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Specific heat is a central property of condensed matter systems including polymers and oligomers in their
condensed phases, yet predictions of this quantity from molecular simulations and successful comparisons
with experimental data are scarce if existing at all. One reason for this may be that the internal energy and
thus the specific heat cannot be coarse-grained so that they defy their rigorous computation with united-
atom models. Moreover, many modes in a polymer barely contribute to the specific heat because of their
quantum mechanical nature. Here, we demonstrate that an analysis of the mass-weighted velocity autocor-
relation function allows specific heat predictions to be corrected for quantum effects so that agreement with
experimental data is on par with predictions of other routinely computed quantities. We outline how to construct
corrections for both all-atom and united-atom descriptions of chain molecules. Corrections computed for 11
hydrocarbon oligomers and commodity polymers deviate by <kg/10 within a subset of nine molecules. Our

results may benefit the prediction of heat conductivity.

DOLI: 10.1103/PhysRevMaterials.5.065605

I. INTRODUCTION

Molecular simulation of polymers and oligomers is in a
mature state, which allows chemistry-specific predictions of
many physical properties to be made. This includes particu-
larly the prediction or reproduction of density [1,2], viscosity
[3-6], and mechanical properties [7-9] as functions of tem-
perature, pressure, and shear rate but also the computation of
complex phase diagrams [10-12]. Molecular simulation has
even reached levels making it possible to design lubricants
with small viscosity index [13]. However, we did not manage
to find any successful predictions for the specific heat ¢, of
systems containing chain molecules, although in principle,
the specific heat could falsely be deemed an easy-to-compute
property. After all, it only requires the temperature derivative
of the enthalpy to be taken and/or the energy or enthalpy
fluctuation to be determined. However, there are two main
reasons impeding the calculation of ¢, from molecular simu-
lations. First, united-atom descriptions ignore the presence of
hydrogen atoms so that their small but nonzero contribution
to ¢, is ignored. Second, and more importantly, both united-
atom and all-atom descriptions generally assume nuclei to
be classical objects, while in reality, their motion is quantum
mechanical. This difference makes classical simulations over-
estimate the specific heat at small temperatures. It explains
why Bhowmik et al. [14] found that the heat predicted from
classical all-atom molecular dynamics (MD) simulations of
hydrocarbon chains was almost a factor of three too high,
while results for polytetrafluoroethylene (PTFE) exceeded ex-
perimental values only by 20%.
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These findings can be rationalized in a back-of-the-
envelope calculation. The vibrational energy of a CF bond is
near 20 THz, while that of the CH bond lies near 90 THz. At
room temperature, each mode contributes to the specific heat
with ~0.45 kg (CF) and 1 x 10~* kg (CH), respectively, while
a classical harmonic mode would contribute kg according to
the Dulong-Petit law. Many other modes also become more
classical in PTFE compared with hydrocarbon chains because
fluorine atoms are heavier than hydrogen atoms, while bond
stiffnesses do not depend substantially on the termination. Ap-
proximating all modes in PTFE other than the CF-stretching
bond as perfectly classical would suggest that a classical
PTFE simulation at room temperature should be reduced by
twice 0.55 kg per CF; repeat unit, so that the quantum effect
of the CF vibration can be estimated to reduce the specific heat
of PTFE by roughly 15%. A similarly accurate estimate for
hydrocarbons is difficult to make because a rather large frac-
tion of characteristic frequencies require corrections spanning
the entire domain from very small to close to unity. How-
ever, for a crude approximation, one could argue hydrogen
atoms to be completely quantum and carbon atoms to be close
to classical.

One possibility to account accurately for the quantum na-
ture of nuclear degrees of freedom (DOFs) is to treat them
in a path-integral framework, as done by Martondk et al.
[15]. However, this approach is computationally demanding.
Reaching the proper quantum limit needed for a reasonably
accurate, direct estimate for condensed matter systems ne-
cessitates the simulations of P replica of the system, where
the so-called Trotter number P needs to slightly exceed the
ratio hv/kgT [16,17]. Here, h is Planck’s constant, v is the
maximum characteristic frequency in the system (e.g., the
CH bond-stretching vibration), while kg7 is the thermal en-
ergy. A related approach to simulate the effect of quantum
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mechanics is the use of potentials that implicitly include quan-
tum effects through the Wigner-Kirkwood expansion [18,19]
of the free energy in powers of Planck’s constant. Using
the leading-order terms, the temperature range, in which ex-
perimental data on the specific heat of magnesium oxide
were successfully reproduced, extended to temperatures a
little below the Debye temperature, but not further below
[20]. Moreover, both the extra programming and computing
time associated with the Kirkwood-Wigner expansion exceed
that by path integrals substantially, so that an alternative,
feasible, and easy-to-implement way to correct the spe-
cific heat of polymeric systems for quantum effects remains
sought after.

In this paper, we extend a method introduced by
Horbach et al. [21] to calculate the low-temperature specific
heat of a quantum mechanical system, namely, silica well
below its glass transition temperature. To this end, they com-
puted the mass-weighted, velocity autocorrelation function
(ACF) C(At) using classical MD. For a fictitious harmonic
reference yielding the same C(At), the Fourier transform
of this function g(v) allows the vibrational density of states
(DOS) to be directly deduced and, from it, the specific
heat. Rather than reporting that number directly, as done by
Horbach et al. [21], we use it to estimate the specific heat
difference between a classical system and a corresponding
quantum mechanical system. This way, we correct predom-
inantly the stiff, high-frequency modes, which should obey
the harmonic approximation reasonably well, while leaving
the specific heat contributions of the slow modes unaf-
fected. The latter are certainly anharmonic in the liquid
phase, whereby they contribute in a nontrivial fashion to the
heat balance.

Specific heats obtained in simulations not containing all
DOFs explicitly, such as in coarse-grained models, cannot be
corrected as straightforwardly as those measured in classical
all-atom simulations representing all DOFs explicitly. The
optimum way to proceed depends not only on the type of
coarse graining but also on whether an (unconstrained) all-
atom simulation can be conducted at one or two representative
temperatures. Thus, several avenues to estimate specific heat
corrections due to missing hydrogen atoms will also be dis-
cussed in this paper.

