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Abstract. Research domains that deal with complex molecular systems often employ computer-based thermodynamics simulations to study
molecular interactions and investigate phenomena at the nanoscale.
Many visual and analytic methods have proven useful for analyzing
the results of molecular simulations; however, these methods have not
been fully explored in many emerging domains. In this paper we explore
visual-analytics methods to supplement existing standard methods for
studying the spatial-temporal dynamics of polymer-nanotube interface.
Our methods are our ﬁrst steps towards the overall goal of understanding macroscopic properties of the composites by investigating dynamics
and chemical properties of the interface. We discuss a standard computational approach for comparing polymer conformations using numerical
measures of similarities and present matrix- and graph-based representations of the similarity relationships for some polymer structures.

1

Introduction

Polymers are important constituents in many modern materials such as textile ﬁbers, packaging, and artiﬁcial implants. Although polymer materials have
many desirable and controllable characteristics, some properties like mechanical
strength and electrical conductance can be enhanced by reinforcing them with
carbon nanotubes (CNT) [1], which are tube-like molecules comprised of a honeycomb network of carbon atoms. The properties of a polymer-CNT composite are
dictated not only by the individual properties of the polymer and CNT, but also
by the synergy that arises from their interfacial regions [2,1]. Information about
the interface provides researchers the opportunity to tune desired material properties. For example, eﬀective dispersion of CNTs in a polymer nanocomposite
can be achieved by reducing the surface reactivity of CNTs through wrapping or
bonding polymer molecules to its surface. The complex secondary structures of
the polymers as well as the chemical composition of the interface are considered
to have a strong inﬂuence on the physical properties of the nanocomposites.
Due to the minute size of the interfacial regions, usually on the order of
nanometers, conventional characterization techniques to measure properties at
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the interface are not always applicable. Computer simulations such as molecular
dynamics and Monte Carlo simulations are a complementary tool to experiments
as they can zoom into molecular details in interfacial regions, and have been
used to look at many systems, including polymer-CNT composites[2,3,4,5,6,7].
By post-processing the results of these simulations with visual-analytics, complex relationships can be generated that can then be used to tune the desired
characteristics of the material and thus accelerate the development process.
The overall goal of this ongoing work is to develop relationships that can be
used to correlate molecular-level details to experimentally measurable quantities, such as mechanical properties. The ﬁrst step is to develop visual-analytic
methodologies for exploring how the characteristics of a material are dictated
by the conformational dynamics and chemical composition of the molecular constituents, particularly at interfacial regions. This paper presents our initial eﬀorts
toward understanding and quantifying the key interfacial relationships: (a) visualization of spatial and temporal dynamics of polymer molecules during their
interactions with CNTs, and (b) analysis of the spatial structures or conformations of polymers using computational and visual-analytic methods.
We begin the rest of the paper in Section 2 with a brief background of our
work. In Section 3 we present our approach for visualizing polymer conformations. Section 4 discusses a quantitative approach for analyzing the conformations. Finally, we conclude and discuss future work in Section 5.

2

Background

Polymers are long chain molecules that are composed of several repeating units
of one or more types. Although polymers exhibit processibility as well as special mechanical, electronic, and ﬂow-related (rheological) properties, advancements in nanotechnology and polymer engineering have enabled the fabrication
of polymer-CNT composites that enhance the material characteristics beyond
what can be obtained from polymers themselves due to the unique properties
of the interfacial regions[1]. However, since experimental measurements of the
interfacial regions of nanocomposites are challenging to perform, there is limited empirical information on how the structure, conformation, and chemical
conformation of the interface dictate the properties of these materials.
One important approach to study the properties of nanocomposites involves
computer-based simulations of polymers interacting with nanoparticles such as
CNTs. One such tool is molecular dynamics (MD) simulations, which employ
time evolution of atom-level interactions to produce an ensemble of spatial structures of complex molecular assemblies such as polymer-CNT systems [3,4,8]. MD
simulations take initial molecular conﬁgurations (e.g., bonding and atomic positions) as input and apply Newtonian mechanics to evolve the atomic coordinates
as a function of time, typically on the order of nanoseconds. The output of a
single MD run is a trajectory that includes the time evolution of the atomic coordinates (or the molecular conformations) with the corresponding energies of the
molecular assembly at each time step. This trajectory can be further analyzed by
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taking time averages that can produce information such as statistical thermodynamics quantities and radial distribution functions for atom-atom interactions.
However, it is diﬃcult to extract relationships directly from these trajectories
that correlate the interfacial characteristics to the properties of a material, and
thus its use as a tool for tuning such interfaces for producing desired material
properties is limited. Our goal is to use visual-analytics tools to ﬁll this gap.
This paper outlines our application of standard visual-analytics methods to
supplement the post-processing of data from MD simulations of polymer-CNT
systems. We contrast the spatial-temporal patterns in two standard spatial
groupings of the polymer backbone atoms. The two groupings include: (a) paths
of polymers over the multiple time steps in an MD simulation, and (b) trajectories of the backbone atoms.

