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ABSTRACT: Photoluminescence of single-walled carbon nanotubes is monitored at the
individual scale by molecule encapsulation into their hollow core. Depending on the electronic
character (electron donor or acceptor) of the confined molecule, enhancement or quenching of
the photoluminescence intensity is demonstrated. This behavior is assigned to a charge transfer,
evidenced by the shift of the Raman G-band, and a correlated Fermi level shift shown by
photoemission experiments. Our experimental results are supported by DFT calculations. A
consistent picture of the physical interactions taking place in the hybrid systems and their effects
on the optical and electronic properties is given. Our results indicate that the electron affinity or
ionization potential of the encapsulated molecules and the diameter of the nanotube are relevant

parameters to tune the light emission properties of the hybrid systems at the nanoscale.
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1. Introduction

Carbon based nanostructures as single-walled carbon nanotubes (NT) opened new opportunities
for electronics[1-3] and photonics[4—6]. However, their theoretical outstanding opto-electronic
properties are hampered by their local environment [7-9] or defects.[10] Therefore, controlling
the adsorption at the inner surface of NT is of most importance to master their properties. Filling
the hollow core of NT with molecules [11-18] is an efficient way to control and even improve
the NT properties by properly choosing the confined species.[13,14,16,18-24] Encapsulation of
specific molecules can activate non-linear optical response,[13] modify the photoluminescence
(PL) intensity,[14,19] tune the absorbance window,[21] photo-activate charge transfer (CT),[22]
shift the Fermi level[14,23] or significantly enhance the Raman response.[16] The physical
parameters most often used to tune the properties are the dielectric constant of the molecule, [19]
the supramolecular organization,[12,13,16] or the electrochemical doping.[25] The amphoteric
character of NT, combined to electron donor or acceptor molecule in order to create a charge
transfer complex with new and tailored opto-electronic properties has been only qualitatively

studied.[14,18,22]

In this article, we investigate the optoelectronic properties of narrow diameter NT (d~0.9 nm) in
which electron donor -quaterthiophene (4T) and tetramethyl-p-phenylenediamine (TMPD)- or
acceptor -tetrafluoro-tetracyanoquinodimethane (F4TCNQ) and tetracyano-quinodimethane
(TCNQ)- molecules are confined into their hollow core.

Enhancement or quenching of the PL intensities are clearly evidenced and correlated to an
electron or hole transfer to the host NT, shifting the Fermi level. A very good correlation
between the photoluminescence intensity modifications, the charge transfer and the Fermi level
shifts is evidenced. Therefore, with the significant improvement in the chirality-pure NT
preparation,[26] molecule encapsulation allows tailoring the light emission properties of the

hybrid systems at the nanoscale.
2. Materials and Methods :

2.1 Sample preparation: 7,7,8,8-Tetracyanoquinodimethane (TCNQ), 2,3,5,6-Tetrafluoro-

7,7,8,8-tetracyanoquinodimethane (F4TCNQ) and N,N,N’,N’-Tetramethyl-p-phenylenediamine
(TMPD) were purchased from Aldrich and used as received. 5,5’ -Dimethyl-2,2":5°,27:57,2""-
tetrathiophene (4TCH3) were prepared according to following described procedure:[27] the



targeted compound 5,5’-Dimethyl-2,2’:5°,27:57,2" -tetrathiophene (4T) was synthesized using
Grignard coupling between the 2-Bromo-5-methylthiophene and the 35,5’-Dibromo-2,2’-
bithiophene molecules in the presence of palladium catalyst. All reagents and chemicals were
purchased from Sigma-Aldrich.

The source of NT are as received NT from Sigma Aldrich and consists in CoMoCAT carbon
nanotubes[28] (0.7 nm< d < 1 nm), purified and enriched in (7,6) nanotube. The hybrid
nanotubes with 4T, TMPD, TCNQ and F;TCNQ are labelled 4T@NT, TMPD@NT,
TCNQ@NT and FsTCNQ@NT in the following. Those molecules are chosen regarding their
ionization energy and electron affinity.[29] Moreover, those molecules exhibit low sublimation
temperature around 140-170°C,[30,31] which make them good candidates for vapor
encapsulation. Encapsulation of molecules into NT is performed using the vapor reaction method
previously described[12,14]. NT and the molecules (M) to be confined are sealed at two different
locations in a glass tube. NTs are degassed at 300°C under dynamic high vacuum (2.10% mbar)
for 48H. Then NT and M are mixed in a weight ratio: wnt/wm=0.5 and heated at 250°C for 72
hour under static high vacuum. After encapsulation, a sublimation step is then performed under
dynamic vacuum at 260°C to get rid of all the molecule in excess. The final sample is then
washed with organic solvent and stored in the oven at 120°C for 24 hours.

