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Abstract

Measuring electronic Raman scattering (ERS) has become an efficient method for structural
characterization of metallic single-wall carbon nanotubes (SWCNT). However, applying this
method to other types of SWCNT-based structures, e.g., those with strong van der Waals (VDW)
coupling, is currently not well studied. In this work, we combine electron diffraction, Rayleigh
and Raman spectroscopies to investigate the ERS process near 36 metallic transitions in 21
individual double-wall carbon nanotubes (DWCNTs) with all types of electronic configurations.
We observe the partial suppression of ERS intensity in DWCNTSs compared to SWCNTs and
mainly attribute it to the effect of dielectric screening of Coulomb interactions. We probe ultra-
pure macroscopic multi-chirality DWCNT solutions and identify the role of inhomogeneous
broadening in observing ERS peaks in Raman spectra. Based on the experimental findings, we
propose an adapted method for the structural identification of DWCNT samples from the ERS
data. The obtained results can be generalized to the characterization of the emerging 1D VDW

heterostructures based on metallic SWCNTs.
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1. Introduction

Knowing the atomic structure of nanomaterials is essential for their applications in modern
science and technology, as even slight structural variations will result in distinct physical
properties. One typical example is a single-wall carbon nanotube (SWCNT), a quasi-one-
dimensional cylindrical crystal, conceptually obtained by rolling up a sheet of graphene [1]. Two
geometrically similar SWCNTSs can be either metallic (M) or semiconducting (SC), differing only
in one carbon atom along their circumferences. This difference, however, essentially defines the
area of application: whether in digital electronics requiring at least 99.99% purity of SC-SWCNTSs
[2], as high-performance interconnects based on M-SWCNTSs [3], or as nanoscale electromagnets,
inductors, and transformers demanding particular coaxial combinations of both M- and SC-

SWCNTSs [4].

Identifying the SWCNT structure is possible either through microscopy-based techniques
[5-7] or through spectroscopic methods [8-10]. One of the most powerful and non-invasive
approaches relies on optical spectroscopy [8]. It is routinely performed using infrared
photoluminescence excitation (PLE) spectroscopy [8,11], absorption spectroscopy [12], resonant
Raman spectroscopy (RRS) [9,13], or their combinations [14]. RRS is particularly important since
it provides both excitonic and vibrational information about SWCNTs [15,16] but requires

measuring Raman spectra at multiple excitation energies for full characterization accuracy.

Recently, an alternative SWCNT identification method was proposed providing
information about excitonic resonances from a single wide-range Raman spectrum, which is based
on registering the so-called electronic Raman scattering (ERS) in individual metallic [17-19] or
semiconducting [20] SWCNTSs. The ERS is associated with electronic transitions [21] as opposed
to vibrational transitions in conventional RRS and has been employed extensively in other fields,
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e.g., as an ultra-sensitive probe for strain effects in semiconductors [22] or for determining band
gap magnitudes and nodes in superconductors [23,24]. In SWCNTSs, such electronic transitions
originate from the inelastic scattering of photoexcited excitons by the low-energy excitons from
the linear band of M-SWCNTs or by high-energy Ei1 excitons of SC-SWCNTs. The ERS
manifests itself in Raman spectra as a broad dispersive line located between 0 and 4000 cm for
M-SWCNTSs [19] or around 6000 - 9000 cm™ for SC-SWCNTSs [20]. Although the Raman shift of
the ERS varies with the laser excitation wavelength, its absolute scattered energy is always equal
to the energy of the excited Ejj transition. Saito et al. proposed a detailed theoretical description of
the ERS process, highlighting the spectral changes originating from the interference between ERS
and Raman-active phonons [25,26]. Note that ERS peaks have also been observed in the low-
frequency region (between 0-10 cm™) of the anti-Stokes Raman spectrum of SC-SWCNTs, but

they were assigned to a different mechanism, namely, scattering by single-particle excitation [27].

The ERS-based structural characterization of SWCNTs was shown to be robust due to its
weak sensitivity to local variations in the nanotube environment [13,19]. However, it is unclear
whether it can be extended for characterizing the emerging one-dimensional van-der-Waals
(VDW) heterostructures [28-30] based on SWCNTSs. For instance, the VDW coupling was shown
to significantly affect the electronic, optical and vibrational properties of double-wall carbon
nanotubes (DWCNT) [31], which can be viewed as the simplest 1D VDW structure comprised of
two concentric SWCNTs [30]. The electronic VDW coupling modulates the excitonic energies
[32] or leads to the appearance of entirely new optical transitions [33—36], while efficient interlayer
energy transfer is proposed to quench the inner layer photoluminescence (PL) [37,73]. On the other
hand, the mechanical VDW coupling is responsible for new collective vibrations [10,38] and

frequency shifts due to internal pressure [39,40].



