7]
or NERD [8]. These models include, in addition to the dispersive forces, intramolecular
potentials which mimic the backbone bond, the bond bending and the torsional energies.
However the use of these force fields makes difficult to understand the role played by each
degree of freedom in the glass transition. On the other hand, more idealized models such as
lattice models [9] or tangent-sphere chains [10] are useful to understand the physical ground
of phenomena as vitrification or melting, but it is difficult to compare with experimental
data. In this paper we present a model which reproduces the backbone structure of realistic
alkane models, but we turn off the bond bending and the torsional potential to make the
chain fully flexible. In this way we expect to assess the effect of the chain flexibility on the
glass transition. The paper is organized as follows. In Section II we present the model and
the simulation techniques used in this work. In Section III we describe preliminary results
on the glass transition and the microscopic dynamics close to the glass transition. Finally

we end up with the conclusions.
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II. THE MODEL AND SIMULATION DETAILS

We have studied a flexible model of linear n-alkanes based on the NERD force field [§].
As in the NERD model, we use an unit atom description, so the alkanes are modelled as
a sequence of methylene CHy; monomers with two methyl CH3z monomers at the extremes,
linked by rigid bonds. The bond distance between two nearest-neighbour monomers in a
chain (regardless their nature) takes a fixed value d = 1.54 A. In order to introduce com-
plete flexibility in the model, we have not considered bond bending or torsional potentials.
Instead, we introduce a repulsive soft potential u*" between two monomers in the same chain

separated by two bonds as:

A
u™ (rij) = 1z (1)
ij

The constant A was chosen to avoid these monomers to approach closer than the bond length
d for all the temperatures considered. In particular, we choose A = 607.1676 k.JA'? /mol, so
u*(d) ~ kgT for T'= 410 K. Finally, the interaction between monomers in different alkane

molecules or in the same molecule but separated by three or more bonds is modelled by a

uij(rij) = 4€;5 [(%)12 - (%)6] (2)

The potential depth ¢;; and the parameter o;; depends on the nature of the interacting

Lennard-Jones potential:

monomers, and also on the length of the alkane chain. We have chosen the values proposed
by Nath et al. for the NERD model [8], and they are shown in Table I. The necessity of
the term given by Eq. (1) is clear as we see that the Lennard-Jones diameter is larger than
twice the bond length, so two monomers separated by two bonds will always overlap if there
is a Lennard-Jones interaction between them.

We have run Molecular Dynamics (MD) computer simulations [11, 12] in the isothermal-
isobaric ensemble, where the number of molecules N, the hydrostatic pressure p and the
temperature 71" are fixed. We have taken N = 500 for all the considered cases. The simulation
box is orthorhombic and periodic boundary conditions are considered in the three spatial

directions. To perform these simulations, we used the Melchionna-Ciccotti-Holian algorithm

http://mc.manuscriptcentral.com/tandf/jenmol
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[13]:
E—VML??(H—RO) 0 —E—(X+77)Vi ; E—?”?V
dx _ Nykp B Lo codn_ 3 ) —
i = o TO-T) 4 GOV —keT) 5 = VPO - -y B

where r; and v; are the positions and velocities of the monomers, Ry is the position of the
system center of mass, F; is the total force acting on the monomer 7, and V' is the volume
of the system. 7 and P are the instantaneous temperature and pressure obtained from
the kinetic energy and the virial, and 7" and p their applied values. Finally, n and x are
the variables associated to the thermostat and barostat, with effective masses () and W,
respectively. These masses must scale with the number of degrees of freedom Ny, so we can
write @ = NykgT't; and W = NykgT't?, where 70 and 7, are time scales related to the
fluctuation correlation times for the (instantaneous) temperature and pressure, respectively.
In our simulations we considered 7 = 1 ps and 7, = 15 ps. On the other hand, the motion
equations (3) are numerically integrated with an algorithm based in the Verlet leapfrog
scheme [11] by using the CCP5 DL POLY package [14] (version 2.15) with a time step of
0t = 0.002 ps. In order to keep the bond lengths constant along the simulation, a modified
version of the SHAKE algorithm [15] (the RDSHAKE algorithm) is used.

Our simulations are carried out in two phases. In the first phase we perform simulations
at a constant pressure and temperature which is stepwise reduced by AT = 10 K each
At = 1000 ps until the glass transition is observed (other cooling protocols have been
proposed in literature, see, for example, Ref. [16]). In this way we simulate the quench
of the liquid at a constant cooling rate ¢ = AT /At = 109K /s. This rate is too high to
allow comparison between simulations and calorimetric measurements. Instead, they may
be compared with high-frequency experiments. In order to have a fluid as the first state, the
initial temperature Ty is taken to be around 27;},, where T}, is the temperature of the gas-
liquid-triple point, and the pressure is taken to be p = 1.5p., where p, is the experimental
critical point. Table II shows the pressure values for different molecules. These initial states
are chosen to ensure an equilibrium dense fluid as starting point. In this cooling phase we
monitor thermodynamic properties such as the specific volume at each temperature.