The reference pristine nanotubes undergo the same thermal treatments as the hybrid sample
during the encapsulation process. The powders of empty and hybrid NT are then dispersed in
1%w bile salt/water solution, with a ratio of 1mg of NT for 30 ml of solution. After being kept in
ultrasonic bath, dispersion is tip sonicated for 20 minutes. The dispersion is then ultra-
centrifugated (at 100 kG) for 2 hours. The upper half supernatant liquid is extracted.
Concentration of the NT dispersion are then readjusted, so that all dispersion (pristine and
hybrids NT dispersion) exhibit the same optical absorption band area at 660 nm, corresponding
to the (7,6) nanotube absorption peaks (Figure 1, SM). The obtained solutions are then used for
both absorption and macroscopic photoluminescence measurements. Finally, dispersion is spin
coated on a silicon or quartz substrate with a (300 nm thick oxide). Substrates are then washed
under de-ionized water, isopropanol and acetone in order to remove bile salts. These deposited
nanotubes are used to perform photoluminescence and Raman measurements on isolated

individual nanotubes.



2.2 Micro Raman: Micro Raman experiments are performed on individual NT deposited on
substrate with a Renishaw In-Via spectrometer, using 532 and 633 nm laser diodes. Laser power

under the 100X objective is set to 0.1mW to prevent heating induced band shift.

2.3 Micro Photoluminescence: Micro-PL experiment are carried out in liquid phase inside

quartz cells on an ensemble of NT, or on quartz substrate for individual NT. Laser diodes at 561
nm and 660 nm are used to respectively excite (8,4) (6,5) and (8,3) (7,5) (7,6) nanotubes. Larger
NT are excited in the near IR via a Ti - AL203 tunable laser (700-1000 nm). The spectrometer
consists in Princeton Instrument Acton series 150 lines/mm grating simple monochromator. A
liquid Nitrogen cooled Princeton Instrument PyLoN IR 512 pixel InGaAS array is used as
detector.

Approximately 40 isolated NT are detected, and their PL spectra were investigated with the 561
and 660 nm laser excitation wavelengths. Those energies correspond to the S2; transition of (6,5)

(8,4) and (8,3) (7,5) (7,6) nanotubes.

2.4 TEM, EELS: For Transmission Electron Microscope (TEM) and Electron Energy Loss

Spectroscopy (EELS) investigation, samples (powder) are dispersed in n-hexane by
ultrasonication, and dropped onto molybdenum microgrids coated with holey amorphous carbon
films. A JEOL JEM-2100F electron microscope equipped with double JEOL Delta spherical
aberration correctors was operated at an electron accelerating voltage of 60 kV for TEM
observation. Spatially-resolved Electron energy-loss spectroscopy (SR-EELS) measurement was
carried out using a Gatan Quantum electron spectrometer attached to the microscope. Elemental
distributions of carbon and sulfur and nitrogen in individual NT are determined based on the
intensities of their K, L and K edges, respectively, at each measured point in the scanned areas

by STEM-EELS chemical mapping.

2.5 XPS/UPS: X-Ray photoelectron spectroscopy (XPS) measurements were performed with a
monochromated Al Ka source (1486.5 eV) and a Scienta RS4000 analyzer with the sample
grounded. The ultraviolet photoemission spectroscopy (UPS) measurements were acquired with
He II (40.8eV) and the samples polarized at —6 V, to ensure that electrons emitted from the

sample overcome the work function of the analyzer.

2.6 COMPUTATIONAL DETAILS: Electronic density-of-states are calculated within the
formalism of the density functional theory (DFT). We use the SIESTA package[32] and the




generalized gradient approximation to the exchange correlation functional as proposed by
Perdew, Burke and Ernzerhof.[33] Core electrons are replaced by nonlocal norm-conserving
pseudopotentials. The valence electrons are described by a double-zeta singly polarized basis set.
The localization of the basis is controlled by an energy shift of 50 meV. Real space integration is
performed on a regular grid corresponding to a plane-wave cutoff of 300 Ry. Van der Waals
corrections (DFT-D) between the nanotube and the molecule are considered using the semi-
empirical dispersion potential parametrized by Grimme.[34] A vacuum size of 11 A is used to
avoid interactions between adjacent tubes. Atomic positions were relaxed using a conjugate
gradient until the maximum residual atomic force was smaller than 0.02 eV/A. The electronic

density-of-states are obtained considering 33 k-points along the nanotube axis.
3. Results
3.1. Structural properties

Figure 1 displays a Scanning Transmission Microscopy (STEM) image of the hybrid
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image of FATCNQ@NT. (b) STEM-EELS chemical maps of carbon and nitrogen for the areas
indicated by green and cyan rectangles (left and right, respectively) in (a). EEL spectrum for the
area indicated by red square in (b).

