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Insights into the 7 — 7 interaction driven non-covalent
functionalization of carbon nanotubes of various diameters by
conjugated fluorene and carbazole copolymers
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We investigate the interaction of polyfluorene and fluorene/carbazole copolymers bearing various functional
groups and side chains with small to large diameter — from 1.7 to 9 nm — carbon nanotubes (CNTs) in vacuo.
We use variable-charge molecular dynamics simulations based on the reactive force field ReaxFF. We show
that non covalent functionalization of nanotubes, driven by 7 — 7 interactions, is effective for all the polymers
studied, thanks to their conjugated backbone and regardless of the presence of specific functional groups.
The geometry at equilibrium of these polymer/CNT hybrids is analyzed in detail at the scale of each fluorene
or carbazole unit. The role of both the functional groups and the alkyl chains length is analyzed in detail.
Adsorption of the polymers on the nanotube sidewalls is shown to be either complete — with the whole chain
physisorbed — or partial — due to intrachain coiling or interchain repulsion — depending on the initial geometry,
number of polymers and nanotube diameter. Energetic arguments supplement the described geometric fea-
tures. Both energetic and geometric adsorption features are derived here for the first time for large diameter
carbon nanotubes (up to 9 nm) and fluorene/carbazole copolymers having up to 30 monomers and bearing
different functional groups. The force field ReaxFF and its available parametrization used for the simulations
are validated thanks to a benchmark and review on higher level quantum calculations — for simple © — 7
interacting compounds made up of polycyclic aromatic molecules adsorbed on a graphene sheet, or bilayer
graphene. Although it is shown that the influence of the nanotube chirality on the adsorption pattern and bind-
ing strength can not be discussed with our method, we highlight that an available force field such as ReaxFF
and its parametrization can be transferable to simulate new systems without specific re-parametrization, pro-
vided that this model is validated against reference methods or data. This methodology proves to be a valuable
tool for optimal polymer design for nanotube functionalization at no re-parametrization cost, and could be
adapted to simulate and assist the design of other types of molecular systems.

This is a feature even stronger for Multi-Walled CNTs
(MWNTs) than Single-Walled CNTs (SWNTs) due to

Given their peculiar electronic properties and their
sensitivity to small geometric or environmental changes,
carbon nanotubes (CNTs) have already found a wide
range of applications, for instance as active material for
sensors directly embedded in concrete, to detect strains
and anticipate structural failings in buildings." They
have also been used as active material for thermoelectric
sensors,” biochemical sensors,’ humidity sensors,”” and
chemical sensors,”™ in particular for gas sensing'"'" or
pH measurement.'”'”

Functionalization of CNTs by polymers has also been
investigated for various applications, as reviewed e.g.
in Refs.'" This requires dispersion of the CNTSs prior
to functionalization by the polymers. Nanotubes tend
indeed to aggregate and form bundles, because of strong
T — & stacking interactions'” between their sidewalls.
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their lower curvature and larger possible contact surface.
Improving the dispersion of CNTs in solution has thus
been a main topic of research, either via covalent'® or
non-covalent functionalization.'’~'” The second main
objective of CNT/polymer functionalization is CNTs
sorting, by selectively functionalizing (and consequently,
dispersing) SWNTs, depending on their diameter
or chirality,'””?' enabling for instance to target
semi-conducting nanotubes for Field-Effect transistor
purposes.”>”’ These chirality selective purposes have
led to numerous classical molecular dynamics studies of
polymer/CNT compounds,”° notably to understand
selective dispersion of nanotubes by polymers and the
main geometrical features of the physisorption at the
interface — down to the atomic scale. Such simulations
were also used to estimate the typical binding energies
and confirm the tendencies of specific polymers to
interact preferentially with specific nanotubes (chirality
"map’) that were experimentally observed.”’~”’ Other
purposes of CNTs functionalization are the use of
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CNT/polymer hybrids for sensing,’*~** as reinforcement
fibers,” 7 and for photovoltaic applications.” "~
Charge transfer at the CNT/polymer interface has also
been studied, e.g. to estimate the exciton binding
energy and predict which type of chirality would be
best suited for photovoltaic heterojunction devices.’”*"
Non-covalent functionalization of CNTs by polymers —
which can be electron donors or acceptors — is indeed
a promising idea to create n — p junctions and avoid
electron-hole recombination, as CNT and polymer are
physically separated.

Functionalizing CNTs with conjugated polymers for

sensor applications has appeared in the field of gas
sensing,' ! drug delivery,”” chemical sensing”’* >4
or biosensing.’'® If many articles have adressed the
question of selective non-covalent functionalization
of SWNTs (with diameter of order 0.7 to 1.5 nm) by
conjugated polymers, and in particular polyfluorene
derivatives,”*””"/ the features of MWNTs (or very large
diameter CNTs) and polyfluorene hybrids have not been
investigated yet by simulation techniques. Conjugated
polymers such as polyfluorene copolymers have a conju-
gated backbone and can interact favorably with the CNT
sidewalls through 7 — 7 interactions. They are thus good
candidates for CNTs non-covalent functionalization.
The total binding energy of conjugated polyfluorene
polymers on CNTs increases with increasing (Single
Walled) nanotube diameter according to Nish et al.,””
and Salazar-Rios et al.*’ for small diameter — from 1
to 1.5 nm — carbon nanotubes and the same type of
polymers. Salazar-Rios et al. also analyzed the influence
of the polymer flexibility and reported that the more
flexible the backbone, the easier the helical wrapping.
They also compared the cost in torsional energy due
to wrapping to the adsorption binding energy, and the
influence of the length of alkyl chains — the longer, the
stronger the adsorption.*’
Yet, the physics of the interaction between conjugated
polymers and Multi Walled CNTs might be somewhat
different as the latter have several inner shells, which
impact the mechanical properties — e.g. the buckling
behavior under compression, studied e.g. in Refs.’*"
at the light of the cohesive vdW forces between the
layers — and much larger diameters, usually ranging
from 10 nm to 20 nm, hence lower surface curvatures.
In Ref.,” Li et al. concluded that the total binding
energy of acrylonitrile-butadiene rubber (aliphatic)
polymer chains increases with the number of walls of
the underlying nanotube. Boon and co-workers studied
poly(3-hexylthiophene-2,5-diyl) (P3HT) interacting
with CNTs of diameters ranging from 1.4 to 5.4 nm,”*
concluding that the interaction energy varies slightly
with increasing CNT diameter.

In this article, we probe for the first time the interac-

tion between large diameter (up to 9 nm, representative
of a MWNT outer shell) CNTs, as well as Double Walled
CNTs (DWNTs), and one or several fluorene/carbazole
copolymers. These polymers bear functional groups de-
signed for sensing applications. We also perform simu-
lations for a smaller diameter (1.7 nm) CNT and com-
pare the geometric and energetic features over the whole
diameter range. Variable-charge molecular dynamics,
based on ReaxFF force field, is used. Structural features
of the physisorption of conjugated polymers on CNTs are
analyzed in detail, at the scale of each monomer, for the
first time. The local stable geometries of the fluorene
groups, when adsorbed on the CNT surface (either in a
parallel or perpendicular way), are analyzed depending
on the alkyl chains length, or on the functional groups
their carry. A comparison of the relative binding energies
of the different monomers, depending on their specific
adsorbed conformations, is provided. A qualitative anal-
ysis of polymer coiling, intra and inter chain steric repul-
sion and their impact on the adsorption is performed.