The remainder of this paper is organized as follows: The
simulation methods are presented in Sec. II. Section III de-
scribes our approach to correcting specific heats. Section IV
contains the results. Conclusions are drawn in Sec. V.

II. SIMULATION METHODS

The simulations in this paper were conducted by three
different people, each one with his own preferences for soft-
ware, potentials, and other details pertaining to methods, such
as thermostats. Since all of the choices are made routinely
in different contexts, the diversity of approaches allows the
robustness of the observed trends to be tested.

For this paper, we chose two different sets of chain
molecules: (1) linear and branched hydrocarbon oligomers
and (2) commodity polymers containing elements in addi-
tion to carbon and hydrogen in the repeat units, see Fig. 1
for more details of the molecular structures. All simulations
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FIG. 1. Schematics showing different monomeric structures
investigated in this paper. (a) Hydrocarbon structures for
n-octane (n = 8, including end groups) and n-hexadecane (n = 16),
(b) decene-dimer (n =2), trimer (n = 3), and tetramer (n = 4),
and (c) isohexadecane. (d)-(h) Commodity polymer structures for
poly(methyl methacrylate) (PMMA), poly(N-acryloyl piperidine)
(PAP), poly(acrylic acid) (PAA), poly(acrylamide) (PAM), and
poly(N-isopropyl acrylamide) (PNIPAM), respectively. Note that,
for (a) and (b) and (d)—(h), chain ends outside the bracket are
terminated with hydrogen atoms.

were conducted in the N pT ensemble at atmospheric pressure.
Temperature 7 was raised from 7' ~ 300 to 560 K for all
hydrocarbons, except for n-octane, for which T varied from
200 to 380 K. In the case of commodity polymers, T was
between 440 and 600 K.

The specific heat was computed in two ways: first, by
taking finite differences of the enthalpy H(T) according to

H(T +AT)—-H(T — AT)
2AT

and second, by fitting a third-order polynomial to H(T),
which is defined as H = U + pV, where U is the internal
energy including, of course, the mean kinetic energy, i.e.,
number of atoms times spatial dimension times kg /2, while
p is the externally imposed pressure, and V' the volume. Thus,
we only averaged the volume and the potential energy and
included the “exact” contribution from the kinetic energy
for the hydrocarbons and also averaged kinetic energy for
the commodity polymers during postprocessing. Since the
temperature dependence of ¢, is rather weak in the consid-
ered temperature range, the second method may be slightly
preferable.

For the initial set of hydrocarbon simulations, we have
chosen six different linear and branched oligomers, see
Figs. 1(a)-1(c). The all-atom simulations were performed
using the LAMMPS MD package [22]. The improved L-OPLS-
AA force field parameters were used to simulate the all-atom
hydrocarbons [23,24], except for n-octane, where we have
used the standard OPLS-AA [25]. The potentials were cho-
sen because they reproduced experimental data on density,
viscosity, and diffusion coefficient quite accurately [24].

The number of chains in a cubic simulation box was
adjusted such that each system consisted of approximately
10000 atoms. The temperature and pressure were imposed

e(T) ~ , (1)
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using the Nosé-Hoover thermostat and barostat, respectively.
For the temperature coupling, the time constant was cho-
sen as 17 = 0.1 ps and for pressure as 7, =1 ps. The
long-range electrostatic interactions were treated using the
particle-particle particle-mesh (PPPM) solver [26]. The inter-
action cutoff was chosen as r. = 1 nm. The simulations for
n-octane and n-hexadecane were performed for 6 ns, while
for the other hydrocarbon oligomers, we have conducted
10 ns simulations. These simulation time scales ensure well
equilibration of the samples, and the average of H(T) was
calculated by taking the last 2 ns data. The typical time step
for the all-atom simulation was chosen as At = 1 fs.

For n-hexadecane, we have also performed simulations us-
ing the united-atom TraPPE-UA force field [27]. In this case,
the employed time step was set to At = 2 fs.

For the second set of systems, we investigated five differ-
ent commodity polymers, namely, poly(methyl methacrylate)
(PMMA), poly(N-acryloyl piperidine) (PAP), poly(acrylic
acid) (PAA), poly(acrylamide) (PAM), and poly(N-isopropyl
acrylamide) (PNIPAM), see Figs. 1(d)-1(h). The choice of
these polymers was motivated by their possible use for
the design of advanced polymeric materials [28,29]. The
chain length N = 30 was taken for PMMA, PAP, PAA, and
PAM, and N = 40 for PNIPAM. Different numbers of re-
peat units were used because all-atom chain configurations
were available from earlier studies [29-31]. Each configura-
tion consisted of 100 polymer chains randomly distributed
within a cubic simulation box. All these polymers were equili-
brated earlier in their (solvent-free) melt states at 7 = 600 K,
which is at least 150 K above their calculated glass transition
temperatures [29].

All commodity polymers were modeled only in the full
atomistic description. The standard OPLS-AA force field
parameters [25] were used for PAP, PAA, and PNIPAM,
while the modified parameters were used for PMMA [30]
and PAM [31]. The used potential reproduces not only bulk
polymer properties, such as the density and elastic response
[29], but also captures their solvation in dilute aqueous
solutions [30,31].

The simulations of commodity polymers are performed us-
ing the GROMACS MD package [32]. Here, 500-ns-long N pT
simulations were conducted for each system at each temper-
ature. The total accumulated MD time for the commodity
polymers was 25 us. Here, the temperature was imposed using
the “‘canonical-sampling-through-velocity-rescaling thermo-
stat” [33] with 7 = 1 ps, and the pressure was set to 1 atm
with a Berendsen barostat using 7, = 0.5 ps [34]. Electro-
statics were treated using the particle-mesh Ewald method
[35]. The interaction cutoff for nonbonded interactions was
chosen as 1.0 nm. The simulation time step was taken as
At =1 fs, and the equations of motion were integrated us-
ing the leap-frog algorithm. For the calculation of H(T),
we have used the last 50 ns data after H(T) reached a
reasonable plateau.