The filling rate is quite good whereas no molecule is observed stacked at the outer surface of the
NT, meaning that the washing steps are efficient. From EELS measurements, both the carbon

and nitrogen edges are evidenced, as expected. STEM image of 4T@NT is presented in figure 2,
SM.

3.2 Charge Transfer

According to the different ionization potentials (4.8 eV for NT,[35] 4.25 eV for TMPD and
around 4.75 eV for 4T (estimated from the sexithiophene) [29] and electron affinities (4.2 eV for
NT,[35] 4,7 eV for TCNQ and 5,24 eV for FATCNQ[29]), significant electron or hole transfer is
expected from the confined molecule to NT.

We investigate this CT from the molecule to the host NT using Raman spectroscopy. Raman
spectra of individual hybrid FsTCNQ@NT (red curve), 4T@NT (blue curve) with respect to
empty NT (black curve) are displayed in figure 2. The Raman spectra of TCNQ@NT and
TMPD@NT are displayed in figure 4 SM. At low frequency (200-250 cm™), the Radial
Breathing Modes (RBM) are observed. We can clearly observe a decrease in the mode intensity
after encapsulation, consistent with a CT which modifies the resonance conditions.[36,37] At
high frequency (~1600 cm™), the spectra exhibit the G-band which is very sensitive to NT
electronic properties and CT.[14,22,38-43] In both cases, we clearly observe a significant shift

of the Raman G* band after molecule encapsulation.
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4T@NT A =633 nm

Figure 2: Raman spectra (RBM and G-band)
of 4T@NT (blue curve, A=532 nm) deposited
on a silicon substrate and F/TCNQ@NT (red
curve, A=660 nm) deposited on a quartz
substrate, with respect to empty NT (black
curve).* labels a silicon Raman band. All the
Raman spectra were normalized to obtain a G-
band intensity equal to 1 and offset for clarity.

Normalized intensity (a.u.)
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This G-band shift can be assigned to a charge
transfer between the confined molecules and
‘ ‘ ‘ ‘ the host NT. Indeed, the Raman G-band is

250 300 1560 1580 1600 1620
Raman shift (cm ) expected to respectively downshift or upshift

T

upon n- or p-type doping,[14] as observed in figure 2. For CT quantification, assuming that the
G™* band does not undergo the renormalization effect because of the too narrow NT diameter, the
number of electron transferred per carbon atom of the nanotube pc, can be derived by the

following equation adapted from reference [44] or [38]
AWaiic(cm™) = -804xpc -5126xP:2-176790xp:3-1657xp>? (D

Taking into account the lengths of the different molecules and calculating the number of carbon
atoms in a NT of the same length with a diameter of 9 A, one can estimate the charge transferred
from one confined molecule. Thus, the CT either derived from DFT calculations or Raman

measurements are displayed on figure 3 depending on the nature of the confined molecules. It is
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worth to mention that DFT calculations and Raman measurements are in very good agreement
regarding the magnitude of the CT between the confined molecules and the host NT. These

charge transfers experimentally evidenced or calculated clearly depend on the nanotube

diameter.

Figure 3: Charge transfer per molecule (part of elementary charge) between the confined
molecules for 4T (blue circle), TMPD (cyan circle), TCNQ (brown) and FATCNQ (red circle)
and DFT claculations (star symbols).