Morever, we perform a benchmark in the Supporting In-
formation (SI) to show that the force field ReaxFF, and
one of its available parametrizations chosen here, are
transferable to our nanotube/polymer compounds to a sat-
isfactory extent, allowing to discuss the main structural
and energetical features of nanotube non-covalent func-
tionalization by conjugated polymers. This methodology
could prove useful to simulate a wide range of new sys-
tems with already available force fields, without any new
parametrization work. This SI is based on Refs.**"

Il. METHODS

Simulation technique :

Non-covalent functionalization of CNTs by con-
jugated polymers is likely to involve subtle charge
effects, partly due to 7 — 7 interactions.'” The latter are
indeed mainly due to van der Waals interactions, but
also dependent on stabilization effects due to electron
delocalization.'>"** Looking for the best approach to
capture this effect, the compromise between accuracy
and computational effort arises. At the scale of a single,
20 nm long large-diameter (e.g. at least 4nm) CNT
and a polymer made up of 30 monomers, which can be
deemed the simplest possible model of a CNT-polymer
compound, the system is already made up of a few tens
of thousand of atoms. This impedes the use of quantum
chemistry or density functional calculations for dynami-
cal simulation purposes. Moreover, many classical force
fields, such as CHARMM,* GROMOS,” AMBER,*"’
are mainly targeted at the simulation of biological
systems, composed of well known and accurately
parametrized building blocks. Yet, some classical force
fields have been parameterized to simulate molecular
systems similar (but not rigorously equivalent) to our



compounds of interest, such as AMBER,’%"" MM3,7%
PCFF’”*Y and COMPASS®' (the two latter being class
IT force fields®” and using bond increments to compute
atomic partial charges). The MM3 force field has
been used to simulate polyfluorene derivatives-SWNT
compounds,'®*” as well as the generalized AMBER
force field®” in Ref.”’ and the CVFF (class I) force field
(see e.g. Refs.” or Appendix of Ref.” for parameters)
in Refs.”®”” both in the case of polyfluorene derivatives-
SWNTs compounds. The PCFF force field has been
used to simulate the interaction of thiophene-containing
conjugated polymers with SWNTs,”° while the AMBER
force field’’ has been used e.g. to probe DNA-SWNT
interaction in explicit water solvent.”” The COMPASS
force field, initially developed for common small organic
molecules and polymers, has also been used to simu-
late carbon nanotubes and polymer hybrids.”" Finally,
the INTERFACE force field,’ which was built as an
extension of previous force fields such as CVFF, PCFF
or CHARMM for inorganic materials, has also recently
been used to simulate similar systems.'’ Nevertheless,
because of the specific new functional groups they carry,
our fluorene and carbazole copolymers of interest (see
next section, P1 and P2 polymers) have never been
wholly parametrized for any of the previously mentioned
classical force fields. Simulating a new, non-biological
molecular system (such as our new functional groups
grafted to the conjugated polymer backbones, see below)
with such a force field implies much effort to derive a
consistent parametrization (bonded parameters, partial
charges, etc.) for the new atomic environments, whose
validation is very demanding, and which is generally
poorly transferable to different chemical contexts. With
such classical force fields, partial charges are assigned to
the atoms of the system once and for all, and kept fixed
all over the simulation, which prevents to capture any
charge redistribution effects.

Let us point that generic force fields, such as the
Universal force field®® or the DREIDING force field,®”
were explicitly designed so that any new molecule
is easily parametrized. Indeed, all the parameters of
these force fields (for different combinations of atoms
in various environments) are derived thanks to very
simple combination rules, from atomic constants only
for UFF,”® or from very simple hybrization consider-
ations in DREIDING.”” This DREIDING force field
has been been used several times to simulate polymer
nanotube non-covalent interactions (both for aliphatic or
conjugated chains), e.g. in Refs.”’"”! UFF was also used
e.g. in Ref.”* (as a preparation to DFT optimizations)
or in Ref.”” to simulate fluorene/thiophene copolymers
interacting with small diameter (7,5) SWNTs. This
relatively simple parametrization procedure for UFF or
DREIDING may turn out to play at the expense of results
accuracy. Indeed, although the force field parameters
for a new molecule are easily obtained, there is no

guarantee that such simple and general parametrization
rules provide sufficient transferability of these force
fields from one compound to another. Moreover, such
generic force fields are not focused on the electrostatics
term — which is sometimes even omitted in UFF*® (e.g.
if atomic partial charges are not available or validated)
— and the role of electrostatics can rather be implicitly
contained in the valence parameters.

Due to the points previously detailed, we decided to use
variable-charge molecular dynamics in this paper, with
no need to initially parametrize partial charges. Such
a technique (that we deem more accurate in terms of
electrostatics description, compared to the methods used
by the previously mentioned fixed-charge force fields)
relies on geometry-dependent charge calculations — as
introduced in Ref.”” This method enables to recompute
partial charges on atoms dynamically, at each step,
following the geometry evolution of the system — by
minimizing the total electrostatic energy i.e. solving
a linear system of N (the number of atoms) equations
with the atomic partial charges as unknowns. The charge
equilibration scheme Qeq’* is used here to compute the
partial charges of the polymer or organic molecule, and
of the nanotube, at each step of the molecular dynamics
(MD) simulation or structural minimizations. The Qeq
model has some flaws, reported in Ref.”” For instance,
it does not behave correctly (i.e. does not yield correct
partial charges) when bonds are broken, but here it is
used in a chemical context devoid of any bond dissocia-
tion. However, the overestimation of charges for weakly
interacting, widely separated systems’” has to be kept
in mind as we are presently dealing with non-covalent
functionalization i.e. polymers and nanotube separated
by distances of at least 3.4 A (see section Results).
Solving the Qeq linear system at each step leads to a
computational cost about ten times larger than for classi-
cal force fields but still allows to study systems made up
of tens of thousand of atoms over reasonable time scales.
The reactive force field ReaxFF, first designed by van
Duin et al. for hydrocarbons,”® was designed to include
dynamic partial charges adjustment over the course of
a simulation, and can be used in conjunction with the
Qeq scheme. ReaxFF force field allows to perform
molecular dynamics with the possibility of breaking
and creating bonds during the course of the simulation,
thanks to the concept of bond order, integrated into
the functional form of the force field.”® It has enabled
realistic simulations of numerous phenomena involving
chemical dissociation events, among them catalysis”’’ or
amine molecules dissociation.”® MD simulations with
ReaxFF as underlying potential have been mostly used to
study systems with frequent changes of connectivity,**
as ReaxFF was more chemistry-targeted. Still, ReaxFF
can also be used in lower energy contexts (where the
probability of bond breaking is very low), as in Ref.,”®
which studies the SWNT and polymer non-covalent



interaction through ReaxFF-based MD, while no change
in connectivity or bond breaking is expected. Only small
diameter (around 1 nm) nanotubes were adressed, with
polythiophene polymers (among others) of only a few
monomers.

