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ABSTRACT

ARTICLE HISTORY

Currently, clear guidance is not available for determining the minimum practical chain lengths needed for
achieving reasonable convergence when performing atomistic simulations of common synthetic
polymers. Here, we analyze a collection of polymers, including polypropylene (PP), polyethylene
naphthalate (PEN), polyethylene terephthalate (PET), polyethylene glycol (PEG), poly(methyl
methacrylate) (PMMA), polystyrene (PS), and polyvinyl chloride (PVC), with chain lengths varying from
5 to 240 repeat units. We exclusively focus on solvated polymer systems, and we report the
convergence of several characteristic properties, such as radial distribution functions (RDFs), surface
area per repeat unit (SASA/N), ratio of mean squared end-to-end distance to mean squared radius of
gyration (@}, and surface electrostatic potential distributions. Based on these data, we propose a
R
g
general relationship for identifying minimum practical chain lengths for performing atomistic
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simulations of solvated linear synthetic polymers, which is based on the SASA/N.

1. Introduction

It can be particularly difficult to extract consistent and repro-
ducible polymer properties from a simulation, due to the com-
plex interactions, structures, and correlated motions of these
materials. Furthermore, the multiscale nature of polymers
often requires advanced simulation techniques to establish
consistent thermophysical properties of these materials [1-
3]. While various theoretical approaches [1,4-7] and coarse-
grained simulations [8-10] can provide significant improve-
ments in computational efficiency, classical atomistic simu-
lations still serve as the definitive benchmark for capturing
molecular-scale phenomena in polymers [11]. With significant
advancements in computational power, it is now possible to
capture the atomistic behaviour of large synthetic polymers
using molecular simulations, providing detailed insights into
polymer structures, interactions, and dynamics [11-14]. How-
ever, a major challenge in conducting these simulations is
maintaining a consistent modelling framework and accurately
representing the long-chain polymer behaviour with a finite
size atomistic model [11]. While chain-length dependencies
can never be completely avoided, [1,15-17] achieving a bal-
ance between model size (i.e. chain length) and computational
cost is an inherent consideration of all atomistic modelling
studies involving polymers.

Selecting an appropriate chain length in a polymer-solvent
model is still largely an area of speculation [18-21], with very
little methodical investigation into this practical aspect. This
issue has become even more urgent, given the increasing
need to develop upcycdling strategies for end-of-life plastics.
In order to evaluate different polymer processing technologies
(e.g. direct chemical modifications, new eco-friendly solvents,

or the development of new composite materials) [22-24], it is
essential to have reliable guidance for performing atomistic
simulations of solvated polymer systems.

Historically, both structural (e.g. mean square end-to-end
distance (R?)) and dynamic properties (e.g. entanglement
relaxation time, diffusion) of polymers pose complex theoreti-
cal challenges due to their dependence on chain length and
molecular weight distribution, and are often simplified using
generic polymer models in studies of power-law relationships
[25-28]. A common example is the Kuhn model, which illus-
trates a polymer as a series of straight, rigid segments con-
nected by flexible joints, and described by the equation
(R*)= NP2, where N is the number of repeat units and [ is
the length of a Kuhn segment [29]. Effects of chain length
on these properties have also been extensively explored in
all-atom Molecular Dynamics (MD) simulations for over two
decades [30-33]. Interestingly, some of these studies suggest
a threshold chain length where certain structural parameters
become relatively constant, indicating a transition from
small molecule to polymer-like behaviour. For instance, the
Flory characteristic ratio for polystyrene (PS) in cyclohexane
stabilises around n ~ 10® (where n is the number of main
chain bonds), [28] similar to the consistent specific volume
v=1.25 cm’/g observed at mean chain length X > 400 in linear
polyethylene (PE) melt models [30], and the diminishing first
peak of the intermolecular pair distribution function in longer
chain systems (Cypp — Csgo) [18,30]. The solubility parameter
of a single atactic PS chain in toluene was also found to con-
verge at N ~ 50 in an all-atom MD simulation study by Rasouli
et al. [34]. Additionally, ring PE melts exhibit density stability
at N ~ 10 repeat units in the asymptotic regime [33]. Ding
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et al’s experimental study [35] also highlights a transition in
poly(dimethyl siloxane) (PDMS) and PS from small molecular
behaviour to Rouse dynamics (when the chains begin to dis-
play Gaussian behaviour), with glass transition temperature
(T,) and density levelling off at a molecular weight of M ~
100,000 g/mol.

