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ABSTRACT: Noncovalent functionalization of single wall . |
carbon nanotubes (SWNTs) by biological and conjugated
polymers promises significant improvements in their proper-
ties important for future nanotube-based optoelectronic and
photovoltaic devices. Using a combination of molecular
mechanics and quantum chemistry methods, we investigate
how the deposition of poly-phenylene vinylene (PPV), a
conjugated polymer, on the surface of selected SWNTs affects 0 = g
their morphology, as well as their electronic and optical Energy, eV SWCNT(6,5)/PPV
properties. We found that the interaction between PPV and the

nanotube is relatively weak (0.1—0.3 eV per repeat unit), and the most stable structures exhibit small coiling angles (<20°) of PPV
chains around the nanotube. PPV functionalization weakly affects optical excitations of the SWNT, resulting in slight red-shifts of
the first and second optical bands of the nanotube. In contrast, the absorption spectra of PPV are strongly affected by specific
conformational structures of the wrapped polymer. Our analysis identifies and explains a significant blue-shift of the excited
energy and much broader line-width of the coiled PPV compared to that of the respective isolated polymer structures. These
trends convey that signatures of polymer wrapping around SWNTSs can be detected in experimental optical spectra of hybrid
composites.

Absorption, arb. u

B INTRODUCTION improved scalability, and the potential to make lightweight and
flexible devices. In addition, conjugated polymers are also versatile
materials with strong carrier transport and useful optical
properties. As such, development of novel hybrid materials
based on SWNTs functionalized by conjugated polymers creates
exciting opportunities for new functionalitities of these materials.
For example, selective binding of nanotubes with different types of
conjugated polymers provides a simple method of dispersing them
in various organic solvents,"*™"* helps to decrease bundling,'® and
consequently improves optoelectronic properties.”’>' The ability
of some conjugated polymers to selectively interact with specific
nanotube types in solution holds great promise for nondestructive
separation of SWNTs with different chiralities.”>>° SWNTs
wrapped in polymers have demonstrated a photogating effect on
charge transport amplifying current flow through the nanotube.””
Furthermore, nanotube—polymer interactions can provide neces-
sary conditions for ultrafast charge transfer from the polymer to
the SWNT required for the efficient operation of photovoltaic
devices.”**

In addition to improved nanotube properties, hybrids also

Quasi-one-dimensional nanostructures with unique optoelec-
tronic properties, single-walled carbon nanotubes (SWNTs), have
been known as promising materials for various applications,
including field effect transistors," ™ light-emitting diodes, ™ solar
cells,6 and biosensors.” ™ Compared to other systems, however,
our progress in understanding and manipulating fundamental
optoelectronic properties of nanotubes and designing subsequent
practical applications is relatively slow. The challenge is that
current methods of nanotube synthesis produce a wide range of
nanotube geometries with different chiralities (characterized by
different (nm) indices), which results in variations of their
electronic and optical properties. In addition, strong van der Waals
interactions between individual tubes result in the formation of
bundles with significantly decreased solubility and low photo-
luminescence yield. These synthetic issues hinder practical
implementation of nanotube-based materials at the industrial
level. However, unbundling, purity and quality of nanotube
samples, working characteristics, and manipulation of SWNT
physical properties can all be significantly improved through

