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Abstract

In a recent computational study, we found highly structured ground states for coarse-grained polymers adsorbed
to ultrathin nanowires in a certain model parameter region. Those tubelike configurations show, even at a first glance,
exciting morphological similarities to known atomistic nanotubes such as single-walled carbon nanotubes. In order to
explain those similarities in a systematic way, we performed additional detailed and extensive simulations of coarse-
grained polymer models with various parameter settings. We show this here and explain why standard geometrical
models for atomistic nanotubes are not suited to interpret the results of those studies. In fact, the general structural
behavior of polymer nanotubes, as well as specific previous observations, can only be explained by applying recently
developed polyhedral tube models.
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1. Motivation

The considerations of the importance of exact geometric calculations when dealing with curved nanostructures
that we now present arose from observations we made during a recent study [1-3]. There, we investigated polymers
adsorbed at ultrathin nanowires by means of Monte Carlo simulations applying a common coarse-grained bead—stick
model. For very high adsorption strengths we found, independently of the effective radius of the nanowire, well-
ordered tubelike monolayer ground-state structures for that system. Those polymer tubes are formed by aligned helical
monomer strands and possess different chiralities for different tube radii. Similar structural behavior is known from
several tubelike atomic structures with applications in nanotechnology such as single walled carbon nanotubes [4-7].

In order to reveal the morphological similarities between the polymer monolayer tubes and atomic nanotubes, we
first review the common geometrical view of these structures (Sect. 2). We show in Sect. 3 that these approximations
are not suitable to explain our findings and how it should be corrected. Finally, we show in Sect. 4 how exact
geometrical calculations of curved discrete tubes can provide the link between previous results [1] and results from
additional exhaustive and detailed computational studies of ground states of polymer nanotubes and real-world atomic
nanotubes [8].
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2. Review of the traditional approach to nanotube geometry

A common conception about single-walled carbon nanotubes is that they are "built of” rolled up and optionally
tilted graphene sheets which are carbon atoms crystallized in a monolayer honeycomb lattice, as depicted in Fig. 1.
The standard geometrical description is hence based on this corresponding unzipped planar representation, which is
uniquely defined by a wrapping vector Cy, pointing from an atomic position to its next periodic copy (see Fig. 2). This
vector can be represented as a linear combination of two base vectors a; and a, and two integer numbers n and m:
Cy = na; + ma,. Consequently, the vector (n,m) is commonly used to classify carbon nanotubes. [5]

Figure 2: Definition of the wrapping and the base vectors in three different unzipped planar honeycomb structures. Left: (6,0), middle: (6,2),
right: (6,6). See text for nomenclature.
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Although visualizations sometimes lead to premature assumptions, they are obviously and doubtlessly quite useful
and instructive for the imagination and interpretation of scientific data, as Figs. 1 and 2 exhibit. Figure 1 shows
snapshots from an animation made with the animate-package [9] for IXTEX. The input picture sequence was created
using the latest Atomistic Simulation Visualization software AViz [10, 11].

3. The polyhedral model and effect of correction terms

Comparing tubelike ground states of adsorbed polymers and carbon nanotubes, one first notes that the polymer
does not crystallize in a honeycomb lattice, but rather in a triangular lattice. See Fig. 3 showing a triangular (3,0) tube,
for example. However, this does not change much in the above described picture. As the lattices are dual in a sense,
i.e., one can imagine the sites of the triangular lattice residing in the vacancies of the honeycomb lattice or centers of
the hexagons, one can obviously use the same notation and calculation as introduced above. The only difference is
that a has to be scaled by a factor of V3.

However when one compares numerical details, one notes almost immediately that the above described common
approximation does not provide a suitable model to describe our computational results. To illustrate this, we present
a comparison of radii in Fig. 4. The top row (upside-down solid triangles) shows the solutions of Eq. (1) for all n
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and m values corresponding to r(d“;sr’fﬁl < 1.4. The botterm row (upright open triangles) represents radi where we find
defect-free chiral ground states of polymer tubes in our simmlations. Obviously, there is no apparent link between
beth sequences. We will illustrate (assurming that the bond length between monormer s or atoms remains fixed) how the
deviations can be explained using two simnple examples. Consider first a triangalar (3 0% tube as shown abowe in Fig, 3,
i.e., a tube where three bonds and three monemers lie in a plane perpendicular to the tube center. With a = 1, one
zets ;'Idrgsr’iﬁl = 3/02n). However, the three bonds form a triangle where the sum of the edge lengths equals 2 and the
tadiug of the citomeire e reads rm = 433, As a further exarnple take the (3 3 triangular be, where [Cyf =3 Y3
and henes ?ﬁ?ﬁhﬂ = 343 /(2x). On the other hand the six corresponding bonds form, projected to a normal plane,
a hexagon with edge length cosimf6). The radivs ofthe cireumeirele equals the edge length in a hexagon and therefore
;’g}ﬂ = cosim ) [nboth examples, obviously ?‘Ez’hr;i'ml #F ?‘tﬁ,