In this work, we use the force field ReaxFF and the

Qeq partial charge recomputation method’* to study the
interaction — in vacuo — between small to large diameter
(around 9 nm) CNTs — the latter being representative
of MWNTs outer shells — and polyfluorene derivatives.
This is to our knowledge the first time this force field
is used to simulate large diameter CNT and polymer
compounds.
The package USER-REAXC, an implementation in
C-language of ReaxFF’”>'"" embedded in LAMMPS
code,'”! was used for the simulations. The ReaxFF
parameters taken for the simulations are those available
from article,”® derived for systems containing C, H, N
and O in a high energy context. Because this force field
and the associated parametrization were not explicitly
derived for the specific systems we study — ie. to
study possible adsorption geometries and energies of
conjugated polymers on CNT surfaces —, we perform a
benchmark of the force field ReaxFF with this particular
parametrization. We study model systems, made up of
polycyclic aromatic molecules adsorbed on a graphene
surface, the results being reported in the Supporting
Information. Adsorption geometries and energies are
compared between ReaxFF, Lennard-Jones potential,
and higher level ab-initio methods. The validity of the
method is asserted, showing that the binding energy
and distance are correctly reproduced by ReaxFF for
7w — © stacking interacting systems. From a method-
ological point of view, one of the goals of the article
and Supporting Information is also to test to which
extent a given available (i.e. without the need to rederive
specific parameters for each new system) force field
(such as ReaxFF) is transferable to functionalized carbon
nanotubes, by testing it and performing a benchmark
against one or several quantum reference methods. Given
the need to simulate a wide class of different systems or
polymers to orientate device fabrication and to provide
useful insight to experimentalists manipulating these
systems, rederiving a specific parametrization for each
(non-transferable to other systems and other contexts)
would prove too long.

The system at stake is not periodized, but simply
included in a sufficiently large simulation box. For the
MD simulations, we use a Nose Hoover deterministic
thermostat as a sampling procedure to reproduce the
statistics of the NVT canonical ensemble, with a 300K
target temperature and time steps of 0.3 fs. A velocity
Verlet scheme is used to integrate the corresponding
equations of motion. Stable and metastable configura-

tions obtained during the MD phase space exploration
are extracted and their geometry separately further
minimized (at zero temperature) to deduce adsorption
energies. On average, simulations of 150,000 to 300,000
steps (depending on the polymer length, average initial
distance and configuration of the polymer chain with
respect to the nanotube surface) of 0.3 fs, i.e. 45 ps
to 90 ps, were performed. This duration was indeed
long enough for polymers to adsorb and stabilize, as
well as for all terms contributing to the total energy to
become constant. Twice more number of steps were
roughly needed to achieve convergence for twice longer
polymer chains of similar initial configuration with
respect to the nanotube. Although bond dissociation
events are possible with such a reactive force field, we
did not observe any bond breaking for these simulations
in the NVT ensemble, at 300 K, when the system was
initially energy minimized at 0 K, and using a small
enough timestep (smaller than 0.3 fs to ensure numerical
stability).

Systems studied :

The polymers chosen to probe the interaction with
CNTs are polyfluorene derivatives or fluorene/carbazole
copolymers (including some carbazole groups replacing
periodically fluorene monomers). These polymers have
been patented recently’' and are related to undergoing
experimental works on chemical sensors. The backbones
of these polymers are made up of alternating fluorene
di-hexyl and carbazole units. They can be (in the case
of copolymers) separated periodically by single units
bearing grafted functional groups’' — known to complex
specific ions, also called ’probes’ in the following —
which can be attached either to carbazole or fluorene
groups. The polymer may also be devoid of any probe.
It is the case of polyfluorene homopolymers, which
are used as benchmarks in the following, to isolate the
geometrical and energetic effects of the probes carried
by their counterparts.

The CNTs used in the simulations are finite portions of
infinite tubes (of 20 nm long). They are not periodized
but are hydrogenated at their extremities to avoid edge
effects due to unsaturated carbon atoms. They are
initially energy-minimized to relax the forces due to this
artificial nanotube shortening. All polymers and CNTs
are initially built and visualized thanks to SAMSON
software'"” (as well as the simulation output geometries).

As a benchmark, we first studied the interaction
between a 4 nm diameter armchair nanotube (portion
of about 20 nm long) and poly(9,9-dihexylfluorene)
polymers made up of 15 and 30 monomers. This value
of 4 nm diameter was chosen about twice smaller than
the outer shell of the MWNTSs diameter (about 9.5 nm
according to the supplier — Nanocyl NC 3100 datasheet)
to reduce computational expenses. Increasing the diame-



ter of the CNT from 4 nm to 5 nm adds around 2700 new
carbon atoms for a total length of the nanotube of 20 nm,
which results in a notably higher computational cost.

We then compared the interaction of one or several
fluorene:carbazole copolymers (denoted as Pl in the
following) made up of 10 and 30 monomers, with 1.7
nm, 9 nm diameter (armchair) nanotubes, and a Double
Walled nanotube of 9 nm diameter (armchair) outer shell.
The length of the simulated P1 copolymers — designed
to interact with heavy metal ions and whose structure is
displayed in figure 1 — is chosen to match experimental
data,'’’ as well the 1:9 proportion of carbazole units
bearing functional groups relatively to fluorene groups
bearing two hexyl chains'’? — responsible for the solu-
bility. Similarly, we studied the interaction with a large
diameter (9 nm diameter) nanotube of a polyfluorene
polymer with one every ten fluorene group bearing a bis
urea group (in the same 1:9 proportion), denoted as P2 in
the following (its structure is displayed in figure 2).
Some examples of CNT-polymer compounds systems
initial geometries for MD simulations are displayed in
figures 3, 7 and 9. They are chosen so that polymer
chains are far enough from the CNT axis, and not parallel
to it, to avoid favoring any specific adsorption mode.
The smallest distance between the polymer backbone
and the CNT is always of order or larger than 10 A, to
avoid any initial interaction between the polymer and
the CNT which could bias the resulting exploration.
Indeed, the cutoff distance for non-bonded — van der
Waals and Coulomb — interactions is 10 A in ReaxFF
(Taper correction'’"), so that polymer atoms initially
do not interact with CNT atoms. Varying qualitatively
the initial geometries (i.e. the relative position of the
polymer with respect to the CNT), we were able to
highlight the influence of the starting configuration as
regards the possible intrachain coiling of the polymer (or
interchain steric repulsion for two polymers) in the final
adsorbed geometry (as discussed in the Results section).

Ill. RESULTS AND DISCUSSION

Comparing the interaction of a CNT with polyfluorene
homopolymers, on the one hand, and on the other hand
with fluorene:carbazole copolymers, bearing not only
alkyl chains, but also chemical groups — designed to

The general trend observed during the molecular
dynamics explorations is the following. The conjugated
polymers first explore their own configurational space,

Before bringing together the CNT and the polymer, both
are separately relaxed within LAMMPS, with the same
force field ReaxFF. Geometric and energetic features
derived from all these simulations are discussed in the
next part.

