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Abstract

Filling nanotubes with molecules is a route for the development of elec-
tronically modified one-dimensional hybrid structures for which the interplay
between the electronic structure of molecules and nanotubes is a key factor.
Tuning these energy levels with external parameters is an interesting strat-
egy for the engineering of new devices and materials. Here we show that

the hybrid system composed by quaterthiophene (4T) molecules confined
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in single-walled carbon nanotubes, presents a piezo-Raman-resonance of the
molecule vibrational pattern. This behavior manifests as a rapid pressure in-
duced enhancement of the 4T Raman mode intensities compared to the tubes
G-band Raman modes. Density functional theory calculations allow to ex-
plain the spectral behaviour through the pressure-enhanced quaterthiophene
resonance evolution. By increasing pressure, the tube cross-section defor-
mation leads to a reduction of the intermolecular distance, to the splitting
of the molecular levels and then to an increase of resonance opportunities.
Calculations and experiments converge to the 4T piezo-resonance scenario
associated with the pressure-induced nanotube radial collapse observed at
about 0.8 GPa. Our findings offer possibilities for the development of pres-

sure transducers based on molecule-filled carbon nanotubes.

Keywords: quaterthiophene, carbon nanotubes, resonance Raman
spectroscopy, high pressure, straintronics.

2010 MSC: 00-01, 99-00

1. Introduction

A single-walled carbon nanotube (SWCNT) can be viewed as a rolled-
up graphene nanoribbon constituting a hollow-core cylindrical shape of sp?-
hybridized carbon atoms, with electronic, optical and mechanical properties
extremely dependent on diameter and the rolling angle or chirality [1, 2, 3, 4].
These unique physical properties have boosted carbon nanotubes (CNTSs) to
the scene of suitable materials for the nano-optoelectronic field [5, 6]. The
functionalization of CNTs through the endohedral filling with molecules has
been an efficient approach to develop new hybrid-one-dimensional (1D) struc-
tures. In such configuration, the host CNT prevents the guest molecules from
mechanical and chemical degradation and contact with the enviroment, while
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the guest molecules can modulate the energy band structure of CNTs and im-
prove their emitting properties. In particular, the insertion of oligothiophene
molecules into SWCNT's showed a photoluminescence (PL) emission in the
visible spectral range with quantum yields up to 30% and a tunable electronic
structure, which is dependent on the oligomer chain length [7, 8, 9]. On the
other hand, the nanotube confinement is predicted to split the thiophene fron-
tier orbitals due to the substantial molecular interchain interactions, which
in turn modulate the electronic and absorption properties of the oligomers
as well [10].

External parameters, as pressure, can be further used to tune the opti-
cal properties of nanomaterials [11, 12]. Specifically, in host-guest systems,
high pressure is an effective manner to further modulate molecule-molecule
and host-molecule interactions[13, 14], which offer opportunities for the fine-
tuning of optoelectronic properties of quatertiophene (4T) filled SWCTNs
(4T@QSWCNTSs) hybrid systems.

Resonance Raman spectroscopy (RRS) is an efficient tool for probing
optical and electronic properties of carbon-based hybrid systems, since the
Raman spectrum of carbon nanotubes is very sensitive to charge transfer
(CT)[15, 16, 17, 18, 19], structural modification [20, 21, 22|, defects [23, 24,
25] and doping [26, 27]. Actually, specifically for the ATQSWCNT system,
RRS has been used to show that the presence of the quaterthiophene induces
a charge transfer between the guest 4T molecules and the host nanotubes.
It was shown that CT scales with tube diameter and metallicity character
28, 29, 18, 19]. Furthermore, the supramolecular organization of the oligomer
inside the CNT is deeply dependent on the CNT diameter and can favor the
formation of strongly coupled J-aggregates (the molecules are stacked in pairs
and aligned head-to-tail inside the nanotube) [30, 9].