As we are exclusively focused on solvated polymer systems,
we propose defining the optimal chain length for atomistic
simulations as the minimal chain length at which polymer-sol-
vent interactions do not significantly depend on the polymer
chain length. In our investigation, we are less focused on the
theoretical polymer physics. Rather, we are interested in estab-
lishing practical guidance and convergence metrics for reliably
capturing polymer-solvent interactions in all-atom MD simu-
lations (i.e. a balance between computational efficiency and
accuracy), with the intent of achieving more consistency in
future simulation studies.

In an initial exploration of this phenomenon [12], we
examined the effects of polyvinyl chloride (PVC) chain
length on its structure and dynamics in all-atom MD simu-
lations. Our findings concluded that PVCyy (i.e. 120 PVC
repeat units) can sufficiently represent the long-chain atomis-
tic behaviour of PVC; the PVC;3, model has been sub-
sequently used to characterise its interactions with additives
in traditional and bioderived solvents [36]. Our current
work builds upon those findings by methodically exploring
the chain-length dependence of a much broader set of
other common synthetic polymers (PP, PEN, PET, PEG,
PMMA, PS - see Figure 1) in order to establish a consistent
framework for modelling dilute, solvated polymers in all-
atom MD simulations.

2. Method

The MD simulations were performed using Gromacs 2021.1
[37]. We investigated seven distinct polymers, including PVC
(as shown in Figure 1), with chain lengths ranging from 5 to
240 repeat units (refer to Table 1 for system compositions),
using their most common respective experimental solvents
[38-44]. Our objective is not to compare the different solvent
performance (since the solvents differ). Rather, our primary
goal is to independently maximise the polymer relaxation
to accurately understand their properties when relaxed; snap-
shots of the PEG-H2O system are illustrated in Figure 2 and
other snapshots can found in Figure S1. Unless stated, all
PVC data is taken from our prior study, and we employ
the same protocols to execute and process the simulations
in the current work (so that direct comparisons can be
made) [12].

The system configurations were initially minimised using
the steepest descent method, followed by an annealing pro-
cess. This involved heating each system to 800 K in the NVT
ensemble, then cooling to 323 K over 25 ns. Subsequently,
pressure was increased to 100 bar in the NPT ensemble
and reduced to 1 bar in another 25 ns. This was followed
by a 50 ns equilibration stage in the NPT ensemble, utilising
the velocity rescaling thermostat [45] and Parrinello-Rahman
barostat [46] to maintain constant pressure and temperature,
a method validated in our previous studies [12,15,36] for

decorrelating the end-to-end vectors of the polymer chain.
A 50 ns production run was conducted to compute kinetic
and thermodynamic properties, with data collected every
30 ps and statistical uncertainties determined through 5 ns
block-averaging. All simulated data correspond to a temp-
erature of 323 K and a pressure of 1 bar. It is also important
to note that sufficiently large boxes and multiple replicas
were employed for each system to avoid artificial corre-
lations and to sufficiently explore phase space, so that the
essential physics of the polymer-solvent model are reliably
captured [47-49]. As such, the averaged properties and
error bars were further calculated using a 95% confidence
integral from three independent runs for each system.

The OPLS-AA force field [50] was used to describe the
bonded and non-bonded interactions of the polymer and sol-
vent molecules, and the atomic charges were obtained using
the 1.14*CM1A-LBCC method [51]. The dispersion inter-
actions were truncated with a 1.0 nm cut-off, and long-
range electrostatic interactions were calculated using the Par-
ticle Mesh Ewald method [52]. The LINCS algorithm [53]
constrained hydrogen bond lengths, with periodic boundary
conditions applied in all dimensions.