selective chemical functionalization of SWNTSs by small organic demonstrate enhancement of the wrapped conjugated poly-
surfactants, polymers, and biomolecules.
Among available functional groups, one of the most promising Received: November 30, 2011
compounds are organic semiconductors such as conjugated Revised:  February 23, 2012
polymers. Conjugated polymers have a low manufacturing cost, Published: February 28, 2012
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mer’s electro-optical properties. Thus, the addition of SWNTs
to various types of conjugated polymers, such as poly[meta-
phenylene vinylene-co-2,5-dioctoxy-para-phenylene vinylene]
(PmPV),**™** poly-para-phenylene vinylene (PPV),>> and
poly[2-methoxy-S-(2-ethyl-hexyloxy)-1,4-phenylenevinylene]
(MEH-PPV),** increases both the electrical conductivity and
the lifetime of electroluminescence®® and photoluminescence,*®
compared to the pristine polymer samples. This improvement
and enhancement of specific properties of hybrids is controlled by
nanotube—polymer interactions and their mutual morphologies.
Typically, polymer functionalization of SWNTs has a noncovalent
character, with the nanotube interacting weakly with the polymer
via van der Waals forces or 7—r stacking>”** In such hybrid
materials, conjugated polymers are helically wrapped® or linearly
adsorbed along the nanotube.* The geometrical features of the
polymer—SWNT interface are important in determining the
physical and electrical properties of the complex. It has been
shown that the physical interactions of the SWNT's and polymers
determine the low dispersion limit in solvents of nanotube—
polymer hybrids.*' Parallel assembly of polymers along the
SWNTs results in self-assembled nanotubes in ordered ribbon-like
structures.*” Intimate heterojunction contacts and interfacial areas
between the polymer and the nanotube play an important role in
photoexcited dynamics of hybrids, including energy and charge
transfer,” transport properties,*’ and photoluminescence.”!

Despite the efforts of numerous studies in this area, an
understanding of the inherent interface physics between
adsorbed organic molecules and the nanotube surface is still
limited. The problem originates from the challenge of resolving
features associated with polymer—SWNT interactions, which
do not have direct signatures in conventional spectroscopic
techniques. As such, theoretical and computational methods
could provide valuable insights into these issues and comple-
ment experimental investigations. So far, theoretical studies of
the polymer-functionalized SWNTs have been mostly focused
on the structural aspects of hybrids. For example, tube chirality
selectivity’** has been investigated using classical molecular
dynamics**~* and Monte Carlo simulations.** Only a little
effort has been done regarding simulations of optical properties
of isolated oligomers with wrapped geometries as on a tube
surface.*’

In the present article, we perform a systematic theoretical
investigation of morphology, electronic structure, and optical
properties of SWNTSs noncovalently functionalized by the PPV
oligomer. While the majority of previous theoretical studies
have been focused on the simulations of geometries of hybrids
predicting either helical polymer wrapping”>**”*® or parallel
alignment depending on the flexibility of backbones,**** here
we address the question of how different PPV conformations
on the nanotube surface affect the optical response of both com-
ponents. We utilize a combination of the molecular mechanics
approach, using the MM3 force field for finding stable geometries,
and quantum chemistry techniques based on configuration
interaction singles (CIS) coupled to the semiempirical ZINDO
Hamiltonian for calculation of optical properties. We have found
that PPV functionalization only slightly perturbs the nanotube
structure, insignificantly red-shifting the first and second optical
bands of SWNTSs. In contrast, the adsorption spectra of PPV are
strongly affected by its wrapping geometries, noticeably blue-
shifting and broadening the spectra for the highly coiled PPV

chains.
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B METHODS

The systems considered in the present study consist of a PPV
oligomer along with (6,5) and (8,0) nanotubes, representing a
typical class of chiral and zigzag SWNTs, respectively. Ground
state geometries of pristine (6,5) and (8,0) SWNTs of about
10 nm in length have been obtained by using the semiempirical
AMI1 Hamiltonian®' as was described elsewhere.’” In order to
suppress dangling bonds and open the band gap in the finite
size tubes, the ends have been capped by hydrogen atoms in the
case of the (6,5) SWNT and by methylene groups for the (8,0)
SWNTs, according to the procedure used in the previous
studies.>>~>* It has also been shown® that such an approach
can be successfully used for predictions of the ground and
excited state properties of a variety of SWNTs. Here, AMI1
optimized geometries of SWNTs have been used in all
calculations

To get the final geometries of the tube—polymer composites,
we have started with some initial wrapping angles of the
polymer chain with respect to the tube surface. The hybrid
systems have then been optimized to their energy minima (see
Figure 1) using two different methods. For the first method,

(6,5)/PPV hybrids

(8,0)/PPV hybrids

Figure 1. Structures of studied hybrid systems of PPV oligomers with
the (6,5) nanotube (on the left) and the (8,0) nanotube (on the right).
The labels of PPV/SWNT hybrids are used throughout the article.

