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Introduction
Carbon nanotubes (CNTs) represent an intriguing class of materials 
currently being utilized for the exploration of nanostructured 
composites as well as applications in nanoerlectronics [1-3]. Undoped 
single-walled carbon nanotubes (SWCNTs) ae unique among solid-
state materials because of their unmatched characteristics arising 
from both metallic and semiconductingSWCNTs [4]. However, 
as-synthesized samples inevitably yield mixed bundles of metallic 
and semiconducting tubes [5,6]. It is necessary to develop proper 
dispersion methods to obtain pure SWCNTs for fabrication of 
nanoelectronic devices. The solubilization of SWCNTs can be 
achieved via covalent sidewall functionalization, which involves 
the destruction of C-C bonds on tubes and may lead to deterioration 
of both mechanical and electronic properties [5]. On the other 
hand, non-covalent supramolecular modifications involve polymer 
wrapping on the surfaces of SWCNTs, preserving desired properties 
[5]. Chiral-selective reactivity and redox chemistry of CNTs are 
promising methods for the development of techniques that isolate 
CNTs into pure samples of a single electronic type and promote 
reversible doping of CNTs for electronic applications [7-12]. Since 
π-conjugated polymer wrapping around the nanotube provides a 
useful means for individualizations, an in-depth understanding the 
π-π interaction between conjugated polymers and the nanotube is 

of great importance in nanoelectronic applications. Noncovalent 
attractive π-π interactions between the π–electrons of unsaturated 
organic systems play a key role in many aspects of modern chemistry, 
materials science, and biochemistry [1,2].When these interactions 
occur between parallel oriented π–systems, the term “π-π stacking” 
is typically used. The simplest prototype system with π-π stacking 
is the benzene dimer, and thus considerable attention has been 
dedicated to exploring the structural and electronic properties as a 
preliminary investigation.

As a soluble π-conjugated polymer, poly[(m-phenylenevinylene)-alt-
(p-phenylenevinylene)] (PmPV) is a prototype polymer for dispersing 
SWCNTs [13-24]. Several experimental studies of wrapping 
SWCNTs with PmPV derivatives have been reported, which show 
selective interactions with SWNTs by diameter and chirality [5,23]. 
However, the nature of this selectivity due to the non-covalent 
interaction between PmPV and SWCNTs is not fully understood [5]. 
To understand interfacial chemistry and the dispersion mechanism, 
we have employed force- field-based molecular dynamics (MD) 
and first-principles density-functional calculations to study the 
optimum geometry and electronic interaction between a pair of 
benzene molecules, which is essential in PmPV wrapped SWCNTs. 
Force-field-based MD was used to investigate the wrapping process 
and the binding properties, and first-principles calculations were 
employed to determine the electronic structure.

Our results demonstrate that the semi-rigid π-conjugated polymer 
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conformations of the benzene dimer in excellent agreement with experimental observations. The study also demonstrates the 
important role of dispersion forces on the structural and electronic stability of parallel displaced and Y-shaped conformations. 
Our results provide important insight into the nature of π-π interactions. The corresponding conformational effects of π-conjugated 
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backbone is flexible enough to adjust its conformation during 
successive helical wrapping. The helical-wrapping induced effective 
dispersion is critical for enabling the development of nanodevices 
with optimized properties, and developing multifunctional 
nanocomposites capable of bearing structural loads and functioning 
as sensors.

Figure 1: (Top panel) Optimized structure of sandwich S (D6h), 
parallel displaced PD (C2h), T (C2v) and Y-shaped Y (C2v) structures 
along with the charge density of each shape for highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO). (Bottom panel) Optimized structures of T-shaped, 
Y-shaped, parallel-displaced benzene pair and a phenylene (of 
PmPV) on SWCNT.