The influence of the chirality of the CNT has not been
investigated in this study. All investigated CNTs are thus
armchair. Indeed, we show in the Supporting Informa-
tion that although the most stable binding geometry (AB)
and binding energy — for aromatic systems stacked on
graphene — are correctly recovered by ReaxFF, the influ-
ence of the nanotube chirality on the adsorption pattern
and binding strength of conjugated polymers can not be
discussed with ReaxFF. The energy barrier for the dis-
placement of an aromatic polycyclic molecule parallel
to the graphene sheet — e.g. between two extreme ad-
sorption modes AB and AA - is indeed found to be un-
derestimated with ReaxFF by one order of magnitude,
compared to the best performing DFT-D methods (e.g.
®wB97X-D functional and at least 6-31G™ basis set) for
these weakly interacting systems. Simple semi-empirical
force fields do not satisfactorily reproduce the barrier de-
rived by DFT (or higher-level quantum mechanical cal-
culations) on similar systems. Thus, the precise relative
orientation of the polymer chain adsorbed on (i.e. func-
tionalizing) the tube surface can not be discussed. Yet,
such force fields — and in particular ReaxFF, which does
no imply any re-parametrization effort — are the only pos-
sible tool at this system size, to explore the configura-
tional space of CNT-polymer compounds at reasonable
cost. Although they appear not to include enough physi-
cal ingredients to capture unambiguously the corrugation
of the translational energy landscape, the main adsorption
features — as the perpendicular and parallel geometry for
the adsorbed fluorene groups, or the coiling patterns (see
below) — can be analyzed correctly. The adsorption dis-
tance and the magnitude of the binding energy are indeed
shown to be well captured in the Supporting Information.

complex specific ions in water’' — grafted periodically to
either fluorene or carbazole groups, allows to isolate the
role of these probes on the non-covalent functionaliza-
tion.

thanks to the free rotations (at 300 K) along single bonds
linking successive monomers, without yet undergoing
any attraction of the nanotube. The beginning of the MD



FIG. 1: Structure of P1 carbazole:fluorene
copolymer

FIG. 3: Initial geometry of the 15-monomers long
poly(9,9-dihexylfluorene) and neighboring 4 nm
diameter and 20 nm long CNT. Hydrogen atoms are
displayed in white, and carbon atoms in grey.

explorations is very similar to the simulations under the
same conditions of a poly(9,9-dihexylfluorene) chain,
without any CNT. After a few picoseconds, due to the
random phase space exploration of the polymer chain,
some monomers become close enough to the CNT to
interact with it through non-bonded electrostatic and van
der Waals dispersion terms. The polymer being a single
cohesive unit, as soon as some monomers are adsorbed
on the CNT surface, it entails the subsequent adsorption
of the neighboring units of the chain. This process can
end up with the whole polymer chain adsorbed on the
CNT, as in figures 4, 8, 10, 14, 15. This adsorption
mode is related to the particular starting configuration of
the chain and to the nanotube diameter. If the polymer
is initially relatively close to the CNT and unfolded,
this feature is likely to be conserved upon adsortion.
Alternatively, the polymer can end up being only partly

HN
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FIG. 2: Structure of P2 polyfluorene polymer.”’

FIG. 4: 15-monomers long poly(9,9-dihexylfluorene) polymer
adsorbed on a 4 nm diameter and 20 nm long CNT,
configuration extracted after 150,000 steps of 0.3 fsi.e. 45 ps
(from starting geometry 3) and further minimized.

physisorbed, in the particular (but very likely) case of
a coiled chain (see for instance the possible adsorption
geometries displayed in figures 12, 13 and 18). This
feature is due to the random space exploration of the
chain prior to the adsorption on the CNT surface. The
polymer, if initially far enough from the CNT surface,
is long enough to make ’loops’ around itself. The
part of the chain that is adsorbed can prevent other
monomers (further away along the chain), located on
top of it, to adsorb as well — simply because of steric
hindrance. Such intrachain coiling has been reported
(thanks to molecular dynamics NVT simulations) for
flexible backbone polymers adsorbed on a 0.8 nm
diameter and 12.5 nm long SWNT.”' The same authors
reported that most polymers with stiffer backbones
tend to remain more linear (with fewer, or without any
intrachain coiling and loops) prior to adsorption on the



FIG. 5: Local geometry of neighboring fluorene groups
parallel (right groups) and perpendicular (left group) to
the 4 nm diameter CNT surface (with two indicative
distances from the polymer backbone to the CNT
surface) : the two possible local geometries observed in
all adsorption geometries of polyfluorene polymers.

same SWNT,”" though it may be linked to the choice of
starting configurations. Yet, for a poly(pyrrole) polymer
made up of 30 units, an adsorption pattern with partial
intrachain coiling and partial nanotube wrapping was
reported,”’ consistently with our following qualitative
analysis (see next subsection). This departure of part of
the polymer backbone from the CNT sidewalls has also
been mentioned in Ref.”’

* the fluorene group is perpendicular to the CNT sur-
face (see figure 5, top left monomer or figure 6,
two upper left groups), the carbon atom of the flu-
orene bearing the two hexyl chains being the clos-
est to the CNT — at about 4 A of the surface. The
two hexyl chains are adsorbed on the CNT and
maximize their extension along the surface under-
neath, suggesting van der Waals interactions with
the honeycomb lattice, already reported in Ref.'"”
for alkanes on graphite. The mean distance be-

FIG. 6: Top view of two neighboring fluorene groups
perpendicular (left upper groups) and parallel (right
lower groups) to the 4 nm diameter CNT surface in the
same adsorption geometry.

A. Geometrical features

Once the most stable configuration for the polymer on
the CNT surface has been reached, the atoms of the back-
bone nearest to the surface are located at a distance of 3.5
A to 4 A from the CNT sidewalls, as shown in figure 5. In
the particular simulation of a 15 monomer-long poly(9,9-
dihexylfluorene), with initial geometry displayed in fig-
ure 3, and ’final’ geometry — after 150,000 steps of 0.3 fs
i.e. 45 ps — displayed in figure 4, the interaction between
the polymer chain and the 4 nm diameter CNT is com-
plete, i.e. every fluorene unit ends up being in contact
with the CNT surface. Two main types of local adsorbed
geometries are observed, and these observations are com-
mon to all the polyfluorene polymers studied in this paper
(either for the whole chain, when it is entirely adsorbed,
or for the part of the chain which is adsorbed, in the case
of a coiled, not wholly adsorbed chain) :

tween the axis of the hexyl chains, which are par-
a&llel to the CNT, and the surface, is about 3 to 3.4
A.

¢ the fluorene group is stacked parallel to the CNT
surface at an average distance of about 3.5 A-see
figure 5 — suggesting @ — 7 stacking interactions
between the m — m* electron systems of the
aromatic fluorene groups and the CNT honeycomb
lattice. One hexyl chain points outwards and



FIG. 7: Initial geometry of the 30-monomers long
poly(9,9-dihexylfluorene) and neighboring 4 nm diameter
CNT.

seems not to interact with the CNT, while the other
one is parallel to the CNT surface, interacting
through van der Waals dispersion forces with the
underlying surface. The two hexyl chains thus
fill the available space without steric repulsion
and maximizing their interaction with the CNT
surface. The stacking distance close to 3.4 Ais
consistent with the interlayer distance between
two graphene sheets in graphite®® and other
physisorption equilibrium distances.