we use a relatively long PPV oligomer consisting of 68 repeat
units and allow all atoms of the polymer to freely move during
geometry optimization. For the second approach, only central
atoms of the short PPV oligomers of 10—20 units in size are
permitted to move, while the oligomer ends have been fixed
at certain positions from the tube surface (consistent with van
der Waals distances) during optimization. The second approach
allows us to apply approximate constraints on the polymer
wrapping created by long chains, despite the actual small size of
the systems. All optimization procedures of PPV oligomers
wrapped around the nanotubes have been done using classical
molecular dynamics, as implemented in the Tinker program.*®
MM3-2000 force-00000 field*”*® parameters have been
modified*”® to reproduce the AM1 geometry of the isolated
PPV oligomer. On the basis of results of MM3 optimization,
the binding energy between PPV and SWNT is calculated
according to the standard definition: Energies of individually
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optimized components (isolated PPV and isolated SWNT) are
subtracted from the total energy of the optimized SWNT—PPV
hybrid structure.

After the optimization step, the PPV oligomer sizes have been
reduced so that the resulting hybrid PPV/SWNT structures do
not exceed 1000 atoms. This corresponds to a tube length of
about 10 nm and PPV oligomers of 6—22 repeat units in length
depending on their wrapping angles, as illustrated in Figure 1. We
use the following criteria for reducing the number of unit cells in
final structures: (i) For tightly wrapped oligomers, we allow at
least three turns of the PPV chain around the nanotube in order to
model an effect of congregated units. (i) To prevent edge effects,
the oligomers coiled at small angles are shortened, so that they do
not exceed the edges of the SWNTs. Thus, PPV oligomers are
shorter in structures with small wrapping angles than in structures
with tightly coiled oligomers.

The reduced final geometries have been utilized for analysis
of the electronic structure and optical spectra of hybrid PPV—
SWNT systems. The first 150 (for (6,5)/PPV) and 200 (for
(8,0)/PPV) lowest excited-state energies and their respective
oscillator strengths have been computed with the configuration
interaction for singles (S-CIS) technique coupled to the
intermediate neglect of the differential overlap/spectroscopy
(INDO/S) model, as incoré)orated in the collective electronic
oscillator (CEO) package.”’™® To simulate the absorption
spectra, an empirical Gaussian line width parameter of 0.01 eV
has been chosen to address various broadening effects that
occur under experimental conditions. Natural transition orbital
(NTO) analysis®* for selected excitations has been performed
to analyze the properties of the electronic transitions in terms
of orbitals. Since most of the excited states in the considered
composites exhibit complex multiconfigurational character, the
two most significant NTO pairs (electron and hole orbitals) are
shown for each optical transition. The NTO analysis has been
carried out using Gaussian 03 code® and the INDO/S-CIS
model (the same as the CEO calculations) for all PPV/SWNT
structures. The first 10 excited singlet states for isolated PPV
oligomers have also been calculated and analyzed at the same
level of theory.

B RESULTS AND DISCUSSION

Wrapping Conformations and Binding Energies
between PPV Chains and Nanotubes. Selected structures
of PPV oligomers differently coiled around (6,5) and (8,0)
SWNTs are depicted in Figure 1. All hybrid structures are
stabilized by 7—7 interactions between PPV and the nanotube.
By changing the wrapping angle for the initial configuration, we
can limit the ability to form these 7— interactions by a certain
amount. At the same time, the structure of the PPV oligomer
slightly adjusts itself to achieve the highest possible 7—7
overlap between PPV and SWNTs for a particular coiling.
In fact, not only PPV chains with strongly distorted helical
structures but also oligomers with very small wrapping angles in
hybrid structures demonstrate a slight deviation in carbon—
carbon bond lengths compared to the isolated, ideal PPV chain
(see Table S1 in the Supporting Information).