In a second phase, we run longer (up to 8 ns long) equilibrium NpT MD simulations
from the final configurations for each temperature before it decreases in the cooling phase,

in order to get the autocorrelation functions and transport coefficients such as the self-

4
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diffusion coefficient and the shear viscosity at each temperature. Note that they may be
obtained also from the cooling phase simulations, but the result will be meaningful only
if the relevant autocorrelation times are much smaller than the constant temperature time
in the cooling phase At. As the fluid approaches the glass transition, this condition may
not be fulfilled. The autocorrelation functions are obtained from the time series of the
corresponding properties collected in the simulation by a fast-Fourier transform technique.
On the hand, the transport coefficients are obtained from the Green-Kubo formalism in
terms of integrals of the autocorrelation functions [17-19]. We will use a molecular rather
than an atomistic (i.e. in terms of the monomers) description of the system in order to
get the diffusion coefficient. On the other hand, an atomistic description is used to get the
shear viscosity. Although the autocorrelation functions are different in both descriptions,
they lead to the same transport coefficients [20]. The self-diffusion coefficient D is obtained

from the velocity autocorrelation function as:

> 3LN Z/Ooo(v,-(t) vi(0))dt (4)

where v; here represents the velocity of the center of mass for the molecule 7. For the shear
viscosity 71, we use an expression due to Daivis and Evans [21], which was shown to converge

for isotropic systems better than other expressions used in the literature:

1=t 3 | (Pa®Pas(O)at )
a,B 0

Here the tensor P, is the traceless symmetric part of the stress tensor 7,4:
T, + T,
Pop = =g e 8 Z Tyy (6)

where the stress tensor is defined as:
Ta = — (Z mviv; + ZTUF£> (7)
1<J
As in this expression we use an atomistic description, v{* is the a component of the velocity
of the monomer i. The vector r;; is the relative position of the monomer ¢ with respect to

the monomer j, and F;; is the total force which the monomer j exerts on the monomer i.

Finally, we characterize the chain conformation rearrangements with the autocorrelation

http://mc.manuscriptcentral.com/tandf/jenmol
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functions of a series of unit vectors [22]:

b, — ol Tl o — b1 + b;
" e — " |bi1 + byl
b; b; b1 — b;

0; = +1 X g = +1 (8)
|biy1 X by [biy1 — byl

Here r; is the position vector of the monomer ¢ of the chain, so b; is the bond unit vector.
The unit vectors c;, 0; and s; are the chord, out-of-plane and bisector vectors, respectively,
and they are useful to monitor the structural rearrangements of a chain segment formed
by two consecutive bonds. For each unit vector e (where e can be any of the unit vectors

defined in (8)), we define two orientational autocorrelation functions:

gi(t) = (Pi(e(0) - e(t))) = (e(0) - e(t)) (9)
3((e(0) - e(t))*) — 1

g5(t) = (P2(e(0) - e(t))) 5 (10)

where Py(x) is the kth-degree Legendre polynomial.

III. RESULTS

In order to get a first estimate for the glass transition, we monitorized the specific volume
obtained for each temperature in the cooling phase. At the glass transition, we expect to
observe a sudden change in the slope of the specific volume as a function of the temperature,
which corresponds to a maximum in the coefficient of thermal expansion. However, this
situation is always a continuous crossover from one regime to another, as the glass transition
is not a true thermodynamic phase transition. We plot the specific volume as a function
of the temperature for ethane and propane (Fig. 1) and for longer alkanes (Fig. 2). We
observe that there is a slope change in all these curves. Examination of the static radial
distribution function shows that the state below the transition corresponds to a spatially
disordered state. This observation precludes the possibility of the crystallization transition
and indicates that corresponds to the glass transition. On the other hand, visual inspection
of typical snapshots above and below the glass transition show that chains do not experience
any conformational change: the chains are entangled and appear in stretched configurations.
By fitting the values of the specific volume as a function of the temperature by straight lines
in limited ranges above and below the slope change we locate the glass transition of both

fits. We observe that the glass transition temperature 7}, increases with the chain length