All polymeric systems described above were simulated in
their liquid phase, where the equilibration of the individual
samples was still possible. Moreover, for the case of n-octane,
we have also performed simulations with a crystalline phase
at T = 40 K and a quenched phase, where an n-octane liquid
at 7 = 300 K was shock-quenched to T = 40 K.
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FIG. 2. Normalized mass-weighted velocity autocorrelation
function C(At)/C(0) of hexadecane at temperature 7' = 300 K
(blue) and at T = 560 K (red).

III. THEORY

The central property to be computed in this paper is the
mass-weighted velocity ACF

CAL) =) " my (V1) -Vt + AD)), )

where m,, is the mass of atom n and v, (¢) its velocity at time
t, while the angles (...) denote a thermal equilibrium average.
A typical example for C(At) is presented in Fig. 2. It shows
long-lived fluctuations, unlike the velocity ACF of simple
liquids, in which all interactions are of similar strength.

Depending on whether C(At) is measured using the
coarse-grained descriptions of the polymer, as for the united-
atom potentials, or in an all-atom simulation, different
strategies can be pursued to estimate how the specific heat
needs to be corrected to account for nuclear quantum effects.
These are described in the following.

A. All-atom descriptions

In an equilibrated harmonic system, as much energy is
contained in the potential energy as in the kinetic energy. If
the frequency of a harmonic mode is known, e.g., from the
measurement of its classical velocity ACF, the specific heat of
this mode after quantization is given by

hv/2kgT)?
(0, T) = ky /2K T)
P sinh?(hv /2kgT)

as can be easily derived from the partition function of the
quantum mechanical harmonic oscillator, see Refs. [21,36]
or most textbooks on statistical mechanics. Since the specific
heat of a classical harmonic mode satisfies the Dulong-Petit
law cC'a(T ) = kg, the difference between the specific heat of

3

a classmal and a quantum system simply is Acp =kg—cp"
for each DOF, or to be precise, for each DOF pair formed by
a coordinate and its conjugate momentum.

In a harmonic system, the global ACF defined in Eq. (2)
results from the superposition of individual normal modes
so that its Fourier transform allows us to determine what
percentage of modes has what resonance frequency. Toward
this end, we define the spectrum

C(At)

1 o0
gv) = 5/0 dt cosQQmvAt) —— o 4)
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where we have divided C(Ar) by C(0), whose exact value
is DN kgT, where D = 3 is the spatial dimension and N
the number of atoms. Finally, we chose the prefactor G in
Eq. (4) such that the integral over g(v) is unity. This way,
g(v) can be interpreted as the vibrational DOS normalized
to an individual DOF and in a unit system in which Planck’s
constant defines the unit of angular momentum. The typical
DOS for all molecules in Fig. 1 are shown in Fig. S1 in the
Supplemental Material [37].

The relative difference between the specific heat of a
classical and a quantum system can now be obtained as

c"(w, T)
kg '

Thus, the specific heat of a system of quantum mechanical
harmonic oscillators would read

ep(T) = AT) = ¢ Acra(T), (6)

Acr(T) = /Oodv gw) {1 - &)
0

where cf,la(T) is the specific heat of the classical system and
c,l?P the specific heat of the system assuming the Dulong-Petit

law to be valid, i.e., chP = kgnpor, where npor is the number
of DOFs.

We propose to use Eq. (6) for any system whose DOFs
can be partitioned into slow modes, which are typically soft
and/or anharmonic, and high-frequency modes, which tend
to be quasiharmonic. This procedure leaves (low-frequency)
contributions to the specific heat that deviate from Dulong-
Petit’s law unchanged but distinctly reduces the specific
heat associated with the high-frequency modes involving
hydrogen atoms.

Ideally, g(v) is determined in the vicinity of the temper-
ature at which the specific heat is computed. However, we
demonstrate in Sec. IV that the high-frequency spectra and
thereby the specific heat corrections are relatively insensitive
to the temperature at which g(v) is determined. Thus, it should
be generally sufficient to compute g(v) at a single medium
temperature or, alternatively, to compute g(v) at the lowest and
highest temperature and to interpolate continuously between
the spectra (or the two subsequent specific heat corrections) at
intermediate temperatures.

B. United-atom descriptions

In united-atom descriptions and/or when using bond
length constraints, the number of DOFs is reduced compared
with the real system. While only stiff modes not contributing
significantly to the specific heat are usually eliminated in
chemistry-specific, coarse-grained descriptions of polymers, a
precise calculation of ¢, may necessitate the estimation of the
contribution of the eliminated DOFs to the specific heat. Thus,
the full (quantum) contributions of the N, ignored DOFs to
¢p(T) must be added to the estimate of the Ny, explicitly
treated DOFs. If specific heats are normalized to individual
DOFs, this yields

Nua €8T {1 = AcS(T)/ks} + Nig i3 (T)

T) =
c,(T) New + Nig

)

where the contribution of the ignored DOFs can be estimated
with the help of the DOS associated with the motion of the

ignored DOFs g, (v), i.e., with

cipg(T):/O dv gig(v) 3™ (v, T). ®)

To clarify the calculation of N, and Nie, we mention that their
sum must be the number of total DOFs N, =2 DN of the
real system. In the most general case, it may also be better to
consider the number of DOFs after coarse graining N, rather
than Ny,. Thus, before coarse graining Neg = Ny, and Njg =
0. For each ignored (hydrogen) atom N, decreases by 2D,
while Nj, increases by 2 D. For each constraint, e.g., a bond
length constraint, N, decreases by two, while N, increases
by the same amount.

In the following, we propose three different ways to esti-
mate the DOS of the ignored DOFs.

1. Difference method

In the first method, which we call the difference method,
the all-atom and the united-atom g(v) are both computed and
normalized to the same entity, e.g., to a single polymer or
to an atom as in a count of all atoms, including those that
were eliminated in the united-atom simulation. The missing
contribution then reads gig(v) = gaa(v) — gua(v). Note that
gig(v) may have negative contributions, which, however, do
not cause any trouble in practice.