3

Visualizations of the Conformations of Polymers

As our ﬁrst objective, we exploit straightforward graphical representations to
generate insightful visualizations of the results of the MD simulations of polymer
molecules. Our visualizations consist of a direct representation of the paths of
a polymer over all of the time steps in an MD simulation and are created by
plotting the positions of all of the atoms on the polymer backbone over all of the
time steps as three-dimensional anti-aliased points1 . Unique colors are used for
color-coding the points to distinguish individual conformations and to expose the
temporal evolution of the polymer conformations. The visualization of molecular
trajectories using color-coding is quite common in many domains [9,10,11] and
is exploited in our work for displaying and exploring time-varying characteristics
of polymer molecules.
We also visualize trajectories of individual backbone carbon atoms by plotting polylines through locations of each backbone atom over all of the time steps.
These visualizations are not commonly used for MD trajectories, but they allow
domain researchers to compare potentially diﬀerent spatial-temporal characteristics of individual atoms or groups of atoms on the polymer backbone and can
visualize chemical driving forces that may arise during interfacial mechanisms.
Results and Discussion. We chose two polymers as test cases that have similar chemical composition but diﬀerent stiﬀness of connectivity among atoms:
poly(propylene) (PP) has ﬂexible backbone connectivity, and poly(acetylene)
(PA) has stiﬀ backbone connectivity. The data was obtained from a 3.2 ns run
with the DL POLY 2.19 [13] software program; refer to [2] for more details.
Figure 1 and ﬁgure 2 are visualizations of the paths of each polymer as it
evolves in time. The conformation visualizations provide the spatial arrangements of polymer chains about the CNT (in gray) and migration of the chains
1

We use our OpenGL-based prototype to create the conformation visualizations; our
application reads molecular data in the DL POLY 2.19 data format and exploits
standard exploratory tools like three-dimensional transformations and selections for
closer inspection of the polymer conformations.
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Fig. 1. Visualization of the paths of the polymer PP over all of the time steps in an
MD simulation. Colors correspond to the time steps in the simulation. (inset) Two
distinct conformations of the polymer from an animation in VMD[12].

Fig. 2. Visualization of the paths of the polymer PA over all the time steps. (inset A)
Projections of the polymer PA in three orthogonal planes during the onset of wrapping
of the polymer around the nanotube (see the projection XY). (inset B) Conformations
of the polymer during two diﬀerent time steps shown using VMD[12].

as a function of time. For example, a comparison of ﬁgures 1 and 2 reveals the
diﬀerence in coverage of the CNT by both polymers, and that the stiﬀer connectivity for the PA polymer provides greater surface coverage. In the ﬁgures we
also contrast our visualizations to typical MD output from a standard molecular
visualization tool called Visual Molecular Dynamics (VMD) [12], where polymer
structures at various time steps are superimposed onto the CNT. Our visualizations provide a global context for comparing the polymer conformations, which is
often missing or diﬃcult to obtain using the standard MD analysis tools. In addition, our visualizations optionally display 2D projections of the polymers during
animations of the MD simulations (inset A in ﬁgure 2). From the projections,
the domain researches can easily decipher the wrapping behavior along each direction, such as along the diameter of the CNT (xy projection). What follows is
other speciﬁc insights that can be gained from our conformation visualizations.
Visual overview of the hull of the conformations: Our visualizations provide global overviews of the spatial-temporal evolution of the polymer molecules
during MD simulations and enable domain experts to compare conformations
of polymers with diﬀerent chemical composition or connectivity or results of
simulations with diﬀerent initial conditions.
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Distribution of the conformations: The visualizations reveal the relative
density of the conformations in diﬀerent phases of a simulation; for example,
whether the transition between distinct sets of conformations is smooth or abrupt.
Visual inspection for a detailed analysis: Our conformation visualizations
can be used for identifying unusual or unexpected spatial-temporal behavior
of groups of atoms or polymer chain segments during an MD simulation. These
sub-structures may subsequently be studied in greater detail. Finally, the custom
exploratory tools in our visualizations can supplement other standard tools (e.g.,
VMD) for exploring complex dynamics of polymers-CNT systems.
Although we have listed some useful features of our methods for visualizing
polymer conformation, there are some limitations to our approach. For example,
the PA polymer aligns parallel to the CNT during a portion of the MD trajectory
(see inset B in ﬁgure 2); however, the parallel alignment is not immediately
apparent due to the dense representation in our visualizations. Another general
limitation is that the visualizations provide mostly global qualitative information
about the conformations and are often lacking in detail. Therefore, we overcome
some of its limitations by supplementing our visualization approach with a more
quantitative computational method that we will discuss in the next section.