6
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(see Fig. 3), as it was obtained for more realistic models of linear alkanes [6]. On the other
hand, as the chain is longer the crossover range and the change on slope decreases. This
fact makes more difficult to locate the glass transition by this procedure for long alkanes.
The glass transition has also an impact in the transport coefficients of the (supercooled)
liquid. As the temperature approaches T, the self-diffusion coefficient vanishes and the
shear viscosity diverges. Strictly speaking, we only observe a sudden decrease of D and
increase of 7. Figs. 4 and 5 show the autocorrelation functions of the velocity and the

pressure tensor for the pentane:

1 N

Colt) = Y il0) - vi(t))  Cp(t) = (Pap(0)Pas(t)) (11)

Jj=1 a,3
where we use a molecular description. Similar curves are obtained for other alkanes. These
correlation functions decay to zero as t — oo. As the temperature decreases, the velocity
autocorrelation time changes from a monotonically decaying function to a structured func-
tion with two minima. On the other hand, the pressure autocorrelation function is always
a monotonically decaying function, with a characteristic time scale which increases as the

fluid is cooled. In order to get the self-diffusion coefficient D and the shear viscosity 7, we

calculate the cummulant of a rescaled autocorrelation functions Ip and I,

ID(t):% /0 GECE)  I(t) = 10]‘;T /0 diCp(D) (12)

Note that formally Ip — D and [, — 1 as t — oco. In practice, both cummulants reach a
plateau for ¢ > 7, being 7 the characteristic correlation time. This can be seen in the insets
of Figs. 4 and 5. However, for very large ¢ the cummulant is affected by the statistical
noise of the autocorrelation function (specially in the case of the pressure tensor), showing
a somewhat erratic behaviour. As a consequence, we take as the transport coefficients the
values of the cummulants when the plateau is reached. Visual inspection of the insets of
Figs. 4 and 5 confirms that D decreases and 7 increases as the temperature is reduced. For
the smallest temperature T" = 76.92 we could not obtain an estimation of the shear viscosity,
as the pressure tensor autocorrelation does not decay to zero in the simulation time. Fig.
6 shows the dependence of D and n with the temperature, and it confirms that D vanishes
in the same temperature range than the sudden increase of 7. Furthermore, this range is
compatible with the glass transition temperature obtained from the specific volume data

(see Fig. 3). The Arrhenius plots of both properties seem to show an Arrhenius behaviour

7

http://mc.manuscriptcentral.com/tandf/jenmol



©CoO~NOUTA,WNPE

Page 8 of 27

InD ~ —1Inn ~ 1/T in the supercooled liquid regime before reaching the glass transition.
However, the change in the slope close to the glass transition may indicate a Volger-Tamman-
Fulcher behaviour —Inn ~ 1/(T — Tj) as predicted by the Adams-Gibbs theory. Further
simulations in a range around the glass transition temperature would needed to characterize
the behaviour of both transport coefficients close to the glass transition.

We finish our presentation of the simulation results by showing the behaviour of the
orientational correlation functions ¢f and g5. As a typical case, we considered again the
pentane case. Figs. 7 and 8 show the results for 7" = 286.92 K, where the equilibrium state
of the system is a liquid, and 7" = 96.92 K, close to the glass transition, respectively. We note
that, after an initial period, all the orientational correlation functions have an exponential
decay, at least in the time range we considered. However, we cannot preclude the crossover to
a more complex and slower decay in the correlations at longer times, as observed for realistic
models of alkanes in the literature [22, 23]. Noticeably the behaviour of these functions at
both temperatures is similar in the appropriate timescale, which is obviously much larger
at the lower temperature than at the higher one. For the g; functions, we observe that the
autocorrelation function for the bond and chord vectors decay slower than for the out-of-
plane and the bisector vector, with autocorrelation times 7 = 4.78 +0.02 ps for T' = 286.92
K, and 262.5 £ 0.7 ps for T" = 96.92 K. With respect to the autocorrelation functions
for the out-of-plane and the bisector vectors, although initially have a common behaviour
(oscillatory for the high temperature case, monotonically decaying with a correlation time
of order of 30 ps for T' = 96.92 K), for larger times ¢5(¢) (corresponding to the bisector
vector) couples to the bond and chord autocorrelation functions. However, although the
autocorrelation time is of the same order in this later stage, the correlations are much
smaller than for the bond and chord vector. Regarding the g, autocorrelation functions,
at both temperatures and after a small initial period, we observe an exponential decay for
all the vectors with the same autocorrelation time 7 = 1.82 4+ 0.03 ps for 7" = 286.92 and
116 + 1 ps for T' = 96.92 K. The ratio between 7 and 75 is always larger than unity, and
closer to the isotropic rotational diffusive limit 71 /75 = 3 for the higher temperature than
for the lower temperature [6, 23].