2. Explicit method

In the second method, which we call the explicit method,
an all-atom system is first equilibrated at a representative
temperature. All heavy atoms are then fixed in space and only
hydrogen atoms are propagated in time and thermostatted,
however, only so moderately that peaks in g(v) do not broaden
substantially. In this follow-up simulation, the hydrogen ve-
locity ACF is measured, and a first estimate for gi,(v) is
obtained through a Fourier transform of that ACF. Since the
mass of carbon atoms is finite, we suggest reinterpreting a
frequency v as av with o = 4/13/12 so that reduced-mass
effects are accounted for approximately. At the same time, it
needs to be ensured that the integral over g;;(v) yields the rela-
tive number of hydrogen atoms so that the full transformation
can be cast as g(v) — g(av)/a.

3. Crude method

While only one or at most two all-atom simulation need
to be run for the difference method and the explicit method
to be executed, it might still be beneficial if setting up an
all-atom system can be avoided all together. We thus need a
third way to compute specific heat corrections, which could
be called the I-don’t-want-to-run-an-all-atom-simulation-but-
still-need-a-rough-guess-for-the-specific-heat-correction
method (quantum chemists would probably intro-
duce the catchy and easy-to-remember abbreviation
IDW2RA3SBSNARGATSHC). To this end, we suggest
to approximate gi;(v) with a set of § functions:

8ig(V) =5y o, D Wi (v — vy ), )

i=1
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FIG. 3. (a) and (d) Vibrational spectra g(v), (b) and (e) specific heat corrections Ac,, as well as (c) and (f) specific heats for
(a)—(c) hexadecane in the top row and (d)—(f) for poly(methyl methacrylate) (PMMA) in the bottom row. In each case, g(v) was obtained
at a low (blue) and a high (red) temperature and Ac,, deduced from it. The corresponding blue and red curves essentially overlap in (b) and (e).
Their differences (diff.) are shown in their insets. Experimental data on ¢, for n-hexadecane [38] and PMMA [39] are shown in black lines.
They are compared with three numerical datasets: classical all-atom simulations (blue circles), results obtained using the harmonic reference
method [21] (green triangles down), and from the methodology proposed in this paper (red triangles up).

where ngi,cu, with x =2 or 3 is the relative number of
hydrogen atoms being part of a CH, or CHj unit, respec-
tively, while the w, ; are weights, and the v, ; are frequencies.
We describe in the Supplemental Material [37] how the
pairs (wy;, Vy;) were obtained and merely note their results
here. For CH,, we used (1/6, 20), (1/2, 37.5), and (1/3, 90).
For CHj3, we used (1/9, 8.5), (1/9, 23), (1/9, 30), (2/9, 39),
(1/9, 50), (1/9,75), and (2/9, 93). Frequencies are stated in
terahertz.

4. Comparison of united-atom correction methods

The difference method is directly applicable to coarse-
graining approaches going beyond the elimination of hydro-
gen atoms. The same holds for the explicit method, however,
with the constriction that the corrective factor @ must be mod-
ified when deuterium atoms are involved and/or hydrogen
atoms terminate other atoms than carbon atoms. The crude
method is only meant to be used directly when hydrogen
atoms bonded to carbons are eliminated. When all hydrogen
terminations are replaced with deuterium atoms, it might suf-
fice to divide all used frequencies with \/5 However, simple
rescaling of frequencies would not be advised for partial deu-
terium termination.

Finally, we note that a highly accurate knowledge of the
respective spectra is not needed, unless ¢, must be known with
a great accuracy. If a vibrational frequency has an error of,
say, 10%, which most contemporary force fields should be in a
position to reproduce, then the temperature range in which the
absolute error of the quantum correction exceeds 0.1 kg of that
mode is roughly 0.3 < kg7 /(hv) < 1.2. Since the DOS spans
a broad range of frequencies, the relative number of modes
lying in such a range is typically at best ~30%.

IV. RESULTS
A. All-atom simulations

The first step of estimating the specific heat corrections
in an explicit-atom simulation consists of measuring the
full mass-weighted velocity ACF C(At), which is worth
discussing in its own right. Figure 2 shows C(At) for
n-hexadecane at the lowest and highest temperatures investi-
gated, i.e., at T = 300 and 560 K, each time normalized such
that C(0) = 1. Both correlation functions have maxima and
minima at similar locations. Peak heights and intensities are
almost identical at very small times but start to differ at large
times. As a consequence, the Fourier transform of C(At), also
known as spectrum or DOS, which is shown in Fig. 3(a), is
essentially identical at high frequencies for 300 and 560 K.
Significant differences appear only at frequencies below what
could be called the thermal frequency, which we define as
vy = kgT' /h. The numerical value of the “room-temperature
thermal frequency” is vy = kg 300K /h =~ 6.25 THz.

Since the ¢, correction for a single mode with thermal fre-
quency is merely ~8%, the total specific heat corrections are
rather insensitive to the temperature, at which the DOS was
deduced if that temperature lies in a reasonable interval. This
claim is confirmed in panel (b) of Fig. 3, particularly in its
inset, where differences between the ¢, corrections obtained
at 300 and 560 K are shown to differ by no more than 0.5%.

Figure 3(c) confirms the previously made observation [14]
that classical all-atom-based simulations of chain molecules
with hydrogen termination overestimate the specific heat at
room temperature by a factor <3. The discrepancy reduces
with increasing temperature but is still close to a factor
of two at T = 550 K. However, after applying the specific
heat corrections to the classical ¢,(T") data, agreement with
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experimental results is obtained within 0.1 kg per atom, which
translates to a relative accuracy of ~6%. At the same time,
our analysis reveals that the specific heat of the harmonic
reference is clearly below both experimental datasets. Thus,
while the original correction method pursued by Horbach
et al. [21] clearly reduces the error from ~200 to 20%, our
modification reduces the error by another factor of three.
We note in passing that our treatment would not have im-
proved the accuracy of the ¢, prediction for their system in a
similar fashion, as they kept their supercooled silica at a rela-
tively small temperature, where thermal anharmonicity effects
are small.