In this work, we performed a combined high-pressure RRS experiments
and DFT modelling on the hybrid 4TQSWCNTs system. Experiments were
carried from ambient pressure conditions up to 10.7 GPa aiming to probe
the interactions between tubes and oligomers. The rapid increase of the 4T
Raman mode intensities relative to G-band allow to evidence a pressure-
tuned thiophene resonance. Atomistic DFT calculations of the 1D-hybrid
system under strain conditions shed light on the electronic structure evolu-
tion of both host and guest structures and support the interpretation of the
experimental data.
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2. Methodology

2.1. Samples and Experimental setup

A source of commercial electric arc SWCNTSs (1.2 nm < diameter < 1.6
nm), called NT14 in the following, was used as the host material. Encap-
sulation of dimethyl-quaterthiophene (CigH14S,) into carbon nanotubes was
performed using a vapor reaction method previously described [19]. The hy-
brid material is named as 4T@NT14 in the following. The reference pristine
nanotubes (NT14) have undergone the same thermal and cleaning treatments
as the hybrid sample during the encapsulation process. Therefore, differences
between the two samples can directly be attributed to the encapsulation of
4T molecules.

Raman experiments were carried out using a WITec system alpha300
equipped with laser excitation energies of 2.33 eV and 1.96 eV, for high-
pressure measurements, and a Jobin Yvon T64000 spectrometer (in a triple
mode), coupled to a charge-coupled detector, equipped with the 2.71, 2.54,
2.41, 2.33, 2.21 and 2.18 eV excitation energies, for ambient pressure experi-
ments. The laser power was adjusted in order to improve the signal-to-noise
ratio and to avoid heating effects on the samples. The laser beam was focused
with a 50x (ambient pressure spectra) and a 20x (high-pressure spectra) ob-
jective lenses and the signal was dispersed by a grating of 1800 grooves/mm,
resulting in a spectral resolution of ~ 1 em™".

High pressures were achieved by using a National Bureau of Standards
diamond-anvil cell type with a culet size of 700 ym. The 4T@QNT14 and
NT14 samples were loaded in a cylindrical pressure chamber, drilled in a pre-
indented stainless steel gasket and placed between the two diamond anvils.
NaCl powder was used as a pressure transmitting medium (PTM) in order
to avoid any accidental filling of the tubes [4]. Pressure in the chamber was
calibrated by the standard ruby luminescence R1 line method [31].

2.2. Theoretical methods

We used an LCAO-based DFT approach [32, 33] as implemented in the
SIESTA code [34, 35] in order to calculate the electronic and structural
properties of 4TQSWCNTs under uniaxial stress and probe in that way
the effect of carbon nanotube deformation on the hybrid system properties.
The Kohn-Sham orbitals were expanded in a double-( basis set composed
of numerical pseudoatomic orbitals of finite range enhanced with polariza-
tion orbitals. Common atomic confinement determined by an energy shift
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of 0.02 Ry was used to define the cutoff radius for the basis functions, while
the fineness of the real space grid was determined by a mesh cutoff of 500
Ry [36]. For the exchange-correlation potential, we used the generalized
gradient approximation (GGA) [37], and the pseudopotentials were modeled
within the norm-conserving Troullier-Martins [38] scheme in the Kleinman-
Bylander [39] factorized form. Brillouin-zone integrations were performed
using a Monkhorst-Pack[40] grid of 1 x 1 x 10 k-points for structural opti-
mizations. For relative total energy, charge population analysis and projected
density of states (PDOS) calculations, we used a grid of 1 x 1 x 40 in order
to obtain a good description of the energy levels and charge density. For each
strained structural geometry relaxation, the SCF convergence thresholds for
electronic total energy were set at 10~* eV. Periodic boundary conditions
were imposed in the a, direction, while a set of perpendicular large enough
(25 A) off-plane lattice vectors, a, and a,, were set to prevent interactions
between periodic images.