Methods
All our calculations have been performed using the Gaussian 03, 
Materials Studio 5.5, and TeraChem 1.0packages [25-28]. The 
structures of isolated benzene monomers and various geometrical 
conformations of the benzene dimers were optimized using B3LYP 
methodwith 6-311G and 6-311++G basis sets, second order Møller–
Plesset perturbation (MP2)with 6- 31G (d,p) polarized valence basis 
set or aug-cc-pVDZ polarized valence basis set with augmented 
diffuse functions [29-32]. The energy minimum for all optimized 
structures was confirmed from vibrational frequency analysis. All 
geometry optimizations and single-point calculations utilized the 
frozen core approximation. The conformations were optimized at 
the MP2/6- 31G (d,p) level that were subsequently used for the 
calculations of dimmers interaction energies. The single-point energy 
calculations, including calculations of the interaction energies for all 
dimmers, have been performed in the framework MP2/aug-cc-pVDZ 
approach. Basis set superposition error (BSSE) correction has been 
taken in to account by the counterpoise method (CP). Moreover, 
three-body electron correlations, described by triple excitations 
relative to the reference configuration, are also significant. Hence, 
coupled-cluster computations with perturbative triples [CCSD (T)] 
have also been performed and combined with the Hartree-Fock and 
MP2- R12/A values to estimate complete basis CCSD (T) binding 
energies for benzene dimer, which should be accurate to a few tenths 
of a kilocalorie per mole. In addition, calculations were performed 
within DMol3 approachwith triple numerical polarized (TNP) basis 
functions and empirical dispersion corrected density-functional 
approaches [26].

The structure and electronic properties of different conformations 
were investigated using dispersion-corrected first-principles density-
functional calculations [33]. We used the Perdew- Burke-Ernzerhof 
(PBE) parameterization of the generalized gradient approximation 
(GGA). The general-gradient-approximation (GGA) results were 
subsequently rectified through the inclusion of dispersion correction 
[34,35]. Tkatchenko-Scheffler (TS) dispersion correction accounts 
for the relative variation in dispersion coefficients of differently 
bonded atoms by weighting values taken from the high-quality 
ab-initio database with atomic volumes derived from partitioning 
the self-consistent electronic density. The TS scheme exploits the 
relationship between polarizability and volume. The inclusion 
of dispersion-correction is essential to describe the non-covalent 
interactions between PmPV and SWCNTs correctly.

A kinetic energy cutoff of 280 eV in the plane-wave basis and a 
kinetic energy tolerance less than 3×10-4eV in the orbital basis, and 
appropriate Monchorst-Pack k -points (1×1×10) were sufficient 
to converge the grid integration of the charge density. The initial 
search for stable structures was carried out through force-field 
based molecular dynamics [36]. The resultant structures were 
further optimized through first-principles calculations with forces 
less than 0.01 eV/Å with plane wave basis. We used force-field 
based molecular dynamics for geometry optimization. Geometry 
optimization calculations were employed using conjugated gradient.

Results
We have investigated the structures of the benzene dimer using 
different level of the theory, including accurate MP2 method with 
extended basis set and less expensive dispersion-corrected first-
principles density-functional calculations [25-36]. We have used the 
Perdew-Burke-Ernzerhof (PBE) parameterization of the generalized 
gradient approximation (GGA) double numerical (DN) basis set 
[25]. For geometry optimization, the starting geometries of the 
dimer were built up taking into account the well-known sandwich 
S (D6h), parallel displaced PD (C2h), T-shaped (C2v), and Y-shaped 
(C2v) structures (see Fig 1 top panel). After initial optimization, the 
imposed symmetry constraint was released. Coupled with intensive 
simulated annealing, three low-energy structures PD-A (C1), PD-B 
(C1), and Y-displaced YD (C1) were obtained (Figure. 2).

Figure 2: Optimized structures and charge density plots of lowest 
energy conformations (parallel displaced (ortho direction) PD-A, 
parallel displased (meta direction) PD-B and Y -shaped).