The current knowledge of the effect of VDW coupling on the ERS is incomplete. ERS has
so far not been detected in DWCNTSs due to the general difficulty of its observation and the lack
of individual samples with precisely defined chirality. Although much progress has been made
recently in the sorting of DWCNTs [41], e.g., sorting the DWCNTs by metallicity of the
constituting layers, it is not yet possible to achieve single-chirality purity of DWCNTSs on a
macroscopic scale. In this work, we therefore measure the ERS in 21 well-identified individual
suspended DWCNTs with different electronic configurations, structurally characterized by
electron diffraction (ED) or all-optical methods. We observe the partial suppression of ERS
intensity in DWCNTs compared to SWCNTSs and discuss it in terms of the effect of dielectric
screening, interlayer energy and charge transfers. Afterwards, we investigate the ERS in ultra-pure
macroscopic and mixed-chirality DWCNT solutions where ERS is hardly observed due to the
effects of inhomogeneous broadening and polydispersity in chiral structures. Finally, based on the
experimental findings, we propose an adapted method for the structural characterization of

DWCNT samples from the ERS data.

2. Materials and methods

2.1 Synthesis of individual free-standing DWCNTSs: Ultralong individual DWCNTS were grown
by the CCVD method directly across open slit structures (~50%x1000 pm?) fabricated on silicon
substrates ((100) orientation, 200 um thick) with a 90 nm thick SiO> layer, according to the method

described in Ref. [42].

2.2 Preparation of macroscopic UP-DWCNT sample: The pristine DWCNT powder (batch
R281010) was synthesized following the method of Ref. [43]. It was purified from MgO-supported

catalytic particles using the acid treatment and then solubilized in D20 (99.8%, Cortecnet) with 2



wt./V% of sodium deoxycholate (DOC, 99%, Acros Organics) at a concentration of 4 mg CNT
powder per ml surfactant solution, using only gentle magnetic stirring, avoiding ultrasonication.
Finally, the DWCNT sample was purified from SWCNT impurities remaining from the synthesis

by density gradient ultracentrifugation. More details are given in Ref. [44].

2.3 High-resolution electron microscopy and Electron Diffraction: HRTEM images and ED
patterns were recorded in a FEI Titan Cube microscope (equipped with a spherical aberration
corrector) operating at 80 kV and within short acquisition times (less than 5 s for ED) to reduce

damage induced by electron diffraction.

2.4 Rayleigh spectroscopy: Rayleigh spectra of individual free-standing DWCNTs were
measured in a backscattering geometry using a cross-polarization scheme with a Fianium
supercontinuum laser as a light source and a fiber-fitted QE-Pro Ocean Optics spectrometer for

detection.

2.5 Raman spectroscopy of free-standing DWCNTSs: Resonant micro-Raman scattering
measurements were performed in a backscattering configuration on two separate homemade setups
including an IHR550 Jobin-Yvon spectrometer (gratings with 1200 or 1800 grooves/mm) and an
Acton SP2500 spectrometer (grating with 1800 grooves/mm), both equipped with a liquid-
nitrogen-cooled silicon CCD detectors. The first system was used for the NIR tunable
measurements, while the second for the measurements in the visible range. The home-made
microscopes in both systems were equipped with 100x objectives (numerical aperture = 0.95). The
samples were mounted on a three-axis piezo-electric stage (PIMars P-563, Physik Instrumente) to
ensure the precise positioning and focusing of the laser spot. Incident excitations from various

continuous-wave lasers were used: HeNe at 632.8 nm (1.96 eV), diode-pumped solid-state lasers



at 457 nm (2.71 eV), 532 nm (2.33 eV) and 561 nm (2.21 eV), and a Ti-Sapphire with a tunable
laser line filter in the NIR (700 — 885 nm; 1.4 — 1.77 eV). To avoid heating effects, we kept the

laser intensity impinging the sample below 40 kW/cm?.

2.6 Raman spectroscopy of macroscopic UP-DWCNTSs: Resonant Raman spectroscopy was
performed with a Dilor XY800 triple spectrometer (gratings with 1800 grooves/mm) in
backscattering geometry equipped with a liquid nitrogen-cooled CCD detector. For the near-
infrared excitation wavelengths (695 nm — 855 nm), a tunable Ti:sapphire laser (Spectraphysics,
model 3900S) pumped by a5 W Ar*-laser (Spectra Physics, model 2020) was used. The range 670
— 690 nm was covered by a dye laser (Spectra Physics, model 375) equipped with the dye DCM
(4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran). The excitation
wavelength was increased in approximately 5 nm steps. The laser power variations between the
spectra were corrected using a tetrachloromethane (CCly) reference sample, which is transparent
throughout the entire wavelength range and thus exhibits non-resonant Raman scattering. In
addition, all of the Raman spectra were corrected for the setup’s sensitivity and the spectrometer’s

wavelength calibration.
3. Results

3.1 Experimental observation of ERS in individual free-standing DWCNTSs

The optical signals present in the Raman spectra of DWCNTs may vary depending on the purity
and environmental interaction in the probed samples. The latter can be in the form of as-grown
DWCNT powders [45], mixed-chirality or partially sorted DWCNT dispersions [41,46],
individual DWCNTSs on substrates [47] or DWCNTSs suspended over open slits [16,48]. The first

two sample types often contain impurities like SWCNTSs, whose optical response may be confused



with the signal from DWCNTSs [49,50]. In addition, the intrinsic DWCNT optical properties can
be drastically changed through the interaction with the environment, e.g., due to unintentional
doping of nanotubes lying on substrates [51] or through strain [52]. In this work, to exclude the
majority of the extrinsic effects and thoroughly control the probed samples' purity, we investigate
individual DWCNTSs grown by the catalytic chemical vapor deposition technique (CCVD) over
open slits. As demonstrated previously [48], this approach allowed us to combine Rayleigh
spectroscopy, Raman spectroscopy, and ED measurements on the same free-standing parts of a

DWCNT (Fig. 1a).