A semiconductor (17,0) SWCNT with a diameter of 1.33 nm was used to
model the confinement of 4T molecules into CN'Ts. Such chirality was cho-
sen to approach the mean diameter of the studied SWCNTSs in our Raman
spectroscopy experiments. Such specific chirality should not deeply influence
our major findings since the critical pressure values for ovalization and col-
lapse transformations of CNTs are not significantly dependent on the tube
chirality but strongly dependent on its diameter [41].

We simulated five CNT unit cells (total length of 21.48A) for this SWCNT
in order to accommodate long 4T molecules (total length of 14.36A) in the
interior of tubes and avoid periodic image interaction. We should stress that
the main effect of the encapsulating nanotube will be to promote a huge
confinement for 4T molecules and subsequent radial compression of both 4T
molecules in the interior of the tubes (as we will see later), emphasizing here
that different chiralities and/or conducting properties will not deeply affect
our results. For each deformation level, we fixed the atomic positions of a
line of carbon atoms along the axial tube direction (the length of each CNT
is kept constant because SWCNTs are more sensitive to radial than axial
deformations), and the remaining atoms were fully relaxed for each strain
level by using conjugated gradient techniques when the force was smaller than
0.05 eV/ A on each remained atoms. Such procedure can be justified due to
the fact that CN'Ts have large Young’s modulus values when compared with
the critical pressures values for deforming their radial cross-section[42, 43, 44].
Therefore, we expect that radial deformation will be dominant even from
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the first stages of pressure evolution. Besides that, the solid PTM used
(NaCl power) is also expected to lose its hydrostaticity even for very low
pressures[45], which certainly conduct to uniaxial stress on nanotube surface.

We define the uniaxial radial strain (e,) in the y-direction as (do-d)/d,
where dj is the original diameter of the tube and d is the minimum wall-to-
wall distance of the tube after applying the pressure-induced radial strain.
We emphasize that since we are modeling uniaxial pressure by the constraint
of a carbon atoms line, the pressure estimation will be still arbitrary and
strong dependent of the atom’s area (atom radius specifically) which was
used. Even if we have information of the tube length and the residual force
on each atom (for the constrained atoms), the exact area where this residual
force is applied is not clear, and cannot be undoubtedly defined. Therefore,
DFT estimations of pressure for isolated molecules and/or nanomaterials
surface should be dealt with caution.

3. Results and discussion

Figure 1 (a) shows the measured Raman spectra of the NT14 (black lines)
and 4T@QNT14 (green lines) samples at some selected pressure values. These
spectra are normalized by the G-band intensity. The complete pressure cycle
is shown in Figure S1 (a) of Supplementary Information (SI). The spectra
from 4T@NT14 sample present both 4T modes (1400-1530 cm™t) [19, 18,
28] and the G-band of SWCNTs (1550-1600 cm™!) while for NT14 sample,
obviously, the spectra display only the G-band. In the 4TQNT14 system,
the 4T mode intensities quickly increase for pressures above 0.4 GPa with
respect to the G-band intensity. In contrast, in the empty SWCNTs sample,
the G-band is well resolved up to 10.7 GPa, in spite of its broadening and
intensity decrease as pressure increases.

In order to verify the role of the applied pressure on the resonance of the
4T@QNT14 sample, we performed a Raman study of both hybrid and pristine
samples as a function of the laser excitation energy. Figure 1 (b) shows that
the intensity of quaterthiophene modes increases in comparison with G-band
when the excitation energy is closer to the optical absorption of the oligomer
(2.71 €V or 457.9 nm). A similar result has been observed by Alvarez et al.
[19] and Almadori et al. [18], which attributed such behavior to two different
origins: (i) 4T resonance effect, which increases the 4T Raman signal when
approaching a resonance energy and (ii) a photoinduced charge transfer, that,
in turn, changes the resonance conditions of the G-band, thus making its
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intensity decrease. On the other hand, a recent study by Almadori et al.
28] have shown that such photoinduced charge transfer (an additional CT
when 4T molecule is in resonance) only occurs in small diameter CNT (0.6
nm < d < 1 nm) while for large diameter CNT a permanent CT is observed.
There is a striking similarity between the pressure response (Fig. 1 (a)) and
the energy-excitation response (Fig. 1 (b)) on the 4T@NT14 spectra. This
fact clearly points out that pressure application is tuning the resonance of
photons used to excite the Raman spectra with electronic transitions of 4T
molecules. Pressure then acts as a tuning parameter for molecular resonance
in a similar way to laser energy tuning.