We show in Figure 1 the optimized structures of a benzene pair. 
In the simple model of aromatic π-π interactions, two interacting 
benzene rings can be aligned in parallel displaced P (Figure 1b) 
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or perpendicular geometry (edge-to-surface interaction). As seen 
from Figure 1, in the conformation S and PD, the planes of the 
two benzene rings are virtually parallel to each other while one of 
the rings in structure PD is displaced in the ortho direction. The 
parallel arrangement of the electronic charges favors the π-π stacking 
interaction between the benzene monomers. The same is true for 
PD-A and PD-B as well (see Figure. 2), which can be obtained 
from S by in-plane shifting of one of the monomers in two different 
directions, followed by a small rotation of the displaced benzene ring.

Figure 3: Interaction energies of sandwitch (S), parallel displaced 
(PD), T-shaped (T), Y-shaped (Y), Parallel Displaced (ortho direction) 
(PD-A), parallel displaced (meta direction) PD-B and Y-displaced 
(YD) structures with MP2/aug-cc-pVDZ, PBE/TNP+DC, MP2/aug-
ccpVDZ+ BSSEC, MP2/6-31G(d,p), PBE/TNP, HF/6-31G(d,p) and 
HF/aug-cc-PVDZ methods.

The difference between these two conformations is that one of the 
benzene monomers in PD-A and PD-B is displaced along ortho 
and meta directions, respectively. The edge-to-surface interaction 
can be further classified into the T-shaped (Figure. 1a) or Y-shaped 
conformations (Figure 1c). In T-shaped structure, a hydrogen atom 
on a benzene ring is pointing towards the center of another ring. In 
the Y-shaped conformation, two of the hydrogen atoms on a benzene 
ring are pointing to the two carbon atoms of another ring.

Recent studies in π-π interactions of aromatic liquids reveal that 
benzene-benzene interaction geometry depends on separation 
distance [37-39]. At small molecular separations (< 5 Å) there is a 
preference for parallel π-π contacts (P-shaped) in which the molecules 
are offset to mimic the interlayer structure of graphite. At larger 
separations (> 5 Å) the adjacent aromatic rings are predominantly 
perpendicular (Y-shaped), with two H atoms per molecule directed 
toward the acceptors π- orbitals. It is worth noting that so-called 
anti-hydrogen-bond configuration (T shaped), which was proposed 
theoretically as the global minimum for the benzene dimer, occurs 
only as a saddle point in the experimental study [37-39]. Quantum 
chemistry calculation results suggest that the off-centered parallel 
displaced and T-shaped structures are nearly degenerated [40-44]. 
Molecular dynamic studies confirm that off-centered parallel-
displaced or T shaped structures are favorable depending on the 
magnitude of the partial charges used in the electrostatic model 
[45]. Small charges stabilize parallel displaced geometries while 
the large partial charges favor T-shaped structures [45].

Illustrated in Figure 3 are extracted energies from various levels 
of theory. Initially, we have performed geometry optimizations for 
the ground states of the conformers using Hartree-Fock method 
(HF) with the basis set 6-311++G. The finding confirms that HF 
underestimates the π-π stacking interaction. The analysis of the 
results obtained at MP2/aug-cc-pVDZ+BSSEC level show that the 
most stable conformations are non-symmetrical parallel displaced 
structure PD-A, and PD-B [37]. The interaction energies for these 
dimers are -4.3 and -4.2 kcal/mol, respectively. Slightly higher in 
energy is the parallel displaced structure PD, with interaction energy 
of -3.9 kcal/mol. The T-shaped and Y-shaped structures are almost 
isoenergetic (-3.1 and -3.4 kcal/mol) with the YD structure (-3.3 
kcal/mol) and significantly higher in energy than PD conformations.
The perfectly stacked structure S is much less stable, with an 
interaction energy of -2.9 kcal/ mol. The analysis of the obtained 
result shows that the relative energies of these 7 configurations are 
similar, indicating a very flat potential energy surface. The lowest 
energy structures are PD-A and PD-B. The S configuration is the least 
favorable of the seven geometries examined. It is remarkable to see 
from Figure. 3 that computationally much less expensive PBE/TNP 
method with dispersion correction show results qualitatively similar 
to that obtained using time consuming MP2/aug-cc-pVDZ+BSSEC 
approach.