First, we identify the atomic structure of individual suspended DWCNTSs by analyzing the
ED patterns or by combining Rayleigh and Raman spectroscopic information [10,14] (further
details in the Supporting Information (SI) Section S1). Having determined the DWCNT chiral
indices, we then estimate the layers' optical resonance energies by referring to the atlas of SWCNT
electronic transitions [53]. The transition energy shifts induced by the interlayer VDW electronic
coupling in the inner and outer DWCNT layers were calculated using the approach of Chalin et al.
[35]. This coupling modulates optical resonances by shifting them from -200 to +50 meV [32,54]
or even creating new intertube resonances absent in isolated layers [33—-35]. Using the calculated
data as input parameters, we then fitted the DWCNT Rayleigh spectra with a complex optical
susceptibility function w3|x|? (see Section S5). An example of such deconvolution of the Rayleigh
spectrum is shown in Figure 1b for (14,1)@(15,12) DWCNT, where we detect five optical
resonances in the visible range corresponding to the M2% (~1.44 eV), M9¥ (~2.61 eV) and M9¥,
(~2.69 eV) transitions of the outer metallic layer (blue lines; L and H stand for lower and higher
transitions) and the Si% (~1.54 eV) and Si% (~2.44 eV) transitions and their electron-phonon

sidebands (e.g., at ~1.72 eV) of the inner semiconducting layer (orange lines). To confirm the



transition energy assignments for metallic layers, we measured the RBLM and G-band Raman
spectra at the incoming (Eiaser = Eii) and outgoing (e.g., Eiaser = Eii + Ziwg) resonance conditions
(Figure 1c). The observation of a broad LO mode [39,55] proved the presence of the metallic layer,
as is the case for the G-band spectra of (15,12) metallic layer at 1.46 and 2.71 eV (incoming
resonance) and 1.65 eV (outgoing resonance) in Figure 1c. The complete set of fitted Rayleigh
spectra and RBLM and G-band spectra for all studied DWCNTSs are presented in the Sl Section

S2.

We then probed the ERS signals of the identified metallic transitions by measuring wide-
range Raman spectra from ~80 to ~3000 cm™ at multiple excitation energies from near-infrared
(NIR) to ultra-violet for each characterized DWCNT. Overall, we investigated 36 metallic
resonances in 15 DWCNTSs with different electronic configurations, summarized in SI Section S1.
Some typical examples of ERS peaks are shown in Figure 1d for SC@M, M@SC, and M@M
DWCNTSs. The Raman spectra are multiplied to highlight the ERS features relative to the intense
phonon peaks (in blue in comparison with the original black spectra; the multiplication factor is

provided).
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Figure 1. (a) Schematics of the experimental approach. (b) Experimental (black) and fitted (red)

Rayleigh spectra showing the individual fitted transitions of the metallic (blue) and

semiconducting (orange) layers in the (14,1)@(15,12) DWCNT. The asterisk shows two possible

positions of M11n transition (see SI Section S4). (c) Excitation energy dependence of RBLM and

G-band regions of the Raman spectra of the individual (14,1)@(15,12) DWCNT. (d) ERS lines

(marked by stars) in DWCNTSs with different electronic configurations (from bottom to top):

SC@M (14,1)@(15,12), M@SC (14,8)@(19,14), M@M (14,2)@(22,4) (inner layer in resonance),

M@M (11,8)@(19,10) (outer layer in resonance) excited at 1.60, 1.66, 1.96 and 1.60 eV,



respectively. The Raman spectra are shown, either normalized on the intensity of the strongest

peak (black) or scaled (blue), in order to highlight the ERS signal (with the given multiplication).