In fact, when zipping a two-dimensional discrete honeyeomb structure, the geometry changes due to the mitro-
dired curvature. Such curved structures sheould hence be described by applying a suitable three-dirmensional model
tather than an effective two-dimensional one. For tiangilar tubes and under the assumption that the edge lengths
temain fixed!, such a model is, for example, the polyhedral modal introduced for the description of idealized boran
nanetibes [13]. Calculations within this model lead to franscendental equations for both, the radins of the nanotubes
and the chiral angle, which must be solved iteratively. In Fig, 5, we compare the radii of triangular nanotubes cal-
culated using the classcal and the polyvhedral model as well as the differerce for all 7 and m. In Fig 5ia), where
the values of the radii are ordered with respect to 1 and m, those differences do not seem to be of inportance as the
qualitative structure of the curve is the same for both models. But if cne serts the same data with respect to », as

1Thiz assurnption does not necasarily hold in natues, though, Ses, for exarnple [12).
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shown in Fig. 5(b), the effect of the deviations becomes apparent. As indicated exemplarily by the vertical dotted
lines, there are intervals where the differences between the radii of two, in general completely different, nanotubes is
smaller than the difference between the radii for the same tube calculated with the different models. Hence, one can
not really resolve the link between radius and structure of nanotubes by using a simple planar ansatz.”

It should be mentioned that when expanding the relations for radius and chiral angle [13], the first term of the
expansion is indeed the same term as one obtains when applying the planar model (cp. Eqgs. (1) and (2)). However the
higher order terms are relevant and must not be ignored at least in computational studies.’

4. Structure of monolayer polymer tubes

If we apply the correct polyhedral model for triangular nanotubes, we find indeed a perfect match between calcu-
lated observables and those found in simulations, in contrast to the situation earlier depicted in Fig. 4. We show the
results of both, calculation and results from simulations, in Table 1. In the second column, calculated radii using the
polyhedral model [13] are given, in the following three columns simulational details can be found and in the last two
columns we list the calculated wrapping angles using a suitable polyhedral model for carbon nanotubes* [14].

polyhedral Simulation on Cylinder surface (“2D”)  Corresponding

polymer tube output (Ground State) carbon nanotube
rim Finput type 6in° 6in° type

2,1) 051962 | 0.477...0.532 | 3-helix 20.8...17.5 | 1843 (2,1
(3,00 0.57735 | 0.553...0.574 | (3,0) 0.0x05 | 0.00  (3,0)
(22) 0.61237 | 0.585...0.617 | (22) 313...29.6 | 30.00  (2.2)
(3,1) 0.64526 | 0.627...0.670 | 4-helix 13.9...12.6 | 13.57 (3,1
(4,0) 070711 | 0.680...0.712 | (4,00 0.0+0.5 | 0.00  (4,0)
(3,2) 0.74313 | 0.723...0.755 | 5-helix 23.8...22.7 | 23.33  (3.2)
(4,1) 0.78561 | 0.765...0.808 | 5-helix 11.0...10.2 | 10.72  (4,1)
(50) 0.85065 | 0.819...0.851 | (50) 0.0+06 | 0.00  (50)
(3,3)  0.86603 0.861 (33) 299+04 | 3000 (33)
(42) 0.88462 | 0.872...0.904 | 6-helix 19.2...18.3 | 19.01  (4,2)
(5,1) 093259 | 0.914...0.957 | 6-helix  9.0...84 | 884  (51)
(6,00 1.00000 |  0.967... 6,0  00+05 | 000  (6,0)
4,3) 1.00188 ...1.021 7-helix 26207 | 2526  (4.3)
(52) 1.03116 | 1.031...1.052 | 7-helix 15.9...15.5 | 16.02  (5.2)
6,1) 1.08319 | 1.063...1.106 | 7-helix  7.6...7.2 | 752  (6,1)
(44) 1.13152 | 1.106...1.127 | (44) 30.3...30.0 | 30.00  (4,4)
(5,3)  1.14441 1.138 8-helix 21.7+04 | 2175  (53)
(7,0) 1.15238 | 1.148...1.169 | (7,0) 0.0+0.6 | 0.00  (7,0)
(6,2) 1.18076 | 1.169...1.201 | 8-helix 139...13.4 | 13.83  (6.2)
(7,1) 123600 | 1.212...1.254 | 8-helix  6.7...64 | 654  (7,1)
(5.4) 126887 | 1.244...1.276 | 9-helix 26.8...26.0 | 2632 (5.4
6,3)  1.29090 1.286 9-helix  19.0+0.5 | 19.07  (6,3)
(8,0) 130656 | 1.297...1.318 | (8,0) 0.0+0.6 | 0.00  (8,0)
(7.2) 133242 | 1.318...1.361 | 9-helix 12.2...11.8 | 12.17  (7.2)
(8,1) 139027 | 1.371...1.424 | 9-helix  58...5.6 | 579  (8,1)