On average, PPV carbon—carbon double and single bonds in
both types of hybrids are equal to 1.345 and 1452 A,
respectively. Their difference, the so-called bond length
alternation (BLA), is a critical structural parameter strongly
coupled to the molecular electronic structure of conjugated
polymers. The average BLA we found is 0.107 A (+0.003—
0.004 A) in both hybrids. The largest BLA is observed for PPV
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chains with wrapping angles of ~20° (A7 and B4 structures).
Such an increase of the BLA value corresponds to a lower
degree of conjugation in the oligomer coiled at 20°. Also, PPV
wrapping around the nanotube results both in large variations
of torsion angles between PPV units and in slight changes of
carbon—carbon bond lengths in the phenyl rings (1.400 =+
0.003 A) of the oligomer. The changes in carbon—carbon bond
lengths in SWNTs due to PPV functionalization are negligible.
No uniform relationship between PPV—SWNT distances and
the conjugation degree of PPV oligomers has been observed in
simulated hybrids. However, there is an expected tendency
toward higher conjugation (small BLA) in the PPV for weakly
interacting SWNT/PPV hybrids with PPV—SWNT spacing
>3.4 A. On the other hand, hybrids having very small PPV—
SWNT distances <3.3 A exhibit a significant decrease in
conjugation (see Table SI in the Supporting Information).

In all hybrids, the average spacing between the PPV oligomer
and the nanotube varies from 3.27 to 3.61 A, typically
decreasing with the strength of the PPV—SWNT interaction;
see Table 1. The most stable hybrid configurations exhibit the

Table 1. Structural Characteristics (Average Values) and
Binding Energies of PPV/SWNT Composites Obtained from
MM3 Force Field Optimization

hybrid wrapping  PPV—SWNT  number of b;ﬂ:idt/
type structure angle (deg) distance (A) units in PPV (eV)
PPV/(6,5) A9 0.98 333 11 —0.38
A8 5.25 3.34 7 —0.36

A7 1991 3.31 11 -0.32

A6 27.93 343 10 —-0.29

AS 42.82 3.27 13 -0.15

A4 48.77 3.46 6 —-0.13

A3 56.03 3.40 16 -0.07

A2 70.28 3.53 17 0.16

Al 75.83 3.54 18 -0.02

PPV/(80)  BS 0.20 332 11 —036
B7 7.23 3.33 10 -0.3§

B6 9.98 3.33 10 -0.35

Bs 11.24 3.36 12 —-0.34

B4 19.66 3.29 10 -0.31

B3 34.37 3.40 13 —-0.20

B2 58.60 3.28 9 0.02

Bl 72.77 3.61 22 0.10

optimal polymer—tube distance of ~3.3 A, common for 7—7x
stacking, thus confirming the dominant mechanism of
interaction between the nanotube and the PPV polymer is
indeed through n—x stacking. Note that the obtained binding
energies (Table 1) are higher than typical 7— interactions in a
benzene dimer, which is 2.4 kcal/mol (~0.11 eV) in the gas
phase, as calculated by the coupled cluster theory (CCSD).%
MM3 force filed calculations of binding energies between
two benzene molecules result in 2.51 and 2.14 kcal/mol for
parallel-displaced (one benzene molecule is shifted by one-half
of a ring with respect to another molecule) and sandwich
(the ring above the ring) structures, respectively. These values
agree with those obtained by high-level ab initio theories. This
agreement provides an indirect proof that MM3 calcula-
tions are reliable in predictions of 7—n interactions. Most
likely, conjugation in both SWNT and PPV results in delocaliza-
tion of orbitals over the entire system and overall increase in
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SWNT—polymer binding, compared to isolated benzene—
benzene interactions.