(a) E|=233eV 4T@NT14 (b) 4T@NT14 Ambient pressure
NT14 NT14
1.8 GPa
2.71eV
= =
= =
5 5
£ 13GPaf £ 254 eV
© ©
d) o)
N N 2.41eV
© 08GPa|l ®
£ £
S S
> > 2.33eV
0.4 GPa
221eV
AC-BPL 2.18 eV
1400 1450 1500 1550 1600 1650 1400 1450 1500 1550 1600 1650
Raman shift (cm™) Raman shift (cm™)

Figure 1: Pressure effect and excitation energy effect on the studied system. (a) Raman
spectra collected at different pressures, excited with the energy of 2.33 eV both for empty
SWCNTs (black lines) and 4T@SWCNTs hybrid system (green). AC-BPL correspond to
ambient pressure conditions spectra before the pressure cycle. (b) Raman spectra of the
same samples as in (a) at ambient pressure collected with different excitation energies with
empty SWCNTs (black traces) and 4TQSWCNTSs hybrid system (colorful lines). All data
are normalized to the maximum of the G-band intensity.
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Figure 2: (a) G-band components for pristine SWCNTs (empty circles) and 4TQNT14
(filled circles) samples as a function of pressure. (b) 4T Raman frequencies for 4eT@NT14
sample as a function of pressure. These data points were excited with the energy of 2.33
eV. The black and red arrows indicate the onset and the end of the pressure-induced
collapse process.



170

180

185

195

200

To analyze the pressure-dependence of the 4T and SWCNTs signatures
in 4T@QNT14, we fitted the spectrum with eight Lorentzian components. The
Raman peak positions at ambient pressure of these peaks are given in the
Figure S3 (a) of SI. The higher energy 4T peaks are related to C=C stretching
modes whereas the lower energy one is associated to C=C vibrations localized
at the two outer quaterthiophene rings [19, 46, 47, 48, 49]. The G-band line-
shape analysis was made by using three Lorentzian components (see Figure
S3 (a) of SI for their ambient pressure Raman shift).

It has been shown that the G-band profile of carbon nanotubes is mainly
characterized by two dominant peaks, named G~ and G™, originated from
the splitting of Ey; mode from graphite due to symmetry breaking, caused
by nanotube curvature [50, 51, 52, 53, 54|. The higher-frequency band com-
ponent (GT) is known to be diameter independent, while the lower-frequency
peak (G7) decreases when decreasing the tube diameter [53, 54]. Therefore,
we attributed the highest frequency component to the G mode and the two
lowest frequency peaks as being associated to G} and G; modes of different
resonant set of tubes in the sample. These differences on the G~ frequencies
come from the tube diameter dependence.

The G-band frequencies as a function of pressure for 4TQNT14 sample
and empty NT14 system are shown in Figures 2 (a). We can see a similar
trend for both systems. The GT and G~ components present a sudden down-
shift at ~ 0.8 GPa followed by a quasi-linear trend after 1.8 GPa. Similar
behaviour is observed in the 4T modes, shown in Figure 2 (b). Therefore,
there is no clear evidence of mechanical support provided by 4T molecules
to increase the collapse pressure as it has been reported for SWCNT [4],
DWCNT [55] and TWCNT bundles [20, 22] .