Table 1: Comparison of calculated observables for nanotubes using polyhedral models and results from computer simulations of polymers on
a cylinder surface. The rows are ordered with respect to rg'(;zz .

In order to facilitate the simulations and to obtain more precise data, we adapted the model with respect to the given
problem. In contrast to our recent study [1] we introduced flexible nonelastic bonds between monomers modeled by
the FENE potential and changed the non-bonded Lennard-Jones potential such, that the equilibrium distances of both

2Additi0na]ly, the planar ansatz can lead to ambiguities as indicated by the the label for the (7,0) tube in Fig. 5(b). In fact, within that model,
the radii for the (5,3) tube and the (7,0) tube are exactly the same.

3Just for the limiting cases m = 0 and n = m the higher order terms in the calculation of the chiral angle vanish. The examples given above for
the (3,0) and (3,3) tube are therefore correct.

“In contrast to the planar representation, there is no longer a trivial scaling between radii for triangular and honeycomb nanotubes when applying
the respective polyhedral models. However, the wrapping angles are the same.
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Figure 6: A ground-state conformation found in a general study of polymers
adsorbed to ultrathin nanowires. The structure is composed of two competing
regions with different chiralities.

interactions match. Furthermore we initialized the simulation with a configuration where all monomers have the same
predetermined perpendicular distance to the nanowire and allowed only update moves which not change that distance.
In practice, we simulated a flexible polymer on cylinder surfaces with more than one hundred different radii (rinpuc)
and searched for non-defective ground states, of which we measured the chiral angle . On the one hand, we find the
respective polymers tubes indeed for those radii calculated from the polyhedral model for triangular nanotubes (cp.
columns two and three in Table 1), on the other hand we also measure exactly the wrapping angles which we calculate
for carbon nanotubes (cp. columns five and six).

Hence, the ground states of monolayer polymers nanotubes forming at strongly attractive nanowires can be well
described by the polyhedral model for idealized boron nanotubes and the sequence of wrapping angles when changing
the radius of the polymer tube is exactly that calculated for carbon nanotubes. Our simulations are furthermore very
precise, we can resolve that sequence even for tubes whose radii differ by < 1% (cp. réi’fc)t and riifc)t or rfifc)l and rg(fc)t ,
which was not possible before.

We can also explain specific results from our general study. Figure 6 shows a low-energy conformation with tube
radius 0.6 < r < 0.7 found for the originally used polymer—wire model [1]. It shows two competing regions forming
a helix with four strands and a (2,2) structure, respectively. For the first one we measure a wrapping angle 6 ~ 14°.
Looking up in Table 1 we find that that part corresponds to a (3,1) tube and that this is a direct neighbor of the (2,2)
tube with respect to the possible discrete radii for (n, m) tubes. Indeed, it is plausible, that there is competition between

these structure for radii that do not match exactly any rg;;z[) .

5. Summary

In this paper we argued that polyhedral models for nanotubes are useful for the description of respective structures
in computational studies. The corrections introduced by those models compared to the commonly used pictures are in
general not negligible (see also a recent study on the effect of chirality on nanotube vibrations [15]). In particular, the
polyhedral model for boron nanotubes reflects the findings of monolayer polymer nanotube structures found earlier.
The sequence of chiral angles of polymer nanotubes with different radii is the same as for carbon nanotubes and
provides the link between those structures.
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