As can be seen from Figure 2, the more stable configurations
of PPV/SWNT hybrids have PPV wrapping angles a < 30°

0.1 —r+—rr—rrr—rrrrrrrrrrr T T
| —=—(6,5)/PPV hybrid 4
1 —e—(8,0)/PPV hybrid 1
0.0+ -
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Figure 2. Binding energy per polymer repeat unit as a function of a
wrapping angle for different PPV/SWNT hybrids. Configurations with
small wrapping angles with respect to the nanotube axis are the most
stable.

with absolute values of binding energies equal to 0.3—0.4 eV
per polymer repeat unit (see Table 1). The most energetically
favorable configuration corresponds to @ & 0°, when PPV is
nearly parallel to the tube axis. However, the energy barrier
between configurations with a =~ 0° and 5° < a < 20° is very
small, on the order of kT (0.02—0.06 eV). Thus, thermal
fluctuations might slightly distort the wrapping angles, so that
different conformations with wrapping angles varying from 0 to
20° may be equally probable. For large wrapping angles o >
60°, the hybrids are unstable, having binding energy Ey 4 =~
0 eV or even E, 4 > 0 eV for both (6,5) and (8,0) tubes.

The decrease in hybrid stability, when the PPV wrapping
angle increases, originates from an interplay between 7—7n
stacking interactions and steric repulsion energies. While
bending of PPV structures with small angles (<20°) negligibly
affects the total energy of the oligomer (comparable to thermal
fluctuations), bending of PPV chains into tightly coiled
structures significantly destabilizes the energy of the oligomer
by 0.1-0.4 eV. (Energy differences between the coiled
oligomer and the same length linear fully optimized PPV are
presented in Table S1 in the Supporting Information.) In
composites, twisted and bended configurations can be partially
stabilized by 7—r interactions between neighboring molecules,
such as nanotubes in our case. However, wrapping of PPVs at
large angles also leads to steric interactions and repulsion
between coiled PPV loops. At large wrapping angles, the energy
of such steric repulsions is so large that it cannot be
compensated by 7—z interactions with nanotubes. Overall,
our simulations predict stable PPV/SWNT configurations only
with relatively small wrapping angles a < 20°.

Helical wrapping of PPV on tube surfaces has been previously
reported in the literature. Simulations based on molecular
dynamics have predicted small coiling of conjugated polymers
with stiff backbones, rather than a strictly linear alignment on a
nanotube surface.***> Recent experimental data demonstrated
helical wrapping of SWNTs by poly(para-phenyleneethynylene)
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(PPES),* which resulted in helical pitches of ~14 nm that
correspond to the wrapping angles of ~17°. By means of
scanning tunneling microscopy (STM), it was also observed that
the PmPV polymer wraps around nanotubes at ~19°.*
Consequently, the geometries of SWNT/PPV hybrids we
predicted from MMS3 force field optimization are in good
agreement with available experimental data. It is important to
note that, in experiment, samples are usually being sonicated.
Sonication should affect hybrids with very small wrapping
angles, since polymers placed parallel to the tube surface can be
removed due to the mechanical motion of composites in the
solvent, compared to the structures where polymers are helically
wrapped around the tube. Therefore, hybrids with vanishing
wrapping angles a & 0° are usually not detected in experimental
measurements, >~

Absorption Spectra of Polymer/SWNTs Hybrids. In
order to estimate the influence of PPV oligomer wrapping on
the optical spectrum of PPV—SWNT systems, we performed
INDO/S-CIS calculations for three different structures for each
type of (6,5)- and (8,0)-hybrids shown in Figure 1. The A2 and
B2 structures have been chosen to study the properties of
unstable hybrids with long oligomers and large wrapping
angles. The A7, A8 and B6, B7 hybrids were chosen to observe
effects of relatively strong polymer—tube interactions in hybrids
with small wrapping angles of 5° < a < 20°. In the spectra of all
hybrids shown in Figure 3, the strong absorption band at ~1.6
and ~1.4 eV for (6,5)- and (8,0)- hybrids, respectively, mainly
corresponds to the lowest-energy optically active E;; excitonic
transition (see Table 2, last column). A very small red-shift of
~4 meV of this band and an insignificant decrease of its
intensity is observed in (6,5)-hybrids compared to the spectra
of the isolated (6,5) tube. Such changes are of the order of a
standard error value of the corresponding computational
methods. However, we notice that PPV more strongly affects
the first excitonic band of the (8,0) nanotube: Its intensity is
reduced, and its red-shift is ~15 meV, which slightly increases for
stronger-interacting hybrids.