The observed downshift in the Raman signal at ~ 0.8 GPa is in very good
agreement with the diameter dependent SWCNT collapse pressure given by
the modified Lévy-Carrier scale law for SWCNT in Ref. [56]. It has been
shown that variations of the tube cross-section can substantially modify the
G-band spectra due to symmetry breaking and interatomic potential modifi-
cations [57]. A change on the sign of the pressure derivative (Ow/0P) of the
G-band has been attributed to the onset of nanotube radial collapse, while
the end of the collapse process has been associated to a graphite-like evo-
lution of G-band components [4, 21, 16, 22]. Accordingly, we associate the
pressure values marked with black and red arrows in Fig. 2 as being the onset
(~ 0.8 GPa) and the end (~ 1.8 GPa) of the radial collapse of the nanotube.
In addition, the discontinuity of the 4T frequencies can be attributed to a
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reorganization of the oligothiophene structure due to the tube cross-section
ovalization during the collapse process. It is interesting to note that whereas
small molecules as iodine, water or CO5 can significantly alter the value of
the SWCNT collapse pressure[14, 56, 58], we do not observe here an effect
of 4T endohedral filling on the collapse pressure of the SWCNTs.

DFT calculations have been performed in order to understand how pres-
sure application modifies the resonance of the 4TQSWCNT system. Firstly,
the calculations were done for isolated 4T molecules aiming to study the inter-
action of two 4T molecules as a function of the intermolecular distance. Those
calculations were conducted with 4T molecule atoms fixed in their isolated
conformation. Band structure calculations based on density functional theory
(DFT) with local (LDA) or gradient-corrected (GGA) exchange-correlation
potentials are known to severely underestimate the band gap of semiconduct-
ing materials and also HOMO-LUMO gap of isolated systems [59]. Alterna-
tive approaches have been proposed to correct this issue such as DFT+U,
Hybrid Functional and GW methods [60]. In our atomistic modelling, where
4T@QSWCNTs systems are composed of hundred of atoms, such methods are
computationally expensive. However, even if experimental values for HOMO-
LUMO gap of quartertiophene molecules is estimated to be ~ 3.0 eV and the
value obtained here with DFT framework is at around 1.9 ¢V (underestima-
tion of 40%), we expected that qualitative tendencies of molecular levels as
a function of compression rate of simulated nanotube are preserved [20].

In Figure 3 (a), we can see the two structural conformations of the 4T
molecules wich were tested: Config A denotes the parallel approach of two
4T molecules but with lateral displacement. The Config B is used to describe
the fully superposed parallel approaching of two 4T molecules. We note that
at this stage we are not considering the effect of nanotube confinement.

Figure 3 (b) shows the evolution of the molecular gap (left axes) and bind-
ing energy (right axes) of 4T system as a function of intermolecular distance
(dmor) in the two considered configurations. As we can see, both configura-
tions have minimum binding energy values when intermolecular distance is
dmot = 4.32 A and they are both energetically stable (negative values) but
Config A is clearly 0.1 eV more stable than Config B at this intermolecular
distance. We can also see in Figure 3 (b) that the composed system has its
molecular gap significantly decreases when the intermolecular distance is fur-
ther reduced up to d,,,; = 3.00 A. Figure 3 (c) displays the molecular levels
of the binary system and we can clearly see that the molecular gap is deeply
reduced in Config B. For example, gap values changes from 1.82 eV (distant

10
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molecules) to 1.45 eV (Config A) and to 0.42 eV (Config B) when intermolec-
ular distance is d,n = 3.00 A. We can then conclude that the molecular gap
can deeply change with the reduction of intermolecular distance which should
take place under strong confinement or due to pressure effects. We note also
that this gap reduction is driven by the splitting of molecular levels as the
molecule-molecule interaction increases. This splitting takes place for both
configuration but is more important in Config B.