We summarize the observed behavior of ERS in all studied DWCNTSs in Figure 2. It is best
illustrated by two distinctive cases of (14,1)@(15,12) and (22,13)@(39,2) DWCNTSs. For the
former (Figure 2a), we detect almost all metallic transitions as ERS peaks in the Raman spectra:
the M?} is visible when exciting at 1.60 and 1.65 eV, and M2 and M%), when exciting at 2.71
eV. The MP% is not clearly resolved and can overlap either with M or Si% transitions as shown
by an asterisk (see SI Section S4 for the discussion of two possible attributions, however
considering one or the other doesn't change the conclusions drawn here). On the other hand, all
ERS peaks around 2.2 eV in the (22,13)@(39,2) DWCNT are suppressed, independent of the laser
excitation energy (Mi%, and M%,, in Figure 2b). To quantitatively describe this suppression, we
fitted ERS peaks in 79 available wide-range Raman spectra and presented the ERS intensity (peak
height) in relation to the intensity of the broad LO mode of the metallic layer, i.e., lers/lLo
(arguments for representing the data in this form and details of the fitting procedure are given in
the Sections S6-S7 in the SI). We find that the lers/lLo ratio in DWCNTSs rapidly decays when
increasing the difference between the laser energy Eiaser and the energy Eii of the excited transition
(Figure 2c, bottom panel). Therefore, it becomes challenging to resolve ERS features within the
noise level or distinguish them from the intense Raman modes when Raman spectra are excited
more than 200-300 meV above the optical transition, i.e., when the ERS peak falls in the range

between G- and 2D-bands.
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Figure 2. Details of the Electronic Raman scattering process in individual DWCNTs. The
Rayleigh (top) and Raman spectra (bottom) of individual DWCNTSs (a) (14,1)@(15,12) and (b)
(22,13)@(39,2). The spectra were measured at 1.60, 1.65, 2.52 and 2.71 eV for (a) and at 1.96,
2.21, 2.33 and 2.52 eV for (b), counting from bottom to top. These laser excitation energies are
marked by black vertical bars on the right side of each spectrum. The Raman spectra are plotted
in absolute energy scale so that the ERS peak positions can be directly compared to the metallic
transitions in the corresponding Rayleigh spectra. Raman spectra are multiplied (orange lines) by
a certain factor to emphasize the ERS features among stronger phonon peaks. The asterisk in (a)
shows two possible positions of M2},

transition (see SI Section S4); (c) Dependence of the lers/lLo

ratio on the difference between laser energy Eiaser and optical transition energy Eii in individual
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suspended SWCNTSs (top panel) and DWCNTSs (bottom panel). White crosses indicate data points
with Epaser - Eii <-0.01 eV obtained through a simultaneous fit of ERS peak tails in Stokes Raman
spectra (S1 Section S6; peak linewidths and positions in these cases were fixed by the parameters
of the same ERS lines in other spectra with ELasr - Eii > 0) and do not correspond to Anti-Stokes
Raman spectra. The SWCNT data points were taken from Refs. [17-19]. The error bars for
DWCNTSs correspond to two standard deviations; (d) Intensity distribution of Iers/lLo ratio for
SWCNTs (gray bars) and DWCNTSs (orange bars) (data from (c) except for data points with Epaser
- Eii < -0.01 eV); (e) Dependence of the Iers/ILo ratio on the diameter for inner and outer layers

(orange and blue dots, respectively). The white crosses have the same meaning as in (c).

In general, we find that the ERS signal in DWCNTSs has lower intensities than in isolated
metallic SWCNTSs, as is clear from comparing the intensity distributions in Figure 2d. For instance,
the lgrs/lLo ratios in DWCNTSs (orange bars) are mainly distributed below 0.5, while those in
SWCNTSs (gray bars) have a more slowly-varying distribution up to a value of 1.5. Moreover, we
can directly compare lIers/lLo ratios for three DWCNT layers, which were probed as individual
SWCNTs in Refs. [17-19], namely (11,8), (14,2) and (14,5) (see Table 1). When compared under
similar excitation (resonance) conditions, the lers/lLo ratios for six optical transitions are at least a
factor of two lower in DWCNTSs than in SWCNTSs (see Section S9 for further discussion of this
comparison). In one case, namely the M transition of the (14,5) layer, the ERS peak was

completely quenched in the DWCNT.

Furthermore, we find no noticeable difference between the ERS behavior in the inner and
outer DWCNT layers, represented by orange and blue dots in Figure 2e, respectively. Both cases
are characterized by the strong influence of the resonance effect (represented by the vertical spread

of the points for the given diameter) and the significant suppression of the ERS signal in large
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diameter layers (> 2.3 nm). The dependences of the Iers/lLo ratio on the other DWCNT structural
parameters, namely interlayer distance 4r = (dout - din)/2, chiral angle & and interlayer twist angle

A6 = |0in]-|Gout|, are given in the Section S10 with similar conclusions as made from Figure 2e.

Table 1. Comparison of Iers/lLo ratios for selected (n,m) chiralities measured as individual
SWCNTSs [18,19] or as layers of DWCNTSs. For each (n,m) chirality, the diameter d, chiral angle
6, type of optical transition, laser excitation energy Eiaser, €xperimental transition energy Eii and
energy separation dE = Ejaser — Eii are given. Rpwisw corresponds to the ratio of (lers/ILo) in

DWCNT to the (lers/ILo) in SWCNT.