The existence of these two possible local geome-
tries for fluorene groups has already been reported
by Gomulya et al.”’ for similar polyfluorene deriva-
tives, of varying alkyl chain length, functionalizing
non-covalently SWNTs of around 1 nm diameter. For
this small diameter range, a selectivity of the polymer
adsorption with respect to the nanotube chirality was
unveiled. The local geometries observed in both cases
in Ref.”” — either parallel or perpendicular — are very
similar to those found here for armchair nanotubes
of diameter ranging from 1.7 to 9 nm. Moreover, the
adsorption of only one alkyl chain per fluorene unit
parallel to the surface (the other alkyl chain pointing
outwards) has also been recently mentioned for dodecyl
chains.*’

At this stage, the question arises whether a specific
local adsorption geometry of the fluorene group on the

FIG. 8: Configuration of the 30-monomers long
poly(9,9-dihexylfluorene) and 4 nm diameter CNT
extracted after 250,000 steps of 0.3 fs i.e. 75 ps (from
initial geometry displayed in figure 7) and further
minimized.

Once the polymer has reached the most stable config-
uration on the CNT surface, it then remains physisorbed
on the CNT surface all over the course of the configu-
rational sampling. The polymer as a whole is seen to
explore slightly different configurations on the surface.
Its backbone is indeed able to deform on the surface,
thanks to the energy provided by the heat bath at 300
K. However, the fluorene groups always remain in the
same local adsorbed perpendicular or parallel geometries
defined above.

We obtained the same physisorption mechanism and
local geometrical features — fluorene units being either
perpendicular or parallel to the CNT sidewalls — for a
twice longer (30 monomers, about 30 nm long) polyflu-
orene chain. Examples of initial geometry and of final
adsorbed configuration are displayed in figures 7 and 8
respectively. The u-shaped geometry of the adsorbed 30
monomer-long polyfluorene is due to the specific initial
configuration of the polymer backbone relatively to the
nanotube chosen for this simulation. More generally,
no preferential general adsorption pattern for the whole
chain has been unveiled.

CNT surface (either perpendicular or parallel) is favored.
At first sight, for the two poly(9,9-dihexylfluorene)



FIG. 9: Initial geometry of the 15-monomers long
poly(9,9-dimethylfluorene) and neighboring 4 nm
diameter, 20 nm long CNT.

polymers of different lengths studied, the ratio of
perpendicular to parallel units seems to be close to
unity whatever the nanotube diameter. Naturally, some
variability occurs depending on the particular initial
orientation of the polymer chain with respect to the CNT
initially, and the direction of exploration followed by the
sampling algorithm. The local geometry of each unit
— either perpendicular or parallel — which is selected

Influence of the length of the alkyl chains :

To understand the influence of alkyl chains on the
local adsorption geometries of the fluorene groups, we
performed similar MD calculations (with the same 4
nm diameter CNT) with a poly(9,9-dimethylfluorene)
polymer — also made up of 15 monomers, but simply
replacing every hexyl chain with a methyl group. The
initial geometry is displayed in figure 9 while the
adsorbed S-shaped configuration, after interaction, is
displayed in figure 10. Here, all the fluorene monomers
unambiguously end up parallel to the CNT surface,
even though the initial configuration was deliberately set
with the polymer chain axis perpendicular to the CNT
(which, at first sight, should rather lead to fluorene units
adsorbed perpendicularly to the surface). This result
suggests that the length of the alkyl chains grafted to
the fluorene units is accountable for the appearance of
local stable perpendicular geometries in the adsorbed
configurations, which had not been reported yet. It is
validated by energetic considerations hereafter.

Let us comment on this important feature. A fluorene
unit bearing two hexyl chains — as for the poly(9,9-

FIG. 10: Adsorbed configuration of the 15-monomers
long poly(9,9-dimethylfluorene) on a 4 nm diameter, 20
nm long CNT (extracted after 60,000 MD steps of 0.3 fs

i.e. 18 ps, and further minimized).

when it approaches close enough to the sidewalls thus
appears to depend on the initial distance between the
polymer and the CNT, and on the dynamical evolution
of inter-rings torsion angles between successive fluorene
groups. It does not further evolve during the simula-
tion once the polymer is physisorbed. This question
will be further addressed in the energetic features section.

hexylfluorene) polymers studied —, once adsorbed on
the CNT surface (as shown for instance in figures 5 and
6), cannot switch from the parallel to the perpendicular
conformation because of the distance to the surface,
which is too small to allow any rotation of the whole
unit. On the contrary, methyl groups are small enough
to allow such a rotation, simply because the size of a
CH3 group is smaller than the distance of about 3.4 Ato
the surface underneath. For fluorene units bearing hexyl
chains, steric (entropic) effects prevent the fluorene
units from rotating over the CNT surface, once they are
adsorbed.

These two benchmark simulations tend to suggest that
the longer the alkyl chain, the more possible adsorbed
configurations the polymer can adopt (i.e. the higher the
configurational entropy). At least, when switching from
methyl chains to hexyl chains attached to the fluorene
units, perpendicular local geometries become possible,
on top of parallel ones. This conclusion was also
mentioned by Gomulya et al. for alkyl chains ranging
from 6 to 18 carbon atoms.”’
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FIG. 11: Example of a carbazole group (belonging to
a 30-monomers long P1 polymer) not adsorbed on
the CNT surface (20 nm long and of 9 nm diameter),
after 300,000 steps of 0.3 fs. The
2-pyridyl-benzimidazole functional group attached
to the carbazole has, on the contrary, the possibility
to stack parallel to the surface thanks to the
flexibility brought by the alkyl chain.

Influence of the chemical groups attached to the
polymer backbone :

We now address the impact of the functional groups
attached to the polymer backbone on the adsorbed
pattern and the expected sensing capabilities. For the
P1 fluorene:carbazole copolymers made up of 10 and
30 monomers respectively (with 9:1 fluorene:carbazole
ratio), and for the P2 polyfluorene polymer (with 9:1
(fluorene carrying probe):fluorene proportion), the
physisorption of the polymeric chain on all studied
(small to large diameter) CNTs occurs with the same
trend as depicted previously, over the same time scale of
a few tens of ps. Once the polymer has interacted with
the CNT, the two same local configurations for fluorene
groups are obtained, with a balanced distribution of
parallel w — 7 stacked and perpendicular groups. Let us
highlight that for the P1 copolymer, the carbazole group
is not connected to the neighboring fluorene groups via
the usual 2,7 positions in the polymer structure (see
figure 1). This introduces angles of about 90° in the
backbone, which is visible for instance in the adsorbed
geometries shown in figures 14 or 15.