Figure 4 (a) shows the results of an energy analysis for two 4T molecules
now confined at the interior of an (17,0) nanotubes. We have seen that,
outside the tube, Config A (4T molecules laterally shifted, see 3 (a)) is en-
ergetically more favorable than Config B. Inside a (17,0) tube the situation
is different, as the 4T molecule and inner-wall van der Waals interaction
becomes energetically dominant (see later). As a consequence, nanoconfine-
ment constraints favor Config B which will majority exist in the interior
of nanotubes with diameter of ~ 1.32 nm (see S.I. Fig. S4). Therefore,
we conducted calculations of two interacting 4T molecules in conformation
Config B inside a (17,0) nanotube. The obtained results are compiled in
Figure 4 (a). Even if it can be observed that there is a local minimum for
two interacting 4T molecules in the center of the nanotube (intermolecular
distance d,,,; = 3.50 A), we clearly observe that the best conformation for
both 4T molecules is close to the tube inner surface (intermolecular distance
dy = 6.50 A). It is important to note that such intermolecular distance of
6.50 Ais smaller than a twice of the molecule-to-molecule distance of 3.50
Afor a second energetically stable conformation inside the 4T@(17,0) sys-
tem. One can observe from the Fig. S4 (a) (where van der Waals radius is
plotted along with the atomistic representations of the hybrid system) that
a third molecule can not be easily accommodated between the two other 4T
molecules, which necessarily will spent large energy cost followed by a strong
nanotube cross-section deformation. Furthermore, from the experimental
point of view, Almadori et al. [61] have shown for the 4T@QNT14 sample
that only two molecules can accommodate inner the NT14 nanotube. The
obtained total energy difference of 4.2 eV between two minima values sug-
gests that under no compression, 4T molecules will be adsorbed on the inner
surface of nanotubes, similar to what has been observed in Ref. [29]. As dis-
cussed before, possible lateral displacements between two molecules (such as
Config A and Config B) in the interior of nanotube will not be relevant when
compared with the binding energy of one 4T molecule with inner nanotube
surface, which is ~ 4.0 eV higher. Therefore, we start our calculations under

11
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Figure 3: (a) Two isolated (non-encapsulated) 4T molecules in interaction as a function
of intermolecular distance (measured along y-axis). In the first configuration, referred
here as Config A, the 4T molecules are laterally displaced in the x-axis direction whereas
in the second configuration, referred as Config B, the two 4T molecules overlap in this
same directions. (b) Binding energy (open symbols, right axis) and molecular gap (filled
symbols, left axis) as a function of the intermolecular distance. The vertical line denotes
the energetically most stable distance for both isolated configurations (Config A and Config
B). (c) Electronic levels of the composed 4T molecules as a function of intermolecular
distance. The gap value changes as a function of intermolecular distance from 1.82 eV
(dmor =10.00 A) to 1.45 eV (Config A) and to 0.42 eV (Config B) when intermolecular
distance is fixed to dy,o =3.00 A. See text for discussion. Energetic half distance between
HOMO and LUMO levels for 4T molecules is set to zero.
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compression, on this last conformation, where two 4T molecules are close to
the inner tube surface.

In Figure 4 (b) we present the relaxed structures of hybrid 4T@(17,0)
system for several strain rates. In this model, the 4T molecules are free to
interact with the tube surface and with each other. We can clearly see in
Figure 4 (b), that as the nanotube is compressed, that 4T molecules stabilize
at distances from each other from d,,, = 6.56 A for ey, = 0.00 up to d,, = 3.59
A for €y = 0.22, which means that the nanotube induced compression pushes
the two molecules to approach to each other. We expect then that under
compression, the electronic structure of the hybrid 4T-nanotube system will
deeply change and the results could be compared with the two molecules
model (Config B) discussed above.