Small red-shifts (<30 meV) and broadening of the low-
energy peak in the absorption spectra of narrow diameter
SWNTs upon functionalization by several types of conjugated
polymers have been experimentally detected.’®” The larger
experimental red-shifts, compared to our calculations, can be
explained by the solvent effects, which are not included in our
calculations, and different types of polymers used in
experimental samples. Analysis of the experimental results
suggests that the value of the red-shift and degree of
broadening of the first band is controlled by the chirality and
diameter of the SWNTs, as well as the polymer’s chemical
structure.”® This observation is in good agreement with our
calculations. The weakness of the overall effect of the PPV
functionalization on the E;; band of SWNTSs has two possible
origins. First, due to its very rigid structure, the geometry of the
nanotube is insignificantly perturbed by the physisorption of
the polymer, resulting in small changes in its optical properties.
Second, coupling between nanotube and polymer excited states
is minimal; e.g, molecular orbitals contributing to the E;
transition are mostly localized on the tube (see NTOs in
Figure S), while orbitals associated with PPV excitations lie
much higher in energy and do not noticeably contribute to this
transition.

The influence of PPV wrapping is more pronounced on the
second excitonic band, E,,, appearing in the region of ~2.4 eV
for the (6,5) SWNT, as shown in Figure 3. In this hybrid, E,, is
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Figure 3. Calculated absorption spectra of pristine SWNTs (solid and dashed black lines) and PPV/SWNT composites (solid red and blue lines).
Specifically, shown are spectra for pristine (6,5) and (8,0) tubes as well as hybrid A2, B2, A7, B6, A8, and B7 structures. Vertical lines correspond to

the oscillator strengths of optical transitions. Insets show optical transitions at the higher energy range. Green vertical lines denote transitions
originating from the PPV oligomers.
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lower in intensity and red-shifted by about 40 meV compared
to the E,, in the respective isolated tube. This effect is even
larger in the energy regions overlapping with polymer excited
states. Thus, insets in Figure 3 show the energy range of 2.6—
2.8 eV, where broadening and red shifts of the original bands
from the pristine SWNT are noticeable, and new optically
active states localized on the PPV chain appear (green lines in
Figure 3, 1b). Overall, in the interplay between the polymer—
SWNT interactions and the energy-resonance of the polymer
and nanotube orbitals, the latter has a larger effect on the
optical transitions of hybrids. Therefore, we predict that, if low
band gap conjugated polymers with optical absorption in the
range 1.4-2 eV,”' such as PDTPBT, are used for SWNT
functionalization, the E,; band of the nanotube will be much
more affected and red-shifted compared to PPV-functionalized
SWNTs.

Interestingly, optical transitions associated with the PPV
chain appear in the 2.5—2.7 eV spectral window only in the case
of the A2 hybrid (Figure 3, 1b), where the PPV oligomer has
the most coiled structure and the longest length. It is well-
known that an increase of the conjugation length in oligomers
red-shifts their vertical transition energies.”” Figure 4 presents
the absorption spectra of the isolated PPV oligomers in their
ideal, optimized geometries (planar) and in the configuration
they have as hybrids (coiled). As expected, both planar and
coiled PPV structures of 17 units in length (A2) have the
lowest energy optical transitions (starting at ~2.65 eV),
compared to shorter PPV configurations. Therefore, it comes
as no surprise that absorption bands related to smaller PPV
oligomers in the other hybrids appear at higher energies >2.80 eV
(not shown in Figure 3). On the other hand, oligomers with
large coiling angles tend to have broader and blue-shifted
spectra with slightly lower intensity compared to their linear
counterparts, as follows from Figure 4 and Table 2. This blue-
shift originates from specific PPV coiling conformations, while
the nature of the PPV lowest excited states and their spatial
extent on the polymer chain remains the same in both coiled
and linear structures (see Tables S2 and S3 in the Supporting
Information). To rationalize observed blue-shifts, we recall that
the lowest excited state in linear chains gains most of the
oscillator strength from the parent excitonic band. In contrast,
for chains with coiled geometry, such as those found in our
hybrid structures, higher excited states forming complex
standing waves on the chain”>~"> become optically allowed
due to symmetry reasons leading to constructive and
destructive transition dipole interferences between loops,
similar to phenomena observed in molecular aggregates with
complex geomet1‘ies.76’77