# | (nm) | d(nm) | @(°) | Trans. | CNT | Eiaser (V) | Eii(eV) | dE (eV) lers/lLo Rowrsw
SW 2.33 1.94 039 |2.67+0.67

1|(11,8) | 129 | 248 | M 0.06 (+0.03)
DW 2.33 1.90 0.43 0.16 £0.07
SW 2.33 2.03 0.30 1.50 +0.43

2 | (11,8) | 129 | 248 | Mumn 0.23 (£0.11)
DW 2.33 1.96 0.37 0.34+0.13
SW 2.33 1.95 0.30 0.28 +£0.01

3| (142 | 118 6.6 | M 0.43 (£0.05)
DW 2.21 1.86 0.35 0.12£0.01
SW 2.33 1.83 0.50 1.38 £0.06

4 | (145) | 1.34 | 147 | My 0.13 (£0.07)
DW 2.21 1.81 0.40 0.18 £0.10
SW 1.96 1.84 0.12 0.83 £0.02

5|45 | 134 | 147 | Mu 0.00
DW 1.96 1.81 0.15 0.00
SW 2.33 2.07 0.26 0.44 £0.04

6 | (145) | 134 | 147 | Mun DW 591 196 025 020 20.03 0.46 (£0.09)

3.2 Tunable wavelength study of the ERS process in individual free-standing DWCNTSs.

Although analyzing the behavior of ERS lines in terms of Igrs/ILo intensity ratios provides
a quick practical way to compare SWCNT and DWCNT data, it has a certain drawback, namely

the ratio depends not only on the intrinsic properties of the ERS process but also on the intensity

15



variations of the LO phonon peaks. For instance, quantum interference between exciton states in
the G-band excitation profiles was previously reported for SWCNTSs [56] and DWCNTSs [57],

manifesting in the peculiar intensity variation of the G-band lines.

To avoid the influence of G-band properties, we analyze the evolution of the ERS peak’s
integrated intensity (peak area) instead of intensity ratios with the excitation energy. We measured
the Raman excitation maps (REM) in the range between RBLM and G-band, as shown in Figure
3a,c for DWCNTSs (14,1)@(15,12) and (18,6)@(21,14), respectively. The maximum intensities in
Figures 3a,c are chosen in such a way to highlight the ERS peaks; hence RBLM and G-band
regions appear saturated (dark red color). We fitted the spectra of the REM simultaneously using
a set of Lorentzians (peak parameters were shared between the spectra) and neglecting the
interference effects [25] between the ERS and phonon lines for simplicity (see details in Section
S6). The ERS, RBLM and LO integrated intensities extracted from the REM fits are presented as

filled symbols in Figures 3b,d.

In addition, we calculated the absorption spectra of (14,1)@(15,12) and (18,6)@(21,14)
DWCNTSs within an ab initio-based non-orthogonal tight-binding (NTB) approach [34], which
allowed us to clarify the positions of the Mi; transitions within the measured excitation range (see
Section S4, Tables S4.1 and S4.2). By combining these calculations and the experimental behavior
of LO and TO REPs, we find that the M{%,, transition is overlapping with M{%, in (18,6)@(21,14)
DWCNT and with M2% or SI% transitions in (14,1)@(15,12) DWCNT (shown by the asterisks in
Figure 3b). Based on these transition energy assignments, we fitted the RBLM and LO Raman
excitation profiles (REP) using the approach of Tran et al. [57] accounting for the interference
between M1y and Muin transitions. The results of the fit are shown as solid lines in the bottom
panels of Figures 3b,d. In contrast to RBLM and LO modes, we fitted the ERS REP using a single

16



Lorentzian component. We find that the evolution of the ERS integrated intensity has one common
feature for two investigated DWCNTSs: it rapidly decays with the increase of the laser excitation
energy. Hence, the ratio of the ERS and LO integrated intensities should tend to very small values
with the increase of Ejaser — Mii, which reflects well the behavior observed in Figure 2c for
DWCNTSs. The only deviation from this trend may occur when the LO integrated intensity vanishes
between the incoming and outgoing resonances (e.g., at 1.59 eV in Figure 3b or 1.65 eV in Figure

3d) leading to the high values of the Iers/ILo ratio despite the low ERS intensity.
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Figure 3. Tunable wavelength study of ERS in individual index-identified DWCNTSs
(14,1)@(15,12) and (18,6)@(21,14). (a) REM for (14,1)@(15,12) DWCNT. The dashed line
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shows the Raman shift of the calculated position of the Mj; transition upon changing the excitation
energy; the solid blue area around 1800 cm™ represents the non-measured spectral regions. (b) Top
panel: REP for the ERS peak integrated intensity; bottom panel: in-phase RBLM integrated
intensity and LO G-mode integrated intensity for DWCNT (14,1)@(15,12) (experiment: solid
dots; fit: solid lines). The asterisk shows two possible positions of M11n transition (see SI Section
S4). (c) REM for (18,6)@(21,14) DWCNT. (d) Top panel: REP for the ERS peak integrated
intensity; bottom panel: in-phase RBLM and LO G-mode integrated intensities for DWCNT
(18,6)@(21,14) (experiment: solid dots; fit: solid lines).