Figure 5 shows the projected density of states (PDOS) for the composed
hybrid 2x4T@(17,0) system. Previous calculations on pristine (17,0) nan-
otubes (not shown here) have shown a band gap of 0.60 eV which is similar
to that of Figure 5. PDOS on (17,0) nanotubes (black curves) obtained for
€, = 0.04 and PDOS on 4T molecules (red curves) are similar to energetic
levels obtained for isolated systems (cf. Figure 3 (c)). However, after 4T
molecule encapsulation, we can observe that 4T HOMO levels and top of
the valence band of (17,0) nanotube are close to the Fermi level. PDOS also
shows that the energetic difference between molecular levels for 4T molecules
is 1.92 eV which is close to the molecular band gap for isolated 4T molecules
in our DFT calculations. It is interesting to note that as the nanotube is
compressed, energy levels split after ¢, = 0.16 (d,u= 4.55 A). Such elec-
tronic energy splitting is also observed for isolated molecules in Config B
of Figure 3 (c) at the same d,,,; value. We may note that the splitting of
HOMO and LUMO levels develops with pressure application, but with an
amplitude which is smaller in the encapsulated configuration, where contrar-
ily to this case, the structure was not allowed to relax. In any case, the
compression of (17,0) nanotube reduces the 4T molecular gap (develops an
energy level splitting) due to the interaction between the 4T molecules. The
splitting of the molecular levels offers new opportunities for spectroscopic
resonance as it is observed in our experiments. At the maximum of the ap-
plied strain (e, =0.22, d;no = 3.59 A) the molecular gap reduces to 1.35 eV,
i.e., a contraction of ~ 30 %.

Our calculations allow to propose a scenario to explain the fast pres-
sure induced 4T/NT14 Raman intensity ratio evolution. With increasing
pressure, the tube cross-section deforms and the intermolecular distance d,,
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levels respectively of 4T molecules. The 4T molecular gap can be seen changing from
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distance d,,, (in A) for each level of nanotube compression is also shown (blue values).
Fermi level is set to zero.
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decreases, which in turn decreases the quaterthiophene electronic gap. As
a consequence, the molecule enters in resonance with lower laser excitation
energies in comparison to ambient pressure conditions. This may lead in prin-
ciple to charge transfer processes associated with the 4T resonant absorption
process coupled with the tube-4T proximity.

In order to verify if an additional charge is transferred to nanotubes when
the 4T molecule resonance is tuned by pressure, we performed a high-pressure
Raman experiment on 4T@NT14 sample, but using an excitation energy of
1.96 eV far from 4T resonance. There is no significant difference with respect
to our observations with the 2.33 eV excitation. We conclude that the G-band
does not allow to detect C'T associated to 4T filling, in complete agreement
to the report by Almadori et al. [28] (See Fig. S1 (b) to (c) of SI for details).
We have analyzed the pressure evolution of the G-band’s area for the two
excitation energies (1.96 and 2.33 eV) in the 4T@NT14 and compared it to
the pristine NT14 sample. For this purpose all spectra were normalized by
the integration time (see Fig S1(a)) and we set all ambient conditions spectra
to the same unity area of the G-band. Figure 6 shows the obtained results.
We observe that in the empty tube, the G-band area rapidly decreases from
the first compression stages, reaching then a very low intensity. In the case
of 4T filling we observe that the G-band area increases at first stages of
compression before following a similar trend than the empty nanotubes, but
with a higher intensity in the region between 1 and 3 GPa. This is even
more evident for the 1.96 eV excitation where a higher intensity is observed
until 7 GPa. All these observations can be explained through a resonance
enhancement associated to the 4T molecules encapsulation. We will see in
the following that the RBM, which has more constrained resonant conditions,
does not either allow the unambiguous detection of a charge transfer effect
or intensity bursts.

Figure 7 (a) shows the RBM part of the spectra for the NT14 (black
lines) and the 4T@NT14 (light green lines) samples for pressure ranging from
ambient to 10.7 GPa. Two RBM peaks (related to different tube diameters)
can be observed for each one of the samples (see ambient pressure values in
Figure S3 (b) of SI). These two RBM modes disappear above ~ 3.0 GPa (R1)
and ~ 9.9 GPa (R2) for the pristine sample, whereas for 4T@QNT14 system
the corresponding pressure are much lower: ~ 0.8 GPa (R1’) and ~ 1.3 GPa
(R2).