Our calculated results presented in Figure 4 are consistent
with experimental data,”®*~* where incorporation of SWNTs in
a PPV polymer matrix results in a blue-shift and decrease of the
absorption intensity compared to the pristine PPV sample.®!
These modified optical properties have been explained by
shortening of the effective 7-conjugation length of PPV chains
in the composite due to PPV wrapping around the nanotubes.
The morphological structure of such a composite can be
represented’” by a mixture of poorly packed short oligomers
and well-packed long oligomers of PPV on the surface of
SWNTs. According to our calculations, the appearance of a
well-defined broad peak in the range of 3—3.3 eV and a small
red-shifted peak at 2.6 eV in coiled PPVs versus one sharp peak
at 2.8 eV of the near-linear PPV chains, corresponding to small
wrapping angles, could serve as a signature of the helical
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Figure 4. Calculated absorption spectra of isolated coiled PPV
oligomers (solid red and blue lines) and corresponding linear
structures of the PPV chains (dashed black lines). The panels are
listed according to decreasing values of wrapping angle (starting from
the top): A2-like structure; B2-like structure; A7-like structure; A8-like
structure. Red vertical lines correspond to the oscillator strength values
of optical transitions.
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m

Figure S. Electron and hole natural transition orbitals (NTOs) contributing to the E;; electronic transition of the pristine nanotube and selected
PPV/SWNT hybrids. The top and bottom panels show (6,5) and (8,0) tubes, respectively. The values between the columns represent the percent of
the excited electron—hole density corresponding to the presented NTO. Side and front views of orbitals are displayed using isosurfaces of equal

amplitude (0.006).

wrapping of PPV polymers around the nanotube. Thus, these
features in the absorption and emission spectra could be useful
to detect the dominant structures of the SWNT—polymer
hybrids using optical measurements. Analogous signatures of
the wrapped versus aligned poly[9,9-dioctylfluorenyl-2,7-diyl]
polymers (PFO) associated with red-shifted peak in photo-
luminescence spectra have been reported in PFO—SWNT
hybrids.** It was also found”® that photoluminescence in this
composite occurs without contributions from the SWNT
network, supporting our results on negligible overlaps between
the nanotube excitonic wave functions and polymer orbitals.
Nature of the Lowest Excited States in PPV/SWNT
Hybrids. In order to analyze the optically active E,; transition
of SWNTs, we performed NTO analysis for several selected
hybrid structures and corresponding isolated SWNTs, as shown
in Figure 5. Two dominant pairs of electron and hole NTOs
almost equally contribute to the E,; transition of the pristine
(6,5) and (8,0) nanotubes. In general, electron and hole NTOs
for this excitation are delocalized along the tubes. However, the
difference in the chirality angle and dimensions of these tubes
defines formation of distinct patterns of the NTO orbital
“clouds” and the amount of nodes seen. Thus, the electron and
hole orbitals of the (6,5) SWNT have larger amplitudes for the
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central part of the tube and smaller amplitudes for the
peripheral sites (Figure Sa), whereas hole NTOs for the (8,0)
tube have opposite characteristics with slightly smaller
amplitudes located at the center of the tube (Figure Sb).
Similar to the pristine tubes, each dominant NTO pair
contributing to the E,, transition represents a delocalized 7—n*
character of excitations in SWNT—PPV composites. An
amplitude distribution of lower-energy NTOs suggests that the
electron and hole are mostly located on the tube with a slightly
larger shift of the orbitals toward the ends of the nanotube than
it was observed in the pure SWNTs. Compared to the pristine
(6,5) tube, rather small changes are seen for electron/hole
NTOs of the tube in the corresponding hybrids. In contrast, the
almost ideally symmetrical electron/hole NTOs of the (8,0)
tube undergo significant asymmetric changes due to PPV
functionalization. Such noticeable changes in the NTOs upon
PPV wrapping are responsible for stronger red-shifts and
decreased intensities in the absorption spectra of (8,0)-PPV
hybrids (see Figure 3). The observed difference in NTOs
between the (6,5)- and (8,0)-PPV hybrids points on some
sensitivity of optical transitions to the tube chirality in polymer-
functionnalized SWNTs. Overall, PPV functionalization causes
only small perturbations to the low-energy excited electron and
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Table 2. Calculated Absorption Data for PPV Oligomers and Corresponding PPV/SWNT Hybrids: Transition Energies, eV, and Oscillator Strengths (in Parentheses)