Concerning the functional pendant groups, on the one
hand, those of P1 are attached to the carbazole units of
the backbone and are made up of a unique flexible hexyl
chain, ending with a terminal 2-pyridyl-benzimidazole
group (with a bicyclic, rigid benzimidazole group
attached by a single bond — allowing rotations — to a
pyridyl ring). Because of the aromaticity of the carbazole
group and the quite low steric hindrance of its functional

FIG. 12: P1 polymer adsorbed on a Double Walled CNT
of 9 nm outer shell diameter (and 20 nm long). The
inner shell is separated by 3.4 A from the outer shell.
The polymer is coiled, because of loops on itself prior to
the adorption, which end up preventing all monomers
from being perfectly adsorbed. The three functional
groups are stacked parallel to the CNT sidewalls.

group (one chain only linked to the carbazole group),
the pendant group appears to stack parallel to the CNT
surface after physisorption — see figures 12, 13, 14, 15,
16 and 20 — except in the case of intra or inter-chain
steric repulsion — see figures 16 and 19 respectively. In
figure 19, the steric hindrance of one adsorbed polymer
hinders the adsorption of almost half of the second
polymer chain — on the surface of a 1.7 nm diameter
SWNT. This inter-chain steric hindrance effect seems
weaker for larger diameter (e.g. 9 nm) nanotubes, as
seen e.g. comparing to figure 16, reporting a possible
adsorption configuration of the same two polymers
on a 9 nm diameter nanotube. Although both chains
were initially located on the same side (relatively to the
CNT), they are both almost wholly adsorbed, due to the
much larger surface area and lower surface curvature.
The carbazole groups (carrying these P1 functional
groups) are mainly stacked to the surface — maximizing
their interactions with the underlying CNT surface —
except when the steric hindrance due to two neighboring
perpendicular fluorene groups (attached to two hexyl
chains) is too high — see e.g. figure 11.

On the other hand, the functional groups of P2 are made
of two branches (attached to the same fluorene unit),
each one comprising a urea group in-between two phenyl
groups. These groups also stack parallel to the CNT (at
3.4 A from the surface), in the regions where the chain is
perfectly extended on the CNT surface, because of 7 —
stacking interactions between the phenyl groups and the
graphene-like surface (see figure 17). However, in some



FIG. 13: Possible adsorption geometry of the
30-monomers long P1 polymer on a 20 nm long
Single Walled CNT of 1.7 nm diameter. Similarly to
the adsorption example on a Double Wall CNT
surface (see figure 12), the polymer makes one loop
around itself, preventing all monomers from being
adsorbed (region towards the right of the nanotube).
Yet, all three functional groups are adsorbed on the
surface.

situations — e.g. in the case of coiled adsorbed geometries
— these functional groups (belonging to polymer P2) are
far from the surface, thus not interacting with it. These
local features can be due e.g. to intra-chain interactions
— the polymer chain which is underneath prevents some
polymer units located further along the backbone from
being adsorbed on the sidewalls, see e.g. figure 18.

Similar coiled adsorbed geometries, with intra-chain
steric repulsion effects, have been observed as well
for P1 polymer adsorbed on a Double Walled CNT (of
9 nm diameter outer shell) — figure 12 — or on a 1.7
nm diameter Single Walled CNT - figure 13. In the
case of figures 12 and 13, only regular fluorene units
were prevented from adsorbing, and not functional
groups. Note that these polymers have been designed to
recognize some species thanks to the attached functional
groups, which will act as probes. The proximity of the
latter to the CNT surface appears as a positive point as it
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FIG. 14: Configuration of the 10-monomers
long P1 polymer after physisorption on a 20
nm long, 9 nm diameter CNT, after 400,000
steps of 0.3 fs i.e. 120 ps. The functional group
carried by the chain is adsorbed parallel to the
surface.

is expected to enhance the electronic interaction between
the CNT and the complex formed by the probe and the
targeted analyte. This should perturbate the electronic
properties of the CNT which will act as transducers in
the design of ohmic sensors.

Let us also point that no noticeable difference — with
respect to the same (9 nm) outer diameter SWCNT — was
observed concerning the average geometrical adsorption
pattern of polymers on the Double Walled nanotube
surface. The inner nanotube shell interacts only by
non-bonded (Coulomb and dispersion vdW) forces with
the approaching polymer. These long-range interaction
terms however decay fast and are negligible beyond 10
A. Asa consequence, only few atoms of the second shell
interact with the atoms of the adsorbed polymer. This
may explain that no major structural change is observed.
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FIG. 15: Adsorption geometry extracted after 300,000
MD steps of 0.3 fs, i.e. 90 ps (and further minimized) of
the 30-monomers long P1 polymer near a 20 nm long, 9

nm diameter CNT. All three functional groups are
adsorbed.

Functional

Functional

group

FIG. 17: Example of adsorbed geometry for the
30-monomers long P2 polymer on a 9 nm diameter,
20 nm long CNT. Three functional group branches
are adsorbed parallel to the CNT surface, while two

branches are pointing outwards, arguably not
interacting with the sidewalls.

B. Energetic features

We now provide an energetic interpretation of the
polymer adsorption patterns, and in particular local
geometries observed for the fluorene units — main
constituents of the polymer backbones. A balanced
distribution of perpendicular and parallel fluorene groups
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FIG. 16: Adsorption geometry extracted after
400,000 MD steps of 0.3 fs, i.e. 120 ps (and
further minimized) of two 30-monomers long P1
polymers, initially on the same side of a 20 nm
long, 9 nm diameter CNT. While there is almost
no inter-chain steric hindrance, intra-chain
repulsion occurs for the second, highlighted chain,
preventing one of its functional groups from being
adsorbed.

FIG. 18: Example of functional groups (attached to the
P2 polymer backbone) not adsorbed on the 9 nm
diameter CNT surface because of intra-chain steric
hindrance (due to coiled adsorbed geometries). The
sensing of ions by these specific functional groups is
likely not to affect the electronic transport properties of
the CNT underneath, because of their large distance to

the surface.

was described in the previous part for all adsorption
geometries. To understand further these observations,
we computed the binding energies of the different
polymers (but also of some single monomers) on the
nanotube surfaces. The results are summarized in Table L.

The adsorption energies of fluorene dihexyl monomers



FIG. 19: Example of inter-chain steric hindrance for two
30-monomers long P1 polymers (initially on opposite
sides relatively to the nanotube) on a 1.7 nm diameter,
20 nm long SWCNT, after 800,000 steps of 0.3 fs i.e.

240 ps.

on the CNT surface, when compared to adsorption ener-
gies of fluorene dimethyl monomers, allow to isolate the
contribution of alkyl chains to the binding energy. Ne-
glecting the binding energies of alkyl chains perpendic-
ular to the CNT surface, we find the following binding
energies from the first two lines and the fifth line of Table
I:

binding ~
hexylchain||CNT surface ™ 15.5 keal/mol (D
binding ~
fluoreneunit||CNT surface ™ 28.1 keal/mol @)
binding

Fluorene LCNTsurface ~> 14.8 keal/mol 3)
The value of the binding energy of an hexyl chain
parallel to the CNT (i.e. extended along the surface)
compares very well to the experimental value of the
desorption energy of about 18 kcal/mol found for an
hexyl chain on graphite previously reported.'’” Chen et
al.”” reported from numerical simulations using UFF*® a
somewhat lower binding energy of about 11 kcal/mol for
octyl chain adsorbed on small SWNTs of 1 nm diameter
— chirality (7,5).

From these results, the parallel fluorene geometry
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FIG. 20: Example of adsorbed geometry for the two
same 30-monomers long P1 polymers (also initially on
opposite sides relatively to the nanotube) on a 9 nm
diameter, 20 nm long SWCNT, after 400,000 steps of
0.3 fs i.e. 120 ps. Both chains are fully adsorbed, as well
as all functional groups.

appears much more favorable than the perpendicular
one. This result explains (at least energetically, at O
K, overlooking entropic effects) why fluorene units
bearing (very short) methyl chains all stack parallel to
the nanotube surface — a feature unveiled in the previous
section — see figure 10.