3.3 Fermi level shift

As a consequence of the CT, the Fermi level of NT should shift up or downwards depending on
the nature (n or p-type) of the doping. Figure 4 exhibits the calculated Fermi level shift for the
AT@NT hybrid system as a function of the NT diameter. As observed for the CT in figure 3, the

magnitude of the shift clearly increases with an increase of the NT diameter.
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Figure 4: Calculated Fermi level shift from DFT calculations upon 4T encapsulation

Those results can be compared to macroscopic X-ray and ultraviolet photoemission spectroscopy
measurements on NT assembly. Figure 5a shows the onset of the low energy secondary electron

emission spectra, as previously reported.[45—47] Encapsulations of 4T and F4sTCNQ into the



hollow core of NT lead to shifts of 0.60 eV and 0.30 eV toward lower and higher binding
energies, respectively. These changes in the UPS spectra allow us to suggest shifts in the Fermi
level of the samples. Therefore, a downshift or an upshift in the Fermi level originates in a net
increase of the low energy secondary electron emission spectrum, respectively. Finally, it is
worth highlighting that minor changes in the work function of our samples might also be
contributing to the changes in the onset of the low energy secondary electron emission spectra.
Figure 5b shows the C 1s core-level spectra of the NT assemblies. It is important to remark that
the presence of the molecules in the core of the NT notorious increased the FWHM of the C 1s
peak (and implicitly of its components) when compared to empty NT samples. The Fermi level
shifts exhibit the same trends using DFT and XPS/UPS measurements, confirming CT (electron
or hole) and Fermi level shift (upward or downward) depending on the electron donor (or

acceptor) character of the confined molecules. These results are summarized in table 1.
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Figure 5: a) UPS low energy secondary electron spectra of 4T@NT (blue), empty (black) and
F4TCNQ (red) are shown. The change in the work functions can be extracted from the onset shift
of the low energy secondary electron spectra. b) C Is X-ray photoemission spectra of 4T@NT
(blue), empty (black) and F4TCNQ (red). The experimental data are represented as dots, and the



fitted data are represented as solid lines. For the fitting of the 4T@NT and F4TCNQ spectra, an
extra component is needed to acknowledge the contribution of the molecules to the Cls signal.

Table 1: Fermi level shift from DFT calculations and UPS measurements.

NT Method AT@NT FsTCNQ@NT
diameter
DFT +0.19 eV -0.16 eV
~0.9 nm | UPS +0.6 eV -0.3eV
3.4 Optical Properties

Photoluminescence properties of individual doped carbon nanotubes are studied. AFM and
Raman polarization resolved measurements (figure 3, SM) are used to identify individual NT.
Their PL spectra are investigated at 561 and 660 nm laser energies (Figure 6). Those energy
excitation wavelengths correspond respectively to Sy transition of (6,5) (9,2) and (8,3) (7,5)
(7,6) NT. PL spectra of isolated 4T@NT are given on figure 2. Significant enhancement of the
PL intensity is evidenced after 4T encapsulation, especially for (9,2) (7,5) and (7,6) NT which

show intensity ratios (Istent/Int) of 2.7 £ 1.3, 4.2 £1.2 and 4.8 1 respectively.
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Figure 6: Photoluminescence spectra of individual NT (black curve) and 4T@NT (blue curve)
excited at 561 and 660 nm.

For smaller NT as (8,3) and (6,5), PL ratios are 1+0.3 and 0.6 + 0.4. Calculations suggest that
hybrid structures with (8,3) and (6,5) NT are not stable, because those NT diameters are too
small to accommodate 4T molecule, explaining that PL intensity remains unchanged (PL ratio

~1).

Same experiments were performed on individual hybrid F,TCNQ@NT nanotube. No PL signal
was detectable on a single object of any chirality. In order to go further and obtain a statistical
average value of the PL intensity modifications over a large amount of hybrid NT, we performed
macroscopic PL measurements. Near-infrared P measurements allow a precise identification of
semi-conducting NT chiral indexes.

Photoluminescence excitation (PLE) maps of empty NT (figure 7b) and functionalized with
either electron donor (4T, figure 7a) or electron acceptor (F4sTCNQ, fig.7c) are displayed as a

function of NT diameter.
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Figure 7: PLE of 4T@NT(fig. 7a, top), empty NT (fig. 7b, middle), Fs TCNQ@NT(fig. 7c, down).
Note that the intensity scales are not the same
The significant enhancement of the PL intensity after 4T encapsulation observed on individual
hybrid NT is confirmed together with the important drop after FsTCNQ confinement, consistent
with the quenching of the PL signal observed in isolated FAsTCNQ@NT. The modifications of the
PL intensities are summarized in figure 8 which displays the PL intensity ratio (hybrid NT over
empty NT) as a function of the NT diameter for the four molecules under investigations. It is
worth mentioning that the magnitude of the enhancement or quenching after molecule

encapsulation strongly depends on the NT diameter (Figure 8).
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Figure 8: Natural logarithm of PL intensity ratio (left scale) of 4T@NT (blue circle),
TMPD@NT (cyan circle)) TCNQ@NT (brown circle) and FsTCNQ@NT (red circle) with
respect to empty NT as a function of the NT diameter. Intensity ratio is the peak area ratio,
calculated by systematically fitting the PL peak with a Lorentzian function and subtracting a
background.