4. Discussion
4.1 Origin of ERS intensity suppression

We now discuss the possible origins of the ERS signal attenuation (or occasional complete
suppression) in DWCNTs compared to SWCNTSs. In the previous studies [17-19,25], the ERS
intensity in SWCNTSs was assumed to depend on both intrinsic and extrinsic factors. The latter
comprises heating by the laser beam [18], electrostatic or electrochemical doping [17], and
environmental effects (increased dielectric screening and charge transfer) when SWCNTs are
located on substrates or in bundles [18]. In this work, we tried to reduce such extrinsic factors. For
example, we minimized the heating of DWCNTs by employing low laser powers (P < 0.4
nW/nm?), which should lead to negligible effects according to Ref. [18]. Doping from the substrate
was excluded due to the suspended character of individual DWCNT samples. An effect of the
water molecules adsorbed on the outer surface of DWCNTSs [58,59] is hard to estimate but should
be minor since we do not observe any notable difference between ERS behavior in the outer and
inner layers (Figure 2e). Indeed, the inner layers are known to be chemically well shielded from
the external environment and should behave differently in case of strong interactions with water

vapor [60]. Moreover, the latter should also be present in reference SWCNTS since they were also
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studied in air [17-19]. As for the influence of defects in the DWCNT crystal structure on the ERS
intensity quenching, it should be negligible since we observe almost no D-band (see Raman spectra
in SI Section S3) and hence we have a minimal amount of defects in all our studied DWCNTSs.
Therefore, we argue that intrinsic effects contribute more significantly to the observed change of

the ERS signal in DWCNTSs.

The intrinsic aspects affecting the ERS intensity in SWCNTSs include the chirality- and
diameter-dependent exciton-exciton coupling, the curvature-induced bandgap opening and the
resonance factor governed by the difference between laser energy E. and the Mj; transition energy
[25]. In multi-layer systems, like DWCNTS, other types of intrinsic effects can be present, namely,
a reduced Coulomb (exciton-exciton) interaction resulting from an increase in the environmental
dielectric screening [18] (Figure 4a), the interlayer energy or exciton transfer (IET) according to
the Forster-Dexter mechanism [61] (Figure 4b) or interlayer charge transfer (ICT) predicted

theoretically for commensurate DWCNTSs due to the orbital mixing [62].

We first consider the SWCNT-specific effects. In principle, observing inconsistent Igrs/ILo
ratios in Refs. [17-19] and this work may be explained by purely statistical reasons, e.g., due to
different probed structural types of CNTs. Hence, we analyzed the dependence of Igrs/lLo ratios
on diameter d and chiral angle 4 for all studied DWCNTs and SWCNTSs in Figure S9. It turns out
that the diameters of the SWCNTSs from the literature overlap mostly with the diameters of the
inner layers of our DWCNTSs, but apart from this, the structural distributions of the probed
SWCNTsand DWCNT layers are rather similar. The latter implies, for instance, that the curvature-
induced bandgap opening (Section S11) should have the same effect for both SWCNTs and

DWCNTSs, and is therefore disregarded. Furthermore, the different Igrs/lLo ratios obtained from
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comparing the same chiralities in SWCNT and DWCNT forms (Table 1) suggest that the partial

quenching of ERS is intrinsic for DWCNTSs and unrelated to statistical effects.

As for the influence of interlayer coupling, we first considered the ICT by calculating its
dependence on the interlayer distance Ar using the formula from Z6lyomi et al. [62] (Section S12).
It turns out that the calculated ICT for inner and outer layers is five times lower than the one
required for the complete suppression of the ERS signal due to doping, according to Ref. [17].
Although it is still possible to interpret the partial suppression of the ERS features as a result of
doping due to non-zero ICT, this effect should be most efficient in commensurate DWCNTSs with
strong coupling (so far studied only theoretically [62]) and less in the incommensurate DWCNTSs
from this work. Alternatively, the partial suppression of ERS intensity can be related to the Forster-
Dexter IET predicted for both commensurate and incommensurate DWCNTSs [61,63]. The fast IET
process (lifetime z ~ 70-220 fs [61,63]) can act as a non-radiative decay channel for photoexcited
excitons competing with the fast exciton-exciton or electron-electron scattering processes (z ~ 10
fs [64] for individual SWCNTSs or ~200 fs for SWCNT ropes [65]) responsible for the ERS peak
appearance (Figure 4b). The IET efficiency is known to depend on the distance between the
interacting layers and the spectral overlap between the involved optical transitions [61], however,
revealing these dependencies in the experimental distributions of lers/lLo values (Section S10)
turned out impossible because the data points are significantly scattered due to the resonance effect
(i.e., dependence of lers/lLo value on the |Ejaser — Miil). Therefore, further experimental and
theoretical studies are necessary to estimate the exact contribution of IET to ERS intensity
suppression. Another factor affecting the ERS intensity can be the reduction of Coulomb
interaction between photoexcited excitons and low-energy excitons due to increased dielectric

screening in DWCNTSs compared to SWCNTSs. Indeed, this screening was used to explain the ERS
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peak intensity suppression in SWCNTSs deposited on substrates or for SWCNTSs in bundles [18,19].
Since previous optical studies on suspended DWCNTs reported the existence of dielectric
screening manifesting in a constant redshift of layer transition energies by about 50-60 meV
[32,54], we suppose it should also have a significant influence on the ERS process in DWCNTSs