first 10 excited states in the absorption spectrum of the isolated coiled PPV oligomer
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1.60 (14.09)
1.60 (14.19)
1.41 (16.31)
1.40 (14.10)
1.40 (15.72)

4.08 (0.00)
4.16 (0.13)
3.99 (0.05)
4.07 (0.00)
4.07 (0.01)

4.074 (0.00)
4.08 (0.00)
3.99 (0.03)
4.07 (0.00)
4.07 (0.00)

4.073 (0.00)
4.08 (0.00)
3.98 (0.04)
4.07 (0.06)
4.07 (0.06)

3.99 (0.09)
4.07 (0.00)
3.98 (0.06)
4.06 (0.01)
4.06 (0.01)

3.81 (0.00)
4.07 (0.00)
3.95 (0.03)
3.89 (0.00)
3.89 (0.01)

3.61 (0.21)
4.07 (0.01)
3.74 (0.21)
3.68 (0.22)
3.67 (0.22)

3.41 (0.00)
3.85 (0.00)
3.50 (0.35)
3.45 (0.01)
3.45 (0.02)

321 (0.62)
3.53 (0.44)
3.26 (3.01)
3.23 (0.65)
323 (0.67)

3.03 (0.00)
3.20 (0.00)
3.01 (2.00)
3.02 (0.07)
3.01 (0.04)

2.88 (7.00)
2.90 (5.00)
2.81(1.40)
2.84 (7.37)

2.83 (7.36)
“The first optically allowed E,, exciton in the spectra of (6,5)-PPV and (8,0)-PPV hybrids corresponds to the fifth (Ss) and eleventh (S,,) transitions, respectively. The transition dipole moment associated

with the E;; exciton has a dominant z-component directed along the tube axis.

A7

A8

B2

B6

B7
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hole orbitals of the nanotube; therefore, the effect on the E;;
excitonic band is insignificant in SWNT—PPV composites.

B CONCLUSIONS

The present study provides a theoretical viewpoint on the
relationship between the optical properties of PPV/SWNT com-
posites and their morphological features. Analysis of the (6,5)- and
(8,0)-hybrids suggests energetically preferred PPV wrapping at
smaller wrapping angles (<20°) with respect to the tube axis. Our
study confirms that PPV oligomers wrapped around the nanotube
insignificantly affect the lowest E;; absorption band in hybrids,
resulting in tiny red-shits, broadening, and a small decrease in the
intensity of the E;; band. The values of such red-shifts and spectral
broadening depend on the chirality of the nanotube. Absorption
spectra of hybrids, however, are more affected in the region of
higher energies relevant to the E,, band, which are close in energy
to the excited states of PPV. Our calculations show that the
absorption spectra of the nanotubes are almost insensitive to the
coiling angle of the PPV chain. In contrast, coiling conformations
significantly blue-shift and broaden the absorption spectra of the
PPV oligomers, compared to near-linear conformations corre-
sponding to zero or very small wrapping angles. Such blue-shifted
features in the absorption and emission spectra of hybrids can be
used as signatures of the helical wrapping of the polymer chain
around the nanotube to detect the dominant structures of the
SWNT—polymer hybrids from optical responses.
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those in PPV/SWNT hybrids. Transition orbital analysis of
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