The mean squared end-to-end distance ((R%)) and radius of
gyration ((R7))were obtained using the coordinates of the
polymer chain as defined below:

n

(R) = D ()7 (1)

i=1

(%)= a2l -

n,m

m )?) 2

Where r, represents the coordinates of the n repeat units (n =
1...N) along the polymer chain, r,, is the center-of-mass of
the polymer, and r; is the distance between the carbon sites
of the head and tail of the polymer. The shape descriptors,
which include asphericity ((b)), acylindricity ({c)), and aniso-
tropy ((k)) are obtained from the average principal moments
of (R®) (A4, Ay, A;) using the PLUMED package [54] and are
defined below:

RZ
@=§ﬁ—g¥ ®
(c) = ,\i - A (4)
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(5)

The criteria utilised to characterise a hydrogen bond (H-
bond) is a maximum distance between donor and acceptor
atoms of 3.5A and a maximum donor-hydrogen-acceptor
angle of 35° [55]. The H-bond lifetime is quantified by calcu-
lating the autocorrelation function:

(Sﬁ(fo)sﬁ(f + T))
(si(t0)°)

In which s;; is 1 if there is a H-bond present and 0 otherwise.
The H-bond lifetime 7ypis obtained by fitting P(t) to an

(P(1)) = (6)
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Figure 1. Molecular structures of the (a) polymers and (b) solvents. The polymer-solvent systems considered in this study are PEG-H20, PEN-PHE, PET-CHL, PMMA-ACE,

PP-TRI, PS-DMF and PVC-THF.

exponential function:

P(t) = Z aiexp(—bit) (7)

Where a; and b; are fitting parameters. Then, 7yp is calculated
as:

= Tp(r)df (8)

Table 1. Number of solvent molecules for each polymer-solvent system. All
systems correspond to 10% w/w polymer except PP-TRI (5% w/w PP). For each
system, one polymer chain is present (see Figure 2).

No. of PEG- PEN-  PET- PMMA-  PP- Ps- PVC-
repeat units ~ H20 PHE CHL ACE TRI DMF THF
5 251 92 145 172 23 142 40
20 928 368 578 690 93 570 156
40 1875 736 1156 1379 186 1140 312
60 2803 1104 1734 2069 279 1710 470
100 4659 1840 2890 3448 464 2839 783
120 5587 2208 3468 4138 557 3454 940
240 10227 4416 6936 8276 1114 6908 1880

3. Results and discussion

In Tables S1 - S6, we present the average simulated densities,
mean squared end-to-end distances ((R”)), and the mean
squared radii of gyration ((R;)) of the studied polymers.
With increasing number of repeat units, the densities of each
polymer-solvent system tend to converge close to the longest
polymer systems studied (N=240). Figure 3(a) illustrates

(®)
(%)
number of repeat units (N), with power law models (dashed

@

— values
(%)

for all polymers gradually decline, reaching a point of conver-
gence. Beyond a certain chain length, the ratio stabilises
around 0.5-2 which is considerably smaller than for a freely-
jointed chain model (~ 6) [56]. On the other hand, this behav-
iour is more consistent with that of the self-avoiding walk
model described by the Flory theory [57], which is typically
less than 6 and accounts for volume exclusion of polymers
in good solvents. Furthermore, it also implies that (R?) and

of the aforementioned solvated polymers versus the

lines) fitting the data points. As N increases, the

(R;) may continue to scale proportionally with increasing
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Figure 2. Visual snapshots of the PEG-H20 system. The transparent regions rep-
resent the solvent molecules while the bold solid spheres represent the atoms of
the polymer chain (cyan = carbon, red = oxygen, white = hydrogen). Snapshots
of other systems can be found in Figure 51.

chain length, similar to previous polymer simulation studies
[58-60].
Figure 3(b-d) present the average asphericity (b) and acy-

lindricity (¢} normalised by (R;), along with the average rela-

tive anisotropy (k), as a function of N of the studied
polymers. As N increases, there is a general decrease in both

% and o values, indicating that chains become less
RZ
3

()

spherical and cylindrical with larger N. Rutledge [61] explains
this as short-range intramolecular forces dominating in
shorter chains, leading them to display rod-like characteristics

(R)

in segments. Similar to the @ ratio, these values tend to
8

stabilise for longer chains (N ~ 120), showing diminishing
change with respect to N. This is consistent with studies by
Theodorou and Suter [62] which also describe this conver-
gence of shape parameters as limiting values for polymer
chains. Additionally, (k) increases with increasing N, but its
dependence on N is less pronounced than that of (b) and
(c). For some polymers (e.g. PVC and PS), (k) values show a
relatively constant trend with increasing N.