When the fluorene groups bear longer alkyl chains (as
for instance hexyl chains), either two hexyl chains are
adsorbed along the CNT sidewall when the fluorene
unit is in the perpendicular geometry, or only one is if
the fluorene is in the parallel geometry. The energetic
gain in having one more hexyl chain adsorbed parallel
to the surface appears here to exactly compensate the
difference in binding energy for the perpendicular vs.
parallel fluorene configurations (the latter being more
favorable than the former without considering hexyl
chains). This explains why the binding energies of a
single fluorene monomer (bearing two hexyl chains) for
the perpendicular and parallel adsorption modes are of
the same order of magnitude (see Table I, first two lines),
consistently with the results reported for SWNTs.””
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CNT diameter CNT length Monomer (or polymer) Adsorption energy Main geometric features Figure
Two hexyl chains adsorbed along
20 nm (10860 atoms, One perpendicular dihexylfluorene the surface, fluorene unit
4 nm hydrogenated) monomer (59 atoms) -45.6 kcal/mol perpendicular to it. Not shown
One hexyl chain pointing
20 nm (10860 atoms, One parallel dihexylfluorene outwards, one adsorbed along the
4 nm hydrogenated) monomer (59 atoms) -43.4 kcal/mol surface, fluorene unit parallel to it. Not shown
15 monomer-long -600 kcal/mol
poly(9,9-dihexylfluorene) (-40.0 kcal/mol per Whole chain adsorbed on the
4 nm 20 nm (10860 atoms) (877 atoms) monomer) surface. Figure 4
30 monomer-long -1135 kcal/mol Whole chain adsorbed on the
20 nm long (10860 poly(9,9-dihexylfluorene) (-37.8 kcal/mol per surface. The adsorption pattern is
4 nm atoms) (1732 atoms) monomer) u-shaped. Figure 8.
Dimethylfluorene group parallel to
the surface, one CH3 unit parallel
20 nm long (10860 One parallel dimethylfluorene to the surface, the other pointing
4 nm atoms, hydrogenated) monomer (29 atoms) -30.8 kcal/mol outwards. Not shown
S-shaped adsorption geometry, sort
15 monomer-long -416 kcal/mol of "helical wrapping’ possibly due
20 nm long (10860 poly(9,9-dimethylfluorene) (-27.7 kcal/mol per to all fluorene groups being parallel
4 nm atoms, hydrogenated) (427 atoms) monomer) to the surface. Figure 10.
Intra-polymer steric hindrance :
one "loop’ made by the polymer
before adsorbing (in the MD
30 monomer-long P1 polymer - 983 kcal/mol exploration), ending up with some
20 nm (5520 atoms, (1:9 carbazole:fluorene proportion, (-32.8 kcal/mol per monomers not being in contact
1.7 nm hydrogenated) 1741 atoms) monomer) with the surface. Figure 13.
No loop (polymer chain short
10 monomer-long P1 polymer - 409 kcal/mol enough). Templating effect of the
(one functional group, 9 regular (-40.9 kcal/mol per CNT (the chain adopts the CNT
9 nm 20 nm (19473 atoms) monomers, 595 atoms) monomer) curvature). Figure 14.
30 monomer-long P1 polymer - 1217 keal/mol No loop, chain entirely adsorbed
(3 functional groups, 27 regular (-40.6 kcal/mol per and adopting the nanotube
9 nm 20 nm (25870 atoms) monomers, 1741 atoms) monomer) curvature. Figure 15
Two 30 monomer-long P1 polymers
(3 "probes’, 27 regular monomers,
20 nm (25870 atoms, 1741 atoms each), initially on the -2347.0 kcal/mol One loop (intra-chain hindrance)
9 nm hydrogenated) same side of the CNT. (-39.1 kcal/mol) only for one of the two polymers. Figure 16.
Two 30 monomer-long P1 polymers
(3 "probes’, 27 regular monomers, Neither intra nor inter chain
20 nm (25870 atoms, 1741 atoms each), initially on -2436.0 kcal/mol hindrance. Both chains fully
9 nm hydrogenated) opposite sides of the CNT. (-40.6 kcal/mol) adsorbed. Figure 20.
9 nm (outer shell), Very coiled, many loops (the
3.4 A distance to 20 nm long (49570 30 monomer-long P1 polymer - 947 kcal/mol polymer has time to coil before
the inner shell atoms, both shells (3 "probes’, 27 regular monomers, (-31.6 kcal/mol per reaching the CNT surface
(DWNT) hydrogenated) 1741 atoms) monomer) “template’). Figure 12.
Very coiled, many loops (the
30 monomer-long P2 polymer polymer, being "perpendicular’ to
(3 ’probes’, 27 regular monomers, - 937 kcal/mol the CNT axis initially, has time to
20 nm (25870 atoms, 1780 atoms), "perpendicular’ initial (-31.0 kcal/mol per coil before reaching the CNT
9 nm hydrogenated) geometry monomer) surface "template’). Figures 17, 18.

TABLE I: Estimated adsorption energies derived from structural minimizations (with ReaxFF) for fluorene monomers — perpendicular and
parallel to the CNT surface — and for whole polymer chains adsorbed on CNTs. The geometries are all extracted from NVT molecular dynamics
simulations, once the interaction is complete, and further minimized (at 0 K). Binding energies are then derived by substracting the energies of both
the isolated polymer and CNT (each minimized alone at 0 K). Per monomer adsorption energies are obtained by dividing the total adsorption
energy of the polymer chain by its number of monomers, neglecting the contribution of the two terminal phenyl groups at both chain ends.




We observed the following interesting features on
the calculated adsorption energies. For coiled adsorbed
geometries, the average binding energy per monomer
is of order 32 kcal/mol for both polymers (with no
noticeable difference for the adsorption on the Double
Walled nanotube). This is significantly lower than for
’ideally’ adsorbed polymer geometries, with the whole
chain being in contact with the CNT sidewalls, with an
average binding energy of 40 kcal/mol per monomer.
This adsorption energy per monomer unit is closer to
the maximum binding energy per fluorene monomer
(bearing two hexyl chains), found to be of order 45
kcal/mol in the ideal case of a single monomer unit
adsorbed on the CNT surface (two first lines of Table
I). The presence of some units in the polymer backbone
bearing functional groups can also be accountable for
the variability of the adsorption energies (compared to
the ideal case).

The binding energies reported in Table I for different
polymers or monomers are typical of non-covalent func-
tionalization. Indeed, the binding energies per monomer
range from 1.3 to 1.7 eV, which in turn converts to
about 20 to 30 meV/atom (for monomers of 59 atoms),
a typical energy for weak 7 — m stacking interaction.
It is consistent with values of about 1 eV reported in
Ref.*’ (obtained at the DFTB level'"®) for polyfluorenes
bearing dodecyl side chains adsorbed on SWNT of about
1 nm diameter and 50 A long. It is also consistent with
the binding energies of 0.5 eV per ADN nucleobase
(small units containing one or two aromatic rings, of size
comparable to fluorene monomers) derived in Ref.* in
solvated conditions (using AMBER force field), and with
the total adsorption energies — of 300 kcal/mol, i.e. 13
eV, in total — derived for shorter stiff-backbone polymers
on SWNTs” (using DREIDING force field).