4. Discussion

According to the electronic properties (ionization potential or electron affinity), electron (hole)
transfer from the confined molecules to NT is expected for TMPD and 4T (respectively TCNQ
and F4sTCNQ) with a more important magnitude of the CT for TMDP with respect to 4T
(F4sTCNQ with respect to TCNQ). The charge transfers obtained by Raman spectroscopy and
DFT calculations (figure 3) are consistent with these expectations, both qualitatively and
quantitatively, except for 4T which seems to transfer slightly more than TMPD. This could be
due to a weaker interaction between the TMPD molecule and the host nanotube. However, as the
DFT calculations also predict this behavior, it is most likely that the ionization potential of the
4T molecules (estimated thanks to the sexithiophene molecule) is not accurately determined.
Nevertheless, the ionization potential and electron affinities values of the different molecules and
the nanotubes are relevant parameters to foresee qualitatively and quantitatively the CT between

confined molecules and NT.
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Another important point is that a clear dependence of the magnitude of the CT with the NT

diameter is evidenced, both experimentally and theoretically (figure 3).

Concomitantly, the Fermi level up or downshift (figure 5 and table 1) is in good agreement with
the electronic character (electron donor or acceptor) of the confined molecules. Once again, the
NT diameter plays a very important role in the magnitude of the shift (at least from DFT
calculations for 4T@NT). Therefore, the CT and the Fermi level shift are certainly governed by

the molecule position inside the host NT, which strongly depends on the NT diameter.[14]

Finally, the PL intensity ratio (figure 8) follows a behavior closely related to those of the CT
(figure 3) and then to the Fermi level position (as a charge transfer leads to a Fermi level shift).
More precisely, for electron donor molecule (respectively electron acceptor) the PL intensity is
significantly enhanced (respectively significantly quenched) whereas the Fermi level upshifts
(respectively downshifts). In other words, a hole transfer leads to a PL quenching whose
magnitude scales with the electron affinity of the molecules (the quenching is more important for
F4TCNQ than for TCNQ). For the electron donor molecules, the PL intensity enhancement is
more important for the 4T@NT hybrid system than for the TMPD @NT hybrid systems, which is
unlike the ionization potential we used but quite consistent with the CT measurements and
calculations. One can therefore infer that there is a strong correlation between the PL intensity
modifications and the Fermi level shifts (or the charge transfer).

The main assumption to account for this behavior is that narrow diameter NT are p-type doped
because of curvature effects[48], but also due to oxygenated defects [49] and possibly adsorbed
oxygen[50], leading to an intrinsically significant Fermi level shift. For instance, for NT with a
diameter of around 1 nm, the p-type doping only due to curvature effects is evaluated at 0.03
hole per carbon atom,[48] corresponding to around four holes over a length of 2 nm (which
corresponds roughly to a molecule length). Therefore, our narrow diameter NT are probably
intrinsically “highly” p-doped, so that the Fermi level is not lying in the middle of the bandgap.
These free holes can mediate a non-radiative Auger-type recombination[51] that substitute to
radiative recombination [51-53], so that PL of NT is strongly reduced. Further p-doping with
TCNQ and F4sTCNQ further downshifts the Fermi level, reducing more importantly the PL
emission intensity. In contrast, electron doping of NT with 4T or TMPD (below one electron per

molecule) shifts upwards the Fermi level, but without fully balancing out the intrinsic p-doping,

14



so that even after electron transfer, the hybrid NT are probably still p-type doped. However, as
the hybrid NT is less p doped than the empty ones, radiative recombination is much more

probable [23], favoring back PL emission.

CONCLUSIONS

Significant electron donation or withdrawal in hybrids NT is evidenced depending on the
electronic character (electronic affinity or ionization energy) of the molecule confined into their
hollow core. Spectroscopy (Raman, PL) at the single object scale allowed to measure CT and
correlated PL intensity modifications. The Fermi level shift induced by CT is measured and
calculated. All the results are consistent with a charge transfer from the confined molecule to the
host nanotube, allowing to finely tune the Fermi level position and to monitor the
photoluminescence emission intensity of the hybrid nanotube. The NT diameter is another

relevant parameter to monitor the PL intensity.
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