The RBM peaks lineshape analysis was performed by using one Lorentzian
component for each RBM mode, similar to previous works in SWCNTSs
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[4, 62, 63]. RBM Raman frequencies vs. pressure plot is shown in Fig-
ure 7 (b). The R1 and R2 peak frequencies are well fitted by second-degree
polynomials [56]. Despite the fast dropping on the intensities of R1” and R2’
modes, the pressure evolution of their positions is similar to that of R1 and
R2 modes.

Resonance Raman spectra of CNTs are strongly affected by pressure. In
particular, attenuation of the RBM signal has been attributed either to loss
of tube resonance, that is caused by changes in the electronic transition en-
ergies due to pressure-induced structural modifications [64], or to radial tube
collapse [20, 64, 65, 66, 4, 56]. Aguiar et al. [67] have observed that after the
tube collapse process, the RBM frequencies of SWCNTSs spread over a large
frequency range but can still be observed well above the collapse pressure.
Although the RBM signature is visible up to 10 GPa for NT14 sample, the
full width at half maximum (FWHM) (Figure S2 (a) of SI) increases rapidly
for pressure values beyond 1.8 GPa, i.e, the collapse pressure, in complete
agreement with G-band behaviour.

It has been observed that the presence of molecules inside SWCNTs does
not modify strongly the maximum pressure up to which the RBM signal can
be measured. This has been shown for instance in water filling[4] or fullerene
Crp filling[68]. In the case of 4T filling, we observe a strong attenuation of
the RBM at much lower pressures than for the pristine sample. A similar
result is observed for the 4T@NT14 sample excited with 1.96 eV (see Figures
S3 (b)-(c)), where the RBM peaks disappear after pressure where the col-
lapse occurs. This observation is then clearly in line with a pressure-induced
resonance evolution due to the 4T filling.

Even at ambient pressure, the presence of 4T molecules into SWCNT's has
been shown to drastically change the tube RBM signature. Depending on the
molecular organization of 4T confined into SWCNT and the laser excitation
energy, the RBM peaks can undergo an up-shift or even a significant loss of
their intensity [69, 19, 18]. The magnitude of the RBM up-shift increases
when the number of oligomer increases in a section of the tube and the
closeness between SWCNT and 47T decreases. On the other hand, as the laser
excitation energy is closer to the optical absorption of quaterthiophene, the
loss of RBM intensity is more pronounced due to the photoinduced charge
transfer from 4T to SWCNT [18, 28, 19]. We can then attribute the fast
attenuation of the RBM vibrational modes in the 4T@QNT14 system, with
respect to the pristine one, either to radial tube collapse or to a charge
transfer from 4T to SWCNT during the collapse process. Both processes
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could also contribute to the observed phenomenon. The narrower resonance
conditions needed for RBM resonance may explain a higher sensitivity to
charge transfer which was not detected from G-band. We can not exclude
that the RBM signal of the post-collapsed 4T@NT14 systems may be silenced
due to the enhanced 4T-SWCN'T interaction at collapse without participation
of CT processes.

4. Conclusions

We have shown that high pressure allows to tune the interaction of
quaterthiophene endohedral molecules in SWCNTs. Such interactions, be-
tween the molecules themselves and with the nanotube-walls lead to strong
changes in the molecule electronic structure. As a consequence, the molecule
photon absorption resonance conditions can be strongly modified through
the carbon nanotube pressure-induced radial deformation. A strong enhance-
ment of the molecule Raman resonance is then obtained at high pressures.
We have shown that such enhancement presents strong similarities to laser
energy Raman resonance tuning thus offering novel opportunities for the de-
velopment of pressure transducers based on molecule-filled carbon nanotubes.
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