Complementing this, Figure 4 shows that as N increases, the
solvent accessible surface area per N (SASA/N) values decrease
and eventually converge to consistent values. PET and PEN
have higher SASA/N values compared to PEG, PVC, and PP
across the different chain lengths. The results agree with theor-
etical insights, particularly from the Flory-Huggins framework
[59], which addresses the energetics of polymer-solvent inter-
actions (suggesting that as N approaches infinity, the system
approaches a thermodynamic limit). Here, adding more
monomers minimally affects the polymer solution, resulting

in a more uniform surface area exposure when normalised
by N. Dimitriyev and co-workers [63] also noted this phenom-
enon, emphasising that in such a limit, the translational
entropy of polymers becomes negligible relative to the sol-
vent’s entropy, particularly for sufficiently long polymers.

Next, we calculate the number of H-bonds (Nyg) between
PEG and H2O. The scaling relationship between Nyg/N and
N is illustrated in Figure 5(a). As N increases, fluctuations
exist around a mean value of Nyg/N ~ 0.7 from N=5 to
N =100. A noticeable jump in Nyg/N is then observed when
transitioning from 100 (Nys/N ~ 0.7) to 120 repeat units
(Nup/N ~ 1.1), and subsequently stabilises. This step around
N =120, particularly when considered with the SASA/N results
could suggest stabilisation in the hydrogen bonding. The H-
bond autocorrelation function (P(7)) in Figure 5(b) supports
this, showing increasing P(7) with N and a plateau in H-
bond lifetime (shown in the inset plot) around N=120 (N=
160 was also included to help confirm the convergence
trend). The convergence of the H-bond behaviour at N=120
across both figures suggests a transition in the hydrogen bond-
ing network in the system at this chain size.

To help quantify the convergence of the polymer-solvent
interactions across the different systems, we analyze the site-
to-site radial distribution functions (RDFs) between the poly-
mers and solvents, as depicted in Figure S2. Subsequently,
Figure 6 presents a composite summary of the maximum g
(r) values of the first peak versus N to elucidate the changes
in the intensity of interactions between the polymer and sol-
vent (similar plots for other RDFs are presented in Figure
$3). As N increases, the peak intensity for all polymer-solvent
systems, represented by the g(r) maximum, diminishes. The g
(r) for N =5 is the highest, but the intensity decreases mono-
tonically with increasing N, indicating a relative weakening
between the solvent-polymer interactions beyond a minimal
polymer length; this is likely due to the ability of the polymer
to increasingly interact with itself beyond N =5. Eventually,
distinct convergence points emerge for each of these polymers.
For instance, PET tends to converge around N = 20, while PS
does so around N =60. This is consistent with the SASA/N
results, which show that the polymer achieves a consistent sur-
face exposure to the solvent per repeat unit, and the inter-
actions remain stable as N continues to increase. Increasing
N not only reduces the g(r) maximum to a consistent value,
but other RDF features (in Figure S2) also seem to adopta con-
sistent pattern, suggesting that beyond a certain chain length,
adding more repeat units does not significantly alter the poly-
mer’s structural behaviour or its interactions with the sur-
rounding solvent molecules. In a study to estimate the
chemical potential in atomistic polymer systems, Yamada
et al. [64] also highlighted that the RDF deviations between a
solute polymer chain (with incremental monomer index i)
and surrounding solvent molecules become diminished at i
=100 (compared to i=40 and 60), suggesting a converged
interaction of the tagged polymer with surrounding molecules.
This enables the calculation of a chain length-insensitive aver-
aged free energy of a chain increment.