The just-reported methodology was repeated for all investi-
gated systems. However, only one more example is presented
explicitly, namely, PMMA in Figs. 3(d)-3(f). At high fre-
quencies, an additional (double) peak shows up in g(v) ~80
THz, which we attribute to the H vibrations of the methyl
group attached to the side group, while the extra peak at
50 THz is due to the stretching vibrations of the CO dou-
ble bond. Differences between spectra measured at different
temperatures are again only substantial at frequencies at or
below the lower of the two investigated temperatures, this
time 7 = 440 and 600 K. Thus, specific heat corrections are
again essentially identical irrespective of the temperature at
which the DOS was acquired. In fact, identical results, within
statistical uncertainties, are obtained when computing the ¢,
corrections from a DOS measured in the NV E rather than in
the N pT ensemble. Finally, Fig. 3(f) confirms that the original
harmonic reference reduces the ¢, deviation between classical
simulations of hydrocarbons and experiment by a factor ~10
and that using the proposed difference methodology reduces
the error much further. Given the currently available data,
agreement appears to be within 2%.

At this point, it is difficult to speculate what the main
reason for the small absolute discrepancies between experi-
mentally and in silico measured specific heats of the order of
0.1 kg may be, i.e., if they are mainly due to errors in the clas-
sical reference, if they originate from the quantum corrections,
or unlikely but not impossible, if they stem from experimental
errors. [rrespective of the answer to this question, it appears to
us that simulations should be in a position to predict specific
heat differences between different polymers to within clearly
<0.1 kg, at least if consistent potentials are used, i.e., it should
be ensured that dispersive interactions, bond stiffnesses, bond
angles, etc., are parameterized consistently when trying to
ascertain specific heat differences between two liquids. This
way, absolute errors would be highly correlated so that dif-
ferences between the specific heat of different liquids can be
resolved with great accuracy.

We note in passing that our results appear to match those
presented in Ref. [40] if the ideal gas contribution (3kg/2)
is subtracted from our classical all-atom simulations, i.e., the
specific heat decreases slightly with increasing temperature.

An interesting observation that can be made when compar-
ing the simulation data for hexadecane (HEX) with PMMA
is that the specific heat corrections at 450 K are quite similar,
i.e., 1.68 kg (HEX) vs 1.56 kg (PMMA). In fact, Fig. 4 reveals
that the specific heat correction of most of the investigated
molecules obey an almost universal function Ac,(T) in the
investigated temperature range within <0.1 kg. However, even
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FIG. 4. Specific heat corrections for explicit-atom simulations of
all chain molecules investigated in this paper. Only lines are shown at
temperatures where commodity polymers could not be equilibrated
using feasible computing times.

the two exceptions, namely, PMMA and PAA, do not stray too
far away from the general trend. This is somewhat surprising,
given the significant differences in the monomer architectures
shown in Fig. 1. The relatively small Ac,, of PAA can be ratio-
nalized as follows: The side group provides an extra classical
DOF, i.e., the libration of the side group, while having only
one hydrogen atom per three heavy atoms. The g(v), from
which the ¢, corrections presented in Fig. 4 were deduced,
are shown in Fig. S1 in the Supplemental Material [37].

Unfortunately, we did not manage to improve the superpo-
sition of the various Ac,(T') curves by scaling the corrections
with the relative (inverse) ratio of estimated “quantum” DOFs
per total DOFs. Thus, at this point in time, we can only
recommend using the quasi-universal correction for those
(carbon-based molecules with predominant hydrogen termi-
nation) polymers that are not included in our list for a “quick
and dirty” assessment of the specific heat from classical
explicit-atom simulations.

The ¢, corrections do not appear to change substantially
upon crystallization. For octane, we found Ac, estimated
from a 40 K crystal to exceed that deduced from a 300 K
liquid, both at atmospheric pressure, by ~0.05 kg per DOF
in between these two limits, see Figs. S2(b) and S2(d) in the
Supplemental Material [37]. The increase is predominantly
due to the fact that the ordering and the subsequent densifica-
tion of octane increases vibrational frequencies because atoms
are pushed more deeply into the stiff, repulsive part of their
interaction. A similar comment holds for pressurized liquids
when setting the pressure in an n-octane at 2 and 4 GPa. The
corresponding data are shown in Figs. S2(a) and S2(c) in the
Supplemental Material [37].

Of course, it is only worth knowing Ac, if variations in
Ac, from one polymer to the next generally exceed those in
cp itself. Indeed, Fig. 5 reveals that this appears to be the case.
It shows our results for the final specific heat of polymers for
which we could not find experimental results in the tempera-
ture range where the polymers can be equilibrated, but only at
lower temperature for the experimentally and technologically
relevant polymers PAP, PAM, PAA, and PNIPAM [28]. Com-
puted c,, values together with Ac, estimates are listed in Table
S1 in the Supplemental Material [37].
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FIG. 5. Specific heat predictions from all-atom simulations of
various chain molecules after applying quantum corrections grouped
into (a) hydrocarbon oligomers and (b) commodity polymers.

B. United-atom simulations

The explicit-atom model simulations were repeated for a
united-atom model of hexadecane [27]. The crucial task of
estimating g(v) is now divided into two parts: the computation
of the spectra associated with the explicitly treated units and
that of the missing DOFs. The course of action differs de-
pending on which of the three methods proposed in Sec. III B
to estimate ¢, from united-atom-based simulations is chosen.
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However, in either case, the first step is to deduce g(v) for
the united atoms. Figure 6(a) reveals that the low-frequency
part of the UA and AA spectra (v < 16 THz, related to C-C-C
bond angle vibrations) are quite similar. The first peak missing
in the UA spectrum lies slightly above v = 20 THz, which
can be associated with torsional vibrations of terminal CHj
groups. The highest frequencies in the UA spectrum, i.e.,
those slightly >30 THz, can be associated with united-atom
bond vibrations.

The difference between all-atom and united-atom spectra
(reweighted to the true number of DOFs) gy(v) is shown in
Fig. 6(b) (violet solid line) and compared with the spectrum
that is obtained when all carbon atoms are frozen in and only
the hydrogen atoms are explicitly propagated (green dashed
line). Qualitative agreement is obtained, which, however, is
further improved when rescaling the explicit spectrum ac-
cording to g(wv)/a with o = /13/12 (green solid line). The
integral over G(v) = fovd V' gu(v’) can be approximated as a
linear combination of step function, whose derivative is given
in Eq. (9), which is demonstrated in Fig. 6(c). It turns out that
the different methods to account for the ignored DOS does not
strongly affect the predicted Ac,. They differ by at most 0.05
kg in the investigated temperature interval, as demonstrated
in Fig. 6(d).