The behaviour of the orientational correlation functions is in agreement with the picture
of the confinement of each alkane molecule into a pipe cage formed by their neighbours [6, 23].

This explains that the autocorrelation functions associated to the bond and chord vectors

http://mc.manuscriptcentral.com/tandf/jenmol
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decay slower than the other correlation functions. As the glass transition is approached,
the timescale associated to the rearrangement of the alkane backbone experiences a sharp
increase. This can be rationalized by the observation that backbone rearrangements are a

cooperative phenomenon in dense phases, and they slow down near the glass transition.

IV. CONCLUSIONS

In this paper we present Molecular Dynamics simulations of a flexible model of linear
n-alkanes in which we turned off the bond bending and the torsional potential. We have
localized the glass transition for n = 2,...,10 from the slope change in the specific volume,
as well as from the behaviour of the self-diffusion constant D and the shear viscosity 7.
We observe an increase of the glass transition temperature as the alkane molecule is longer,
in agreement with the predictions of more realistic models. On the other hand, we have
studied the orientational autocorrelation functions associated to chain rearrangements. The
functions associated to the backbone orientations (bond and chord vectors) decay slower
than the corresponding functions to the bisector or out-of-plane vectors, with a characteristic
autocorrelation time which increases as we approach the glass transition. This observation
is in qualitative agreement with the predictions of more realistic models of alkanes, and
it is explained by the picture of the alkane molecules confined into pipe cages formed by
their neighbours. We can conclude that the bending or the torsional potentials are not
essential to understand the physical mechanism for the glass transition of alkanes, although
obviously they have an effect on it. Some previous studies [2, 6] show that the glass transition
temperature decreases as the torsional part of the intramolecular potential is turned off. As
the torsional potential favours some conformations for each segment of the chain (trans,
gauche), with energy barriers between them, the arrest of this degree of freedom occurs for
higher temperatures than for the flexible model. We anticipate that this shift toward lower
temperatures for the glass transition would be enhanced if we turn off the bending energy, as
in the present case. However, we have not quantified this effect, and further work is needed

to answer this question.
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TABLE I: Lennard-Jones potential parameters in the NERD force field. We show only the param-
eters for like monomers, the values corresponding to unlike monomers are obtained through the

Lorentz-Berthelot mixing rules o;; = (0y; + 0;)/2 and €;; = | /€;€;;.

Molecule OCH, O, (A) ocHs oy (A) €CHy,CHy (kJ/mol) €CHs,CHs (kJ/mol)

Ethane - 3.825 - 0.8365

Propane 3.93 3.857 0.3808 0.8531
n-alkanes (n > 4) 3.93 3.91 0.3808 0.8648

TABLE II: Values of pressure used in the computer simulations for each molecule.

Molecule p(atm)
Ethane 72.16
Propane 62.87
Butane 59.20
Pentane 49.89
Hexane 44.91
Octane 36.96
Decane 31.13
12
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31 FIG. 1: Plot of the specific volume as a function of the temperature for ethane (black filled circles)
and propane (red filled circles). Lines are drawn through as a guide to the eye. The glass transition
34 is estimated by the crossing of the best-fitted to the data straight thin lines below and above the

36 glass transition.
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FIG. 2: Plot of the specific volume as a function of the temperature for butane (black filled
circles), pentane (red filled circles), hexane (green filled circles), octane (blue filled circles) and

decane (violet filled circles). The glass transition is estimated by the crossing of the best-fitted to

the data straight thin lines below and above the glass transition.
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FIG. 3: Glass transition temperature T}, as a function of the number of carbons of the alkane chain,

obtained from the specific volume data in the cooling phase.
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FIG. 4: Velocity autocorrelation function for the pentane for different temperatures.

cummulant of the velocity autocorrelation function (see text for explanation)
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31 FIG. 5: Pressure autocorrelation function for the pentane for different temperatures. Inset: rescaled

33 cummulant of the pressure autocorrelation function (see text for explanation)
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FIG. 6: Upper panel: Arrhenius plot of the self-diffusion coefficient D for the pentane. Lower
panel: Arrhenius plot of the pentane shear viscosity 7. Lines are drawn through as a guide to the

eye.
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FIG. 7: Orientational autocorrelation functions ¢5(¢) (upper row) and ¢§(¢) (lower row) for the
pentane at 7" = 286.92 K. The left panels correspond to a linear scale, and the right panels are the

same plot in log-lin scale.
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FIG. 8: Orientational autocorrelation functions ¢§(¢) (upper row) and ¢§(t) (lower row) for the
pentane at T' = 96.92 K. The left panels correspond to a linear scale, and the right panels are the

same plot in log-lin scale.
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