Figure 4: Left panel: Optimized structures of wrapped cis-PmPV 
(trans: cis ratio 1:2; left panel top figure), cis-PmPV (trans: cis ratio 
2:4), and trans-PmPV around SWCNT (left panel bottom figure). 
Right panel: cis and trans monomers of PmPV.

Closer scrutiny of the locally stable configurations displays in 
Figure. 1d reveal that the phenylene fragments are arranged either 
perpendicularly or parallel to the SWCNT surface. Parallel or 
perpendicular assembly facilitates the π-π interactions

As seen from Figure. 1d, the meta-linked benzene ring tends to adopt 
T-shaped or its slanted variant. The para-linked benzene ring can 
adopt either P- or Y-shaped configurations, depending on the chirality 
of the nanotube, as well as the wrapping pattern. Specifically, the 
stereoisomers, cis and trans, play an important role in the wrapping 
pattern and also contribute to the availability of T-shaped, P-shaped 
or Y-shaped configurations in the hybrid.

Experimental results indicate that the benzene rings in cis-PmPV 
prefer perpendicular orientations to the SWCNTs, as predicted 
from the extended π-conjugation along the polymer chain [46]. 
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It is assumed that the meta-linked phenylene ring adopts the 
perpendicular orientation (to SWCNT surface), as the bent angle at 
the meta-phenylene provides necessary curvature to wrap SWCNT. 
Benzene rings that are connected at their ‘para’ positions (i.e. para-
phenylene), however, can adopt either perpendicular or parallel 
orientation to SWCNT surface. The ratio of para-phenylene in 
perpendicular and parallel orientation is dependent on the local 
polymer- SWCNT interaction. The cis- and trans-vinylene bond 
geometry may also affect the ratio of perpendicular and parallel 
orientation of para-phenylene. Repeating unit of trans- and cis 
vinylene stereoisomers of a PmPV are shown in Figure. 4 right panel. 
In the trans isomer, two benzene rings are in the same plane. Two 
benzene rings in the cis isomer, however, are rotated away from 
each other by 30° angle, due to the steric hindrance. In other words, 
the two phenylene rings in the cis isomer are forced to rotate away 
significantly from the co-planarity. The dihedral angle between the 
two phenylene planes remains unchanged after wrapping around 
the SWCNTs (Figure. 4 left panel). In one aspect, polymer chain 
rigidity, as a consequence of the extended π-conjugation, prevents 
the parallel positioning of the benzene rings.

Figure 5: Top panel: charge density plots of cis-PmPV around the 
metallic (8,8) and semiconducting (14,0) SWCNTs. Bottom panel: 
Calculated electronic band structure for cis- PmPV, with metallic 
(8,8) and semiconducting (14,0) SWCNTs.

We have investigated two types of polymer chains according to 
their concentration of cis and trans isomers linkages by considering 
two monomer units shown in Figure 4. The polymerchain, referred 
to as cis-PmPV, has a 1:2 ratios between trans and cis monomer 
units. The polymer chain, referred to as trans-PmPV, has a trans 
configuration throughout the polymer chain. Furthermore, we have 
examined configurations with different trans and cis units for cis- 
PmPV, specifically 1:2 and 2:4 ratios, to assess the stability of the 
nanohybrids. The selfassembledpolymer chains, which are wrapped 
helically around the nanotube, result in a very short pitch for cis-
PmPV (Figure 4).