with metallic layers leading to the suppression of ERS intensity.
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Figure 4. The ERS schematics and principal effects leading to the suppression of ERS intensity in
DWCNTSs. (a) The screening of Coulomb interactions between two excitons upon an increase of
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dielectric screening in DWCNTSs. The density of lines illustrates the different strengths of the
electric field in a SWCNT and a DWCNT. (b) Schematics of the second-order ERS process with
IET in a DWCNT: the incident photon with energy E_ creates an exciton by promoting the electron
from state a to state b. The exciton is then scattered twice (b — ¢, ¢ — d), creating through
Coulomb interaction two low-energy excitons in the linear band of the metallic layer (inset:
transitions b’ — ¢’ and ¢ — d”) and eventually recombines (d — a) by emitting a photon with
energy Es. Changing the excitation energy E. involves different b and c states in the ERS process
but keeps the final transition (d — a) and scattered photon energy the same. The IET is also shown
(dashed line) acting as an additional non-radiative decay channel for photoexcited excitons which

can compete with the intralayer exciton-exciton scattering responsible for ERS.

We also analyzed the Raman spectra of DWCNTs with semiconducting layers to
investigate previously reported semiconducting-to-metal transitions [66,67] and the appearance of
mini-Dirac points in DWCNTSs [68]. Such changes in the electron band structure can, in principle,
lead to the observation of ERS signals in the Raman spectra of semiconducting DWCNTSs. In total,
we probed 20 semiconducting layers (including six S@S DWCNTS), represented by blue hexagons
in Figure 5. We did not find any ERS signals in such DWCNTSs, which may be partly explained
by the difficulty in finding DWCNT combinations with strong electronic coupling. Further
systematic studies are necessary to observe such semiconducting-to-metal transitions in strongly

coupled DWCNTSs.

Interestingly, analyzing the dependence of the Iers/ILo ratio on the structural parameters in
DWCNTSs can give additional insights into the SWCNT intrinsic properties. In particular, Hasdeo
et al. [25] previously argued that the ERS signal should be absent in large diameter nanotubes (>
2 nm) due to the reduced Coulomb interaction and, hence, smaller exciton-exciton coupling
strength. The CVD-grown DWCNTS act as perfect systems for exploring these effects since outer

layers can reach 3 nm or more. In our study, there are nine outer SWCNTSs (layers) with d > 2 nm
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(see Figure 2b,d), and we indeed observed almost complete quenching of ERS in the range above

2.3 nm.
4.2 Indexation of metallic DWCNTSs based on the ERS features.

We now address the practical use of the ERS effect for indexing metallic layers of
DWCNTs. Previously, Yang et al. [13,19] proposed a procedure for the structural characterization
of individual SWCNTSs that relied on measuring distinct Mii. and Miin energies from ERS peaks
and an RBM frequency in the Raman spectra. Due to the small dependence of the |Miin - MiiL|
energy difference on the environmental interaction, the index-assignment of the SWCNT can be
made with high accuracy by combining optical and vibrational information in the so-called bilayer

plots.

In principle, the interlayer coupling between DWCNT layers can make some of the
characterization methods established for SWCNTSs highly challenging, as is the case of PL-based
indexation. For instance, we previously estimated the PL from inner semiconducting layers of
DWCNTSs, including the (14,1)@(15,12) studied here, to be four orders of magnitude smaller than
in isolated SWCNTSs[37]. In comparison, the ERS signal from metallic layers of DWCNTSs is much

less quenched and therefore can still be used for structural identification of DWCNTSs.

Based on our experimental findings and former theoretical predictions [25,26], we divide
the available SWCNT chirality map into three zones (Figure 5). DWCNT layers with the highest
expected ERS signal are located in Zone Il with diameters up to ~2.3 nm. Zone | represents those
CNTs where the curvature-induced bandgap can complicate the detection of ERS features above
100 cm™ as described in Section S11. Zone |11 corresponds to the large-diameter layers, where the

ERS intensity should be affected by the reduced exciton-exciton interaction. Of course, the

23



partition of the chirality space into three zones is somewhat arbitrary, but it can nevertheless guide

future research until more statistical data about the ERS effect are available.

[ IMetallic (ED/HRTEM)
[Metallic (All-Optical)
[ Semiconducting

Figure 5. Experimental chirality distribution of studied DWCNT layers. Yellow and blue
hexagons correspond to the metallic and semiconducting DWCNT layers, respectively, index-
assigned by ED in this work. Green hexagons represent DWCNT layers characterized by the all-
optical approach [14], hence several candidates are possible. Grey hexagons denote all
geometrically possible metallic CNTs. Dashed lines tentatively partition the chirality map into
three zones with the different expected intensity of ERS signal: Zone | — layers affected by
curvature-induced bandgap; Zone Il — layers with the expected maximum ERS intensity; Zone Il
— layers with suppressed ERS intensity due to reduced exciton-exciton interaction at large

diameters.