Finally, we find that ¢, as predicted with a UA
potential from classical simulations near room temperature
might falsely be believed to be accurate since values turn out
close to experimentally measured values, see Fig. 7. However,
¢, (of n-hexadecane) decreases upon heating in UA classi-
cal simulations, while it increases experimentally. To make
accurate predictions for the right reason, the specific heat
must be corrected, e.g., in one of the three ways proposed

- (b)
r --- Hvibration (orig.)
— H vibration (resc.)
— difference AA-UA H

300 350 400 450 500 550
T K]

FIG. 6. (a) A comparison of spectra of n-hexadecane from all-atom and united-atom models at 430 K. (b) The difference spectrum (diff)
gdiff = 8aa — gua 18 compared with the explicit-H spectrum gy obtained as described in Sec. III B. The latter is shown in its original (orig.)
and rescaled (resc.) version in green dotted and solid lines, respectively. (c) Integral over the spectra shown in (b). Here, the data for the crude
estimation are obtained by the weighted linear combination of the data shown in Fig. S3. (d) Ignored c, of n-hexadecane in united-atom models

retrieved via the three approaches described in Sec. III.B.
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FIG. 7. Specific heat c,, of n-hexadecane as a function of temper-
ature: experimental data (black lines), uncorrected ¢, of a classical,
united-atoms-based simulation before (blue circles) and after (green
triangles down) applying quantum corrections, as well as full esti-
mates for ¢, (red triangles up) obtained using Eq. (7), which includes
corrections for ignored H atoms. The experimental data on ¢, is taken
from Ref. [38].

in Sec. III B. This leads to an agreement within 0.1 kg per
atom throughout the investigated temperature range with the
available experimental data [38], as revealed by Fig. 7.

It is interesting to note that the united-atom potential leads
again to a slight overestimation of ¢,(T") in comparison with
the available experimental data [38]. This could be coinci-
dence; however, there may also be a reason why different
potentials lead to similar errors. Both potentials were opti-
mized to closely match density and viscosity as a function
of temperature and pressure. Neither one, however, includes
explicitly many-body dispersion terms, which, however, are
not entirely negligible for molecular systems [41].

V. CONCLUSIONS AND OUTLOOK

We presented a method allowing the specific heat of
molecular systems to be corrected for vibrational quantum
effects and demonstrated that the specific heat of various
chain molecules can be computed with it so that the specific
heat can be predicted as reliably from molecular simulations
as any other quantity. In principle, the presented method
also applies to systems other than chain molecules. In fact,
it will most likely improve the specific heat prediction of
any classically treated system with vibrational frequencies
above what we call thermal frequencies. However, the method
does not capture quantum-mechanical anharmonicity effects,
as they occur in a nonnegligible way, for example, in the
case of water at room temperature [42]. Likewise, whenever
the temperature of a system is below its Debye temperature,
anharmonicity will affect the specific heat to some degree.
For a truly accurate computation of the specific heat of such
systems, we see no way around the use of path-integral
simulations [15,16,43]. However, for molecules with closed
valence shell other than a few small selected molecules, such
as water, methane, and ammonia, any intermolecular (includ-
ing rotational) motion can be classified as classical at room
temperature.

Of course, even for polymers—Iike the ones investigated in
this paper—anharmonic quantum effects do exist. To compute

them using an all-atom framework, it may not be necessary
to use Trotter numbers as large as P 2 hvpa/(kgT), where
maximum frequencies are typically associated with vibra-
tions of terminating hydrogen atoms. The idea to compute a
mass-weighted velocity ACF to correct for an insufficient han-
dling of intramolecular, vibrational quantum effects, which
we presented in this paper, can be generalized to path-integral
simulations. This is possible because it can be readily worked
out how the predicted specific heat of a harmonic reference
depends on the Trotter number P and the ratio hv/(kgT)
so that the excess specific heat obtained at finite P can be
estimated. Such an approach should be particularly beneficial
when intermolecular interactions are clearly weaker than in-
tramolecular forces but not necessarily for regular metals and
ceramics.

An indirect result of our paper is that replacing hydrogen
atoms with deuterium would not only enhance their chemi-
cal stability due to a reduction of zero-point energy, which
was argued to benefit the tribological properties of hydrogen
terminated coatings [44], but it would also increase the spe-
cific heat and thereby presumably the heat conduction. We
estimate the increase in ¢, due to full deuteration in paraffins
and polyalphaolefins to be 0.25 kg/atom at 7 = 300 K and
0.3 kg/atom at T =400 K, which would correspond to an
increase of roughly 25% in the specific heat and potentially to
a similar increase in heat conduction. However, this insight is
at best relevant for small-scale, niche applications, given that
the currently achieved production of deuterated mineral oils is
in the decagram range [45].

A more immediate implication of this paper is that a
successful computation of thermal transport properties will
necessitate a correct assessment of the specific heat [28].
When simulations using accurate potentials are conducted
carefully but a classically computed heat conductivity « is
not reweighted with a similar factor to account for quantum
effects as the specific heat, we would expect k to be overesti-
mated [29,46]. This might explain why one of us [29] found
k >~ 0.304 and 0.264 W/Km for in silico PMMA and PAP,
respectively, while the corresponding experimental values are
0.200 and 0.160 W/Km [28].

As a final comment, we wish to alert the reader to the
risk of overlooking fortuitous error cancellation in the com-
putation of c¢,. As seen in this paper, values for ¢, obtained
with united-atom models near room temperature can easily
coincide with experimental values. However, a classical UA
model will generally predict dc,/dT to be negative in the
liquid phase, while experiments find an increase of ¢, with
increasing temperature. Similar trends can be observed in
all-atom simulations when ignoring the contribution from the
kinetic energy. When doing so, we also obtain a negative
dc,/dT from simulations.

ACKNOWLEDGMENTS

M.M. thanks Markus Gallei for useful discussions. D.M.
thanks the Canada First Research Excellence Fund (CFREF)
for financial support and the ARC Sockeye computational
facility where the commodity polymer simulations were
performed.

065605-8



COMPARING SIMULATED SPECIFIC HEAT OF LIQUID ...