In other words, cis-PmPV is wrapping SWCNT more tightly than 
trans-PmPV. The shorter the pitch of the polymer wrapped around 
SWCNTs, the more efficient is the dispersion. Our calculation results 
indicate that trans-PmPV (Figure. 4 bottom) has a 2.5 nm pitch, in 
good agreement with experimental observations [46]. On the other 
hand, we have found that cis PmPV has a 1.5 nm pitch length. 
The difference in pitch length is in agreement with experimental 
findings that the trans:cis isomer ratio 1:2 yields stronger interactions 
between the polymer and the tube. The wrapping pattern is rigid in 
cis-PmPV due to the fixed angle between the two benzene rings in 
the monomer unit.

In general, the wrapped structure assumes an n-fold polygonal shape 
where the number of polymer units wrapped around the nanotube 
is related to the tube diameter and the side-chain length. The trans-
PmPV isomer prefers the SWCNTs with large diameters because 
larger tubes have bigger contact area. Hence, the trans-PmPV isomer 
with higher chain rigidity shows better selectivity in comparison 
to the more flexible cis-PmPV wrapping. Therefore, the orientation 
order plays a nonessential role in the selectivity of the SWCNTs. The 
PmPV conformation as shown in Figure 4 has 13 and 14 Meta and 
para linkages, respectively. It was observed that para linkages prefer 
to be parallel to the surface of the tube while the Meta linkages are 
slanted to the surface of the nanotube. Side chains play a significant 
role in the wrapping of PmPV along the SWCNT, for connectivity 
in between the side chains affects the bonding to the polymer chain. 
Side chains with donor-acceptor interactions lead to the successful 
selectivity of SWCNTs. There is a great chance for para-linked 
benzene rings to adopt Y-shaped over P-shaped configurations 
after wrapping around SWCNTs, following the behavior of pairs 
of aromatic rings. The side chains are attached to the para-linked 
benzene rings in their meta and ortho positions. The interactions of 
side chains limited the rotations of the para-linked benzene rings 
in the trans-PmPV polymer and thus lower the available Y-shaped 
configurations.

In Figure 5, we present the calculated electronic band structure 
for cis-PmPV, interacting with metallic (8,8) and semiconducting 
(14,0) SWCNTs, respectively. The charge density plots indicate 
that the charges are localized in the polymer chain of the cis-PmPV/ 
(8,8)-SWCNT hybrid. This observation is supported by the degree 
of dispersion in the HOMO-derived band (highlighted red arrows 
in Figure. 5). For the cis-PmPV/ (14,0)-SWCNT hybrid, charge 
densities are predominantly concentrated on the tube. These findings 
indicate that the cis-PmPV polymer primarily shows a preference for 
metallic tubes. The hypothesis is also supported by the calculated 
binding energies shown in Table 1.

Another important aspect of this study is to clarify the relative 
stability of T-shape, slanted Tshape, or parallel dispersed benzene 
dimer configurations. For this reason, we have studied three different 
conformations of trans-PmPV polymer wrapped SWCNTs. These 
conformations include all-vertical-T (the polymer conformation 
with all of the benzene rings are vertical to the SWCNT surface), 
half-vertical-H (the polymer conformation with half of the benzene 
rings are vertical to the SWCNT surface), and the parallel-P (the 
polymer conformation with all the benzene rings are parallel to the 
SWCNT) conformations.
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Table 1: Calculated binding energy differences in eV with respect to the lowest energy conformation by using LDA (ELDA) and GGA 
(EGGA) parametrization, energy gap between HOMO and LUMO (Eg), Length of the SWCNT (L) and diameter of the SWCNT (d).
Structure ELDA (eV) EGGA (eV) Eg L (Å) d (Å)
H-trans (8,8) - 0.63 0 12.3 3.4 - 3.9
P-trans (8,8) 1.07 - 0 12.3 3.3 - 3.7
H-trans (8,8) 3.32 5.85 0 12.3 3.8 - 5.4
H-trans (14,0) - 0.18 0.75 12.8 3.3 - 3.7
P-trans (14,0) 0.37 - 0.75 12.8 3.2 - 3.5
H-trans (14,0) 3.35 4.96 0.76 12.8 3.6 - 5.1
cis(8,8) - - 0 6.6 3.0 - 6.3
cis(14,0) 1.22 4.64 0.75 6.9 2.9 - 6.0

Dash (-) represents the lowest energy conformation in each calculation.