We also evaluate the average surface electrostatic potential
(ESP) of these polymers in solution. The electrostatic potential
distribution for PMMA is presented in Figure 7, as a
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representative example, while the distributions for the remain-
ing polymers are illustrated in Figure S4. We observe that as N
increases, the ESP distribution slightly broadens (centred
around zero), and the distributions become more consistent,
with fewer outliers (e.g. in PP). The peak heights also tend
to decrease as N increases. This ESP behaviour suggests that
longer polymer chains present a more statistically representa-
tive electrostatic surface topography, with a more consistent
distribution of charged and non-charged regions interfacing
with the surrounding solvent.

Our simulation analyses of several different synthetic poly-
mer chain lengths enable us to provide more quantitative gui-
dance for determining the balance between accuracy and
computational efficiency in atomistic simulations of solvated
polymers. While most of the above computed properties
(eg. electrostatic potential, shape descriptors) demonstrate
good convergence with respect to N, there is some inherent

variability; the convergence trends are not completely mono-
tonic across the various polymer systems. However, among
the different system characteristics, the RDFs appear to be
the most predictable and sensitive measure for quantifying
relative convergence. Therefore, we propose a surrogate cri-
terion (RDF convergence) as a practical guide for determining
solvated polymer convergence with respect to the number of
monomer repeat units of the polymer model:

1 N"P“L”“gf(r) — g20(r)
gm(f)

Deviation % = x 100 (9)

Nr,poims 7]
where g(r) is the RDF for the system with i repeat units and N,
points denotes the total number of discrete distances (r) where g
(r) is calculated, with each distance being separated by a bin
width of 0.05 nm. A numerical threshold of 2% defines when
the RDF has sufficiently converged (see Table S7). In Figure 8,
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SASA/N

100 150 200
No. of repeat units(N)

Figure 4. Repeat unit dependence of SASA/N for PP, PEN, PET, PEG, PMMA, PS
and PVC in their respective solvents. Data points are fitted using power law
models, indicated by dashed lines.

we plot In(N) (where N is the minimum number of repeat
units required to achieve RDF convergence) versus the
SASA/N of the longest polymer models (N = 240) to establish
a more general guide for determining optimal polymer chain
lengths for these (and potentially other) atomistic polymers
in solution. The graph indicates a decrease in required N to
reach convergence as the value of SASA/N increases. We
could group these polymers in two distinct sections on the
graph. The first group, comprised of PEG, PVC, PP, PS, and
PMMA, corresponds to a higher value of N and a lower
SASA/N value, while the second group, PET and PEN corre-
sponds to a smaller N and a higher SASA/N value. The data
stretches from around 0.5 nm? to 2.50 nm? in SASA/N,
which is a broad range of normalised surface area values;
other synthetic polymers (not tested here) would also likely
fit within this range, and thus, the correlation could serve as
simulation design guidance.
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4. Conclusions

Herein, all-atom MD simulations are used to study the effects
of chain lengths on conformational properties of various poly-
mers in solvents to develop a useful framework for predicting
optimal chain lengths in atomistic polymer simulations. Our
analyses of several different synthetic polymers suggest that
surface area estimates could be a potential predictor for deter-
mining the optimal chain lengths. The inverse correlation
between repeat units and SASA/N highlights that polymers
with larger repeat unit surface areas (e.g. PET, PEN) require
shorter chain lengths for reliable simulations. It is fundamen-
tally important to recognise that the finite-chain-length cor-
rections are unavoidable in polymer systems, implying that
their dynamics will never fully converge, as evidenced in pre-
vious studies [1,16,17]. The magnitude of these corrections
varies depending on the specific system under study, such as
whether to account for entanglements or the concentration
level involved. Nonetheless, our analyses should help guide
others in identifying an appropriate polymer model which
reliably captures the fundamental polymer-solvent inter-
actions, without needlessly overextending computational
resources. This should be particularly useful when using all-
atom MD simulations to screen the performance of alternative
solvents for common synthetic polymers.
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