PHYSICAL REVIEW MATERIALS §, 065605 (2021)

[1] V. A. Harmandaris, J. Floudas, and K. Kremer, Temperature and
pressure dependence of polystyrene dynamics through molecu-
lar dynamics simulations and experiments, Macromolecules 44,
393 (2011).

[2] K. H. DuBay, M. L. Hall, T. F. Hughes, C. Wu, D. R. Reichman,
and R. A. Friesner, Accurate force field development for mod-
eling conjugated polymers, J. Chem. Theory Comput. 8, 4556
(2012).

[3] W. Tschop, K. Kremer, J. Batoulis, T. Burger, and O. Hahn,
Simulation of polymer melts. I. Coarse-graining procedure for
polycarbonates, Acta Polymer 49, 61 (1998).

[4] S. Bair, C. McCabe, and P. T. Cummings, Comparison of
Nonequilibrium Molecular Dynamics with Experimental Mea-
surements in the Nonlinear Shear-Thinning Regime, Phys. Rev.
Lett. 88, 058302 (2002).

[5] W. Habchi, P. Vergne, S. Bair, O. Andersson, D. Eyheramendy,
and G. E. Morales-Espejel, Inuence of pressure and temper-
ature dependence of thermal properties of a lubricant on the
behaviour of circular TEHD contacts, Tribol. Int. 43, 1842
(2010).

[6] V. Jadhao and M. O. Robbins, Rheological properties of liquids
under conditions of elastohydrodynamic lubrication, Tribol.
Lett. 67, 66 (2019).

[7] N. Karasawa, S. Dasgupta, and W. A. Goddard, Mechanical
properties and force-field parameters for polyethylene crystal,
J. Phys. Chem. 95, 2260 (1991).

[8] D. J. Lacks and G. C. Rutledge, Simulation of the temperature
dependence of mechanical properties of polyethylene, J. Phys.
Chem. 98, 1222 (1994).

[9] S. E. Root, S. Savagatrup, C. J. Pais, G. Arya, and D. J. Lipomi,
Predicting the mechanical properties of organic semiconduc-
tors using coarse-grained molecular dynamics simulations,
Macromolecules 49, 2886 (2016).

[10] M. Koger, Simple models for complex nonequilibrium fluids,
Phys. Rep. 390, 453 (2004).

[11] M. Miiller, Process-directed self-assembly of copolymers: Re-
sults of and challenges for simulation studies, Prog. Polym. Sci.
101, 101198 (2020).

[12] D. Mukherji, C. M. Marques, and K. Kremer, Smart respon-
sive polymers: fundamentals and design principles, Annu. Rev.
Condens. Matter Phys. 11, 271 (2020).

[13] S. Kajita, T. Kinjo, and T. Nishi, Autonomous molecular
design by Monte-Carlo tree search and rapid evaluations us-
ing molecular dynamics simulations, Commun. Phys. 3, 77
(2020).

[14] R. Bhowmik, S. Sihn, V. Varshney, A. K. Roy, and J. P. Vernon,
Calculation of specific heat of polymers using molecular dy-
namics simulations, Polymer 167, 176 (2019).

[15] R. Martoiidak, W. Paul, and K. Binder, Orthorhombic phase
of crystalline polyethylene: A constant pressure path-integral
Monte Carlo study, Phys. Rev. E 57, 2425 (1998).

[16] M. H. Miiser, P. Nielaba, and K. Binder, Path-integral Monte
Carlo study of crystalline Lennard-Jones systems, Phys. Rev. B
51, 2723 (1995).

[17] C.P. Herrero and R. Ramirez, Path-integral simulation of solids,
J. Phys.: Condens. Matter 26, 233201 (2014).

[18] E. Wigner, On the quantum correction for thermodynamic equi-
librium, Phys. Rev. 40, 749 (1932).

[19] J. G. Kirkwood, Quantum statistics of almost classical assem-
blies, Phys. Rev. 44, 31 (1933).

[20] M. Matsui, Molecular dynamics study of the structural and ther-
modynamic properties of MgO crystal with quantum correction,
J. Chem. Phys. 91, 489 (1989).

[21] J. Horbach, W. Kob, and K. Binder, Specific heat of amorphous
silica within the harmonic approximation, J. Phys. Chem. B
103, 4104 (1999).

[22] S. Plimpton, Fast parallel algorithms for short-range molecular
dynamics, J. Comput. Phys. 117, 1 (1995).

[23] M. L. P. Price, D. Ostrovsky, and W. L. Jorgensen, Gas-phase
and liquid-state properties of esters, nitriles, and nitro com-
pounds with the OPLS-AA force-field, J. Comput. Chem. 22,
1340 (2001).

[24] S. W. L. Siu, K. Pluhackova, and R. A. Bockmann, Optimization
of the OPLS-AA force-field for long hydrocarbons, J. Chem.
Theory Comput. 8, 1459 (2012).

[25] W. L. Jorgensen, D. S. Maxwell, and J. Tirado-Rives, De-
velopment and testing of the OPLS all-atom force-field on
conformational energetics and properties of organic liquids,
J. Am. Chem. Soc. 118, 11225 (1996).

[26] R. W. Hockney and J. W. Eastwood, Particle-particle-Particle-
mesh (P3M) algorithms, in Computer Simulation Using Parti-
cles, 1st ed. (CRC Press, 1988), pp. 264-304.

[27] M. G. Martin and 1. J. Siepmann, Transferable potentials
for phase equilibria. 1. United-atom description of n-alkanes,
J. Phys. Chem. B 102, 2569 (1998).

[28] X. Xie, D. Li, T.-H. Tsai, J. Liu, P. V. Braun, and D. G. Cahill,
Thermal conductivity, heat capacity, and elastic constants of
water-soluble polymers and polymer blends, Macromolecules
49, 972 (2016).

[29] C. Ruscher, J. Rottler, C. E. Boott, M. J. MacLachlan, and
D. Mukherji, Elasticity and thermal transport of commodity
plastics, Phys. Rev. Mater. 3, 125604 (2019).

[30] D. Mukherji, C. M. Marques, T. Stiihn, and K. Kremer,
Depleted depletion drives polymer swelling in poor solvent
mixtures, Nat. Commun. 8, 1374 (2017).