Binding energies per unit length of nanotubes have
also been reported to range from 15 to 20 kcal/(mol.A)
in Ref.”” (in the case of multiple polyfluorene chains,
bearing alkyl chains of varying length, adsorbed on
SWNTs of about 1 nm diameter, and covering almost the
whole surface) using CVFF force field, and from 6 to 12
kca]/(mol.ﬁ) for one poly(9,9-dioctylfluorene) adsorbed
on SWNT> (using MM3 force field).

In our simulations with 20 nm long, small (1.7 nm) to
large (9 nm) diameter CNTs, the adsorption energy for
a single polymer made up of 30 units is of order 1000
kcal/mol, and 2000 to 2400 kcal/mol for two polymers
(see Table I). Thus the binding energy per unit length
of CNT found here with ReaxFF is in the order of 5
kcal/(mol.ﬁ) for one adsorbed polymer and twice as
much for two adsorbed polymers. Binding energies on a
given nanotube are mainly additive, e.g. when increasing
the length of a polymer chain (or as well when increasing
the length of the alkyl chains), as they are driven by van
der Waals dispersion forces (a feature proved in the SI for
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smaller model systems), which are additive. However,
because of steric repulsion between polymers (see e.g.
figure 19), and entropic reasons, this binding energy by
unit length might not increase perfectly linearly with the
number of neighboring polymers.

Focus on guided polymer selection :

These ReaxFF-based MD simulations show that the
investigated polymers are able to functionalize CNTs,
although in many different ways. We have studied the
influence on the CNT/polymer geometry of the alkyl
chain length and functional groups carried by the poly-
mer backbone. We have also highlighted the existence
of coiled adsorption geometries for long polymer chains
due to intra-chain, or inter-chain (in the case of multiple
polymers) steric hindrance. The differences in adsorption
geometries and energies observed for different polymer
types (and lengths) in this study can lead to an ’optimal’
polymer selection (among a given set of candidates), with
respect to a given purpose. Let us illustrate the polymer
selection methodology enabled by these simulations. We
aim at enhancing the sensitivity of the CNT electronic
properties towards a target molecule or a target ion (in
solvent) captured by the probe of the polymer — e.g. as
targeted in Ref.”'~*> Thus, we are looking for a maximal
adsorption of the polymer on the CNT surface, without
intrachain coiling, so that the functional groups are close
enough to the surface. In that case, the complexation of a
target ion by a functional group adsorbed on the surface
can modulate the conduction properties of the nanotube.
The functional groups have also, if possible, to interact
only weakly with the CNT surface — to preserve their ion
binding capabilities. These objectives imply, according
to the previous results, to design a rather short polymer
(oligomer) to lower the probability of coiled adsorbed
geometries. Indeed, we have seen that the proximity of
the sensing probes to the CNT surface is favored by a
locally complete adsorption pattern of the polymer chain,
avoiding any loop or intrachain coiling, which is more
likely for shorter polymer chains (for entropic reasons of
intrachain coiling possibilities).

IV. CONCLUSIONS

Thanks to ReaxFF-based MD simulations, we esti-
mated the main geometrical features of non-covalent
functionalization of small (1.7 nm) to large (9 nm) di-
ameter Single and Double Walled CNTs — representa-
tive of most classes of possible nanotubes outer shells
— by polyfluorene homopolymers and carbazole:fluorene
copolymers, carrying functional groups targeted at spe-
cific ions. Two main local adsorption geometries were
unveiled for fluorene units (namely perpendicular and
parallel), generalizing similar results derived in previous



articles for SWNTs, of about 1 nm diameter, only.””"’

Moreover, an energetic explanation is provided to these
features, and the role of the length of the alkyl chains
grafted to the polyfluorene backbone was clarified. Alkyl
chains which are short enough, such as methyl groups,
lead to adsorption of all the units of the chain in the par-
allel mode only. The possible adsorption equilibrium ge-
ometries for the functional groups periodically grafted
to the polymer backbone have also been analyzed on
two polymers of similar structure, but bearing functional
groups of different nature (and different steric hindrance).
Both functional groups studied tend to adsorb parallel to
the CNT surface (thanks to m — 7 interactions) due to
their aromatic character, when possible, i.e. outside of
any local intrachain (loop) or interchain steric hindrance
preventing complete adsorption.

We have also analyzed coiled adsorption geometries for
(long enough) polymers on CNT surfaces, while most
previous studies only reported and described the features
of the ideal case of whole chain adsorption, or of helical
wrapping (on SWNTs). These observed coilings of the
polymer over the CNT sidewalls were explained through
the particular choices of initial geometries of the polymer
relative to the CNT. When the former is far enough from
the CNT, the MD exploration is likely to lead to loops
and intra-chain interactions (because of purely entropic
reasons) prior to the adsorption and the irreversible ’tem-
plating’ effect of the CNT. These complex and coiled ad-
sorption geometries are the ones most likely happening
in real conditions, not withstanding the presence of other
polymers, adding interchain interactions prior to and dur-
ing the adsorption (which can result far from a perfect
pattern of complete CN'T/polymer interaction, as shown
above).

To validate the use of ReaxFF force field (and of the spe-
cific parametrization used here*®), we performed bench-
mark calculations on model systems and compared the
geometries and energies derived to the results on similar
systems within higher levels of theory (Supporting Infor-
mation). We showed that the correct binding geometries
and correct order of magnitude for binding energies in
7 — 7 stacking systems are derived. However, we high-
lighted that the relative orientation of the polymer chain
with respect to the CNT surface lattice can not be dis-
cussed here with ReaxFF, as it does not capture the trans-
lational energy barrier upon displacement of polycyclic
aromatic molecules parallel to the flat surface.

The methodology associated to this study, to derive ad-
sorption geometries and energies of various polymer or
oligomer chains (without any re-parametrization effort,
i.e. no specific new parameters are needed to simulate
our new systems) can be a valuable tool for optimal poly-
mer design. Some examples of possible side chain (alkyl
chains, or functional groups) fine-tuning were given, in
the perspective of current CNT/polymer compounds typ-
ical applications.
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This work also opens several perspectives. Our simula-
tion methodology paves the way towards further under-
standing of steric effects of polymers adsorption on dif-
ferent diameter nanotubes. The average nanotube sur-
face coverage (by neighboring polymers), as a function
of nanotube diameter, number of polymers, length of
polymer chains, and (possibly) length of alkyl chains,
is directly depending on the competition between intra-
chain, inter-chain and polymer-nanotube interactions. It
might be an enlightening quantity, of experimental sig-
nificance, to derive from further simulations. Finally,
ab-initio techniques launched on fixed geometries, pre-
viously extracted from molecular dynamics simulations
and further relaxed, could help shed light on the possible
subtle charge redistribution happening upon non-covalent
functionalization of a CNT by a conjugated polymer. The
precise origin of a possible ’doping’ (or ’charge trans-
fer’) by molecular physisorption mentioned in numerous
articles,'’” and the level of description needed to cap-
ture these effects correctly (rather in terms of electronic
density, polarizable force field, or simple fixed partial
charges model) remains to be discussed.

SUPPLEMENTARY MATERIAL

See Supplementary Material (Supporting Information)
for the validation of ReaxFF force field and of its spe-
cific parametrization, thanks to benchmark calculations
on model systems and comparison to quantum calcula-
tions.
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