Summarized in Table 1 are the calculated diameters, along with 
the band gap values for various conformations of the π-conjugated 
trans-PmPV polymer chains interacting with the SWCNTs. The total 
energy order for each structure conforms to force-field-based MD 
calculation results. We compared the pitch of the helically wrapped 
polymer chains and the van der Waal distances between the polymer 
and the nanotube. We also show in Table 1 the binding energies of 
the different conformation with respect to the corresponding lowest 
energy conformation for each tube. As seen from Table 1, the relative 
stability of half (H) and all-vertical (T) conformations depends on 
the calculation methods.

Specifically, with the use of GGA exchange-correlation, the parallel 
conformations are preferred. By contrast, with the use of LDA 
as the exchange-correlation then the half-vertical conformations 
are preferred. The polymer conformation with all the benzene 
rings perpendicular to the SWCNT (T-trans) is not a low energy 
conformation. Calculations reveal the all vertical is not preferred, 
although it is more tightly wrapped around. The smaller helical pitch 
of cis-PmPV is nearly half that of the trans-PmPV conformation. 
The tight wrapping pattern is in agreement with the experimentally 
observed high dispersion of the tubes onto the polymer. Band structure 
of trans-PmPV polymer wrapped metallic-SWCNTs contains both 
dispersed bands and flat bands (Figure. 5). Flat bands originate from 
the PmPV and dispersed bands originate from SWCNTs. Valence 
bands are affected due to the hybridization of SWCNTs bands with 
the trans- PmPV polymer flat bands, which allow for the observation 
of the highest occupied molecular orbital (HOMO)-derived bands. 
These findings imply that the PmPV polymer acts primarily as an 
electron donor to SWCNTs. We have plotted the charge density 
together with band structures and found that hybridization is strong 
when the parallel conformation conjugated with the metallic tubes, 
followed by the vertical, half vertical conformations, respectively.

We illustrate in Figure. 6 the characteristic features of the electronic 
structures of the semiconducting-SWCNT wrapped with a trans-
PmPV polymer. The distribution of the HOMO-derived band, in the 
occupied states, continuously increases starting from half-vertical, 
parallel, and then to all-vertical conformations after interacting 
with the semiconducting SWCNT (Figure. 6) For the case of 
semiconducting SWCNTs, calculated charge densities for the homo-
derived bands indicate that the hybridization is higher in the half-
parallel and parallel conformations of PmPV compared to that of 
the all vertical conformations.

Figure 6: Top panel: charge density plots of trans-PmPV with all 
vertical benzene rings (T), parallel benzene rings (P) and half vertical 
benzene rigs (H) around the metallic (8,8) SWCNT. Bottom panel: 
Calculated electronic band structure for trans-PmPV, with metallic 
(8,8) SWCNT.

In summary, we performed a systematic modeling study that provides 
crucial insights into the selective interactions between SWCNTs 
and π-conjugated polymers. Since the diameter and chirality of the 
nanotubes dictate their mechanical properties as well as electrical 
conductivity, an in-depth understanding of the interactions between 
conjugated polymers and carbon nanotubes is of great importance. 
The study reveals that the cis- and trans-vinylene bond geometry 
plays an important role to influence the orientation of the polymer’s 
phenyl rings toward SWCNT. When PmPV is wrapping around an 
SWCNT, the optimum polymer-SWCNT interaction appears to 
be dependent on the molecular ability to adjust the orientation of 
phenyl ring, which is essential for achieving optimum interaction 
via adopting Y- or PD-interactions (listed in Figure. 1). The 
approach thus shed light on the details of intermolecular interaction 
between PmPV and SWCNT, which can be employed to the novel 
π-conjugated polymers. Investigation of relevant structural and 
electronic properties is important for the development of nanotube 
based Nano electronics and nanostructured composites.
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