[31] T. E. de Oliveira, D. Mukherji, K. Kremer, and P. A.
Netz, Effects of stereochemistry and copolymerization on
the LCST of PNIPAM, J. Chem. Phys. 146, 034904
(2017).

[32] S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R.
Apostolov, M. R. Shirts, J. C. Smith, P. M. Kasson, D. van der
Spoel, B. Hess, and E. Lindahl, Gromacs 4.5: a high-throughput
and highly parallel open source molecular simulation toolkit,
Bioinformatics 29, 845 (2013).

[33] G. Bussi, D. Donadio, and M. Parrinello, Canonical sam-
pling through velocity rescaling, J. Chem. Phys. 126, 014101
(2007).

[34] H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren,
A. DiNola, and J. R. Haak, Molecular dynamics with
coupling to an external bath, J. Chem. Phys. 81, 3684
(1984).

[35] U. Essmann, L. Perera, M. L. Berkowitz, T. Darden, H. Lee,
and L. G. Pedersen, A smooth particle mesh Ewald method,
J. Chem. Phys. 103, 8577 (1995).

[36] M. Baggioli and A. Zaccone, Explaining the specific heat of lig-
uids based on instantaneous normal modes, arXiv:2101.07585.

[37] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.5.065605 for the density of states
(DOS) of all polymers investigated in this paper, n-octane under
high pressures and the crystalline n-octane. Data is also shown

065605-9


https://doi.org/10.1021/ma102179b
https://doi.org/10.1021/ct300175w
https://doi.org/10.1002/(SICI)1521-4044(199802)49:2/3<61::AID-APOL61>3.0.CO;2-V
https://doi.org/10.1103/PhysRevLett.88.058302
https://doi.org/10.1016/j.triboint.2009.10.002
https://doi.org/10.1007/s11249-019-1178-3
https://doi.org/10.1021/j100159a031
https://doi.org/10.1021/j100055a030
https://doi.org/10.1021/acs.macromol.6b00204
https://doi.org/10.1016/j.physrep.2003.10.014
https://doi.org/10.1016/j.progpolymsci.2019.101198
https://doi.org/10.1146/annurev-conmatphys-031119-050618
https://doi.org/10.1038/s42005-020-0338-y
https://doi.org/10.1016/j.polymer.2019.02.013
https://doi.org/10.1103/PhysRevE.57.2425
https://doi.org/10.1103/PhysRevB.51.2723
https://doi.org/10.1088/0953-8984/26/23/233201
https://doi.org/10.1103/PhysRev.40.749
https://doi.org/10.1103/PhysRev.44.31
https://doi.org/10.1063/1.457484
https://doi.org/10.1021/jp983898b
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1002/jcc.1092
https://doi.org/10.1021/ct200908r
https://doi.org/10.1021/ja9621760
https://doi.org/10.1021/jp972543+
https://doi.org/10.1021/acs.macromol.5b02477
https://doi.org/10.1103/PhysRevMaterials.3.125604
https://doi.org/10.1038/s41467-017-01520-5
https://doi.org/10.1063/1.4974165
https://doi.org/10.1093/bioinformatics/btt055
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.470117
http://arxiv.org/abs/arXiv:2101.07585
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.5.065605

GAO, MENZEL, MUSER, AND MUKHERJI

PHYSICAL REVIEW MATERIALS §, 065605 (2021)

for the integrated DOS of the ignored hydrogen atoms in the
united atom model. A table listing the classical specific heats,
the specific heat corrections, and the quantum specific heats of
all polymers with their available experimental data.

[38] T. Regueira, F. Varzandeh, E. H. Stenby, and W. Yan, Heat
capacity and Joule-Thomson-coefficient of selected n-alkanes
at 0.1 and 10 MPa in broad temperature ranges, J. Chem.
Thermodyn. 111, 250 (2017).

[39] U. Gaur, S. Lau, B. B. Wunderlich, and B. Wunderlich, Heat
capacity and other thermodynamic properties of linear macro-
molecules VI. Acrylic polymers, J. Phys. Chem. Ref. Data 11,
1065 (2013).

[40] A. Soldera, N. Metatla, A. Beaudoin, S. Said, and Y. Grohens,
Heat capacities of both PMMA stereomers: Comparison be-
tween atomistic simulation and experimental data, Polymer 51,
2106 (2010).

[41] M. J. Elrod and R. J. Saykally, Many-body effects in inter-
molecular forces, Chem. Rev. 94, 1975 (1994).

[42] M. E. Tuckerman, On the quantum nature of the shared proton
in hydrogen bonds, Science 275, 817 (1997).

[43] M. E. Tuckerman, B. J. Berne, G. J. Martyna, and M. L.
Klein, Efficient molecular dynamics and hybrid Monte-Carlo
algorithms for path integrals, J. Chem. Phys. 99, 2796
(1993).

[44] Y. Mo, M. H. Miser, and I. Szlufarska, Origin of the
isotope effect on solid friction, Phys. Rev. B 80, 155438
(2009).

[45] M. A. Klenner, M. Cannes, K. Wood, K. Mita, M. Kishimoto,
and T. Darwish, Decagram scale production of deuterated min-
eral oil and polydecene as solvents for polymer studies in
neutron scattering, Polym. Chem. 11, 4986 (2020).

[46] M. Lim, Z. Rak, J. L. Braun, C. M. Rost, G. N. Kotsonis,
P. E. Hopkins, J.-P. Maria, and D. W. Brenner, Influence of
mass and charge disorder on the phonon thermal conductivity
of entropy stabilized oxides determined by molecular dynamics
simulations, J. Appl. Phys. 125, 055105 (2019).

065605-10


https://doi.org/10.1016/j.jct.2017.03.034
https://doi.org/10.1063/1.555671
https://doi.org/10.1016/j.polymer.2010.03.003
https://doi.org/10.1021/cr00031a010
https://doi.org/10.1126/science.275.5301.817
https://doi.org/10.1063/1.465188
https://doi.org/10.1103/PhysRevB.80.155438
https://doi.org/10.1039/D0PY00690D
https://doi.org/10.1063/1.5080419