4

Analysis of the Conformations of Polymers

In many domains dealing with complex molecular systems, computational analytic approaches are an indispensable tool for studying molecular conformations. One standard computational technique is based on using numerical metrics for describing conformational similarities. While this and other quantitative
approaches have been used for studying molecular conformations in some domains [14,15,16,11,17,18], few previous studies have explored these methods for
investigating the molecular dynamics of polymer-CNT systems. As the second
objective in our work, we employ a computational approach to compare similarities among polymer conformations. We also discuss matrix- and graph-based
representations for visualizing the similarity relationships.
4.1

Theory-Computational Analysis of Molecular Conformations

A standard quantitative comparison of molecular conformations is based on a
two-step analytic procedure described in [15]. The procedure involves (1) computation of a numerical measure describing each conformation, and (2) construction and analysis of a correlation matrix that catalogs the similarities between
every pair of conformations based on the chosen numerical measure.
Table 1 lists some of the numeric measures we use for exploring polymer
conformations that are based on geometric properties of the polymer chains.
Some other potentially useful measures are also available; for example, a standard measure is the net moment of inertia of a polymer molecule with respect
to a ﬁxed CNT [2], which can provide information on the wrapping behavior of
some polymers. Another metric relevant to chain-like molecules such as polymers
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Table 1. Numeric similarity measures

Inter-atomic
distances

A useful similarity measure is inter-atomic distances [19] and it is particularly suitable because the distances remain invariant under threedimensional transformations like rotations and translations [15]. The
measure is constructed in two steps by ﬁrst deﬁning feature vectors
based on the distances:
d = {dij (x) = |xi − xj |,

i, j ∈ 0, · · · , N − 1}

(1)

where the set x = (x1 , x2 , · · · , xN−1 ) corresponds to the threedimensional positions of atoms or centroids of groups of atoms on
the backbone of a given polymer chain. The second step involves the
computation of distances between every pair of conformations using
a root mean square error:


1
(dij (x) − dij (y))2 , and i > j
(2)
Dij =
N (N − 1)/2
BondBond-orientational order is a geometry-based metric [4], which repreorientational sents the global alignment of a polymer chain with a given ﬁxed axis.
order
The measure is deﬁned as:

n−1 
1  3 cos2 ψi − 1
, i ∈ 0, · · · , N − 1} (3)
d = {di =
N − 3 i=2
2
where ψi is the angle between average vectors between pairs of every
other backbone atoms (called sub-bond vectors) and the z axis. The
conformational distances are computed as: Dij = (di − dj ), where
i, j ∈ 0, · · · , N − 1.

is persistence length [8], which represents the stiﬀness of the molecule strands.
The measures can also use non-geometric information such as energies of polymer conformations computed during the MD simulations. Due to limited space,
however, we show results only for the two metrics discussed in Table 1.
4.2

Matrix-Based Visualization of Polymer Conformations

Matrix-based representations are a standard approach for visualizing pair-wise
correlations in dense data and can be obtained in a straightforward manner
by assembling the pair-wise similarity values in a square symmetric matrix as
shown in ﬁgure 3(a). Matrix-based visualizations have been used previously for
eﬀective exploration of molecular conformations [18,20,21]; we exploit the matrix visualizations to examine similar spatial and temporal patterns of polymer
conformations during MD simulations. The results for comparing the similarity
relationships among polymer conformations for the polymers PP and PA are
given in ﬁgure 3. We will interpret these results below.
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Fig. 3. (a) Conceptual diagram of a matrix of similarities (Cij ) between conformations
i and j. (b-c) Similarity matrices corresponding to the time paths of polymers PP and
PA based on inter-atomic distances, and (d-e) similarity matrices for the trajectories
of backbone atoms in the two polymers using the inter-atomic distances. Note that the
matrices have diﬀerent minimum and maximum values for the similarity measures.

4.3

Graph-Based Visualization of Polymer Conformations

Graph-based representation is another useful standard approach for exploring
similarity relationships between molecular conformations [15]. In this approach,
a two-dimensional undirected graph is used wherein nodes represent individual
conformations and Euclidean distances between the nodes represent the similarities between the corresponding conformations.
The graph-based representations are useful for displaying clusters of similar conformations and the graph topology can reveal higher-order relationships
among the conformations, such as transitions between distinct conformations,
which may not be immediately apparent using matrix-based visualizations.
Graph Generation. Some standard techniques for constructing the 2D graphs
of conformational similarities include multi-dimensional scaling (MDS) [22],
graph drawing or graph layout algorithms (GLA) [23,24], and numerical
optimization techniques like conjugate gradients. The basic principle in
these methods is the force-directed placement of the nodes of the graph by
minimizing
the following global error due to total inter-node distances [25]:

2
(|a
E =
i − aj | − Dij ) , where Dij is the similarity measure or distance
i>j
between the two conformations Ci and Cj and ai , aj ∈ R2 are points in the 2D
graph.
While GLA-based methods can sometimes be more suitable for visualizing
similarities of a large number of entities [23], graphing techniques based on eﬃcient versions of MDS are also equally applicable [26,27]. In our work we employ
the Kamada-Kawai graph layout algorithm [25] that is available in a standard
network analysis tool called Pajek [28]. We chose this option primarily for the
convenience in using graph drawing methods and other useful network analysis
tools in Pajek. The following procedure was used for generating the graphs of
similarity relationships among polymer conformations:
1. Load the polymer conformations into our prototype visualization application
2. Compute conformational similarities and the associated correlation matrices
3. Export the correlation matrix as a Pajek network (.net) data ﬁle
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Generate the graph associated with the exported .net ﬁle in Pajek:
select “Layout > Energy > Starting Positions - Random”
turn oﬀ arcs under “Options > Lines > Draw Lines”
select “Options > Values of lines - Dissimilarities”
run the algorithm under “Layout > Energy > Kamada-Kawai - Free”
Save and export the ﬁnal graph as a .net ﬁle

Results and Discussion. Figure 4 shows graph-based representations of similarity relationships for polymer paths and trajectories of backbone atoms for
the polymer PA using two diﬀerent similarity measures, namely inter-atomic
distances (top) and bond-orientational order (bottom).
Our ﬁrst observation pertains to the paths of the polymer PA during the
MD simulation. In the graphs in ﬁgures 4 (a) and (c), the highly dense clusters
at later time steps represent very similar and thermodynamically stable polymer conﬁgurations. The transitions between the clusters represent the onset of
polymer-CNT interactions and are clearly visible in the graph.
Standard methods like animations can also be used for investigating some of
the behavior of the polymer-CNT systems during MD simulations. However, the
existing tools often lack the customized exploratory tools and features needed
to pose and explore questions speciﬁc to our domain. Our matrix- and graphbased representations allow domain researchers to explore some other interesting
spatial-temporal associations. For example, the graphs in ﬁgures 4 (b) and (d)
indicate diﬀerent characterization of the trajectories of the PA backbone atoms
based on two diﬀerent metrics. According to ﬁgure 4(b), the inter-atomic distances along the trajectories of backbone atoms remain locally the same but
change gradually over the entire length of the polymer chain. However, ﬁgure
4(d) suggests that the bond-orientational orders in the trajectories change by
large amounts, though some loose local clusters can be seen in the graph.
It is interesting also to compare the matrix- and graph-based representations
of the similarity relationships. Figures 3(c) and 4(a) show the two representations in which it is relatively straightforward to identify distinct clusters of
similar conformations that correspond to the wrapping behavior of the polymer
PA. However, while it is easy to isolate the clusters in the graph-based views,
the matrix-based representation can provide information on the distribution of
similar polymer conformations, which is harder to ascertain using the graphs.
Finally, a comparison of the matrices in ﬁgure 3(d) and (e) highlights some of
the diﬀerences in the trajectories of backbone carbon atoms for the polymers PP
and PA. The correlations among the trajectories in the matrix shown in ﬁgure
3(d) are generally weak; on the contrary, the correlations in the matrix for PA in
ﬁgure 3(e) are relatively stronger and more complex - the intricate patterns in the
matrix represent the regularities in inter-atomic distances because of persistent
loops in the PA molecular chain (inset in ﬁgure 2). These general diﬀerences in
correlations among atom trajectories of PP and PA can be attributed to the
diﬀerences in rigidity of the backbones of the two polymers, i.e., a ﬂexible chain
in PP and a rigid backbone in PA.
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Fig. 4. Graphs representing the conformations of the polymer PA using two diﬀerent similarity measures: (top) inter-atomic distances, and (bottom) bond-orientational
order. Note that the nodes are color coded using diﬀerent color-mapping scheme
to expose the temporal evolutions of polymer chains (left) and backbone atoms
(right).

5

Conclusion and Future Work

We have highlighted some standard visual-analytics techniques that can be used
for investigating the characteristics of the molecular dynamics of the interface of
polymers and CNTs. Our visualization provide domain researchers with informative overviews of spatial-temporal patterns of polymers during the simulations.
We describe some numeric metrics that can be used in a standard computational
method to compare polymer conformations and discuss matrix- and graph-based
representations of the computational analysis method.
We are currently working on exploring other statistically relevant numeric
metrics (e.g., moment of inertia and persistence length) to investigate properties
of polymer conformations and compare them with experimentally measurable
properties of the polymer-CNT systems. We also plan to compare our current
results with the dynamics of polymers without a CNT present.
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