In practice, it is first crucial to estimate the diameter of the involved DWCNTSs from the
RBLM frequencies. This can be done using the coupled-oscillator model from Refs. [10,16]. The

knowledge of the layers’ diameters points to the zones in Figure 5 and the expected strength of the
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ERS signal. For instance, for large DWCNT layers, we can expect that even if the ERS signal is
not quenched, it can be hard to measure due to reduced exciton-exciton interaction and IET. When
the information of layer chirality is available, e.g., from G-band lineshape analysis [10,69] or from
additional methods (like ED or HRTEM), one can position the studied CNT more precisely within
Zones | and I1. Then, for layers from Zone I, the curvature-induced bandgap opening can influence

the ERS, and the measurement should be performed with caution.

Based on the data from Figure 2c, we find that it is best to measure ERS peaks when they
are located between the RBLM and G-band of the metallic layer. It corresponds to the DWCNT
excitation with laser energy from a few meV to 200 meV above the M transition. However, at
large energy separation (e.g., ERS peak near the G-band), it may be difficult to spot the small and
broad ERS peaks among much stronger and narrow phonon lines due to the fast ERS intensity
decay with energy separation (Figure 3b,d). In this case, it is necessary to zoom in on the spectrum
10-20 times to observe ERS unambiguously, as shown in Figure 2a (orange spectra). Repeating
the ERS peak measurement at several laser excitation energies separated by 200 meV should allow

the detection of most Mi; transitions of the probed metallic layer.

It is worth noting that the ERS can be useful for determining Mi; energies in case of strong
overlap between the optical transitions of the layers, which is quite often the situation for
DWCNTSs. A good example is the DWCNT (14,8)@(19,14) (see DWCNT-4 in Sl Section S3),
where M11. of the inner layer and Sss of the outer layer constitute a single broad peak centered at
around 1.614 eV in the Rayleigh spectrum. Nevertheless, measuring the M1 energy from the ERS

line in Raman spectra allows identifying the exact position of the metallic transition at 1.590 eV.
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4.3. Probing ERS in macroscopic samples of ultra-pure DWCNTSs.

Recent progress in sorting DWCNTS by electronic type [41] and the development of macroscopic
chirality-sorting procedures [70] call for fast structural characterization methods of the
macroscopic ensemble samples sensitive to specific SWCNT and DWCNT chiralities. ERS may
become in this regard a useful tool for characterizing metallic layers, however it has been so far
studied and applied only on microscopic individual SWCNTs and DWCNTSs. Here, we investigate
its behavior in a mixed-chirality ultra-pure DWCNT (UP-DWCNT) sample for the first time. The
as-grown DWCNT sample was carefully purified from SWCNT and MWCNT species by a two-
step density gradient ultracentrifugation approach, as discussed in Ref. [44,73]. We then measured
its RBLM REM in the region of the outer layers’ Mi1 transitions by continuously varying the
excitation energy between 1.45 and 1.85 eV. The map is shown in Figure 6a, where we observe a
series of maxima, each corresponding to several non-resolved DWCNT configurations. Each such
maximum can potentially lead to a separate ERS peak in the Raman spectra. However, in contrast
to ERS from individual free-standing DWCNT layers, we expect these peaks to be broadened in
the UP-DWCNT sample due to different local environments and multiple contributing DWCNT

configurations.

In consequence, we first estimate the inhomogeneous broadening of the M;; transitions in
the macroscopic UP-DWCNT sample. For this purpose, we obtained the RBLM REPs by summing
up the Raman spectrum intensities between 141-153.5, 153.5-163 and 163-177 cm™* (see yellow,
red and blue data points in Figure 6b labeled P3, P2 and P1, respectively). Fitting these RBLM
REPs (solid curves in Figure 6b) allowed us to estimate the Mi1 linewidths, which are
approximately equal to ERS linewidths in the Raman spectra according to the studies on individual

free-standing DWCNTS.
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Figure 6. ERS process in macroscopic samples of mixed-chirality DWCNTSs. (a) REM for in-
phase RBLM of UP-DWCNTSs in the range of M1 optical transitions. Different maxima
correspond to different DWCNT outer layers present in the macroscopic solution. Dashed
horizontal lines show the position of the M1; maxima determined from REP fits. The white solid
vertical line between 1.45 and 1.68 eV denotes the range covered by the Raman spectrum in (c).
(b) RBLM REPs for the three intense maxima present in (a). The yellow, red and blue data points
are obtained by summing up Raman spectrum intensity between 141-153.5, 153.5-163 and 163-
177 cm, respectively. The solid lines correspond to the results of the REP fits with Voigt
functions, while dashed lines and P1, P2 and P3 labels show fitted My1 transition energies. (c)
Experimental Raman spectra of UP-DWCNTSs (black) and DOC/D20 (blue) excited at 1.68 eV
(737 nm) with vertical dashed lines showing the expected positions of ERS peaks corresponding
to My transitions identified in (b). The three colored Voigt curves below the experimental
spectrum are the calculated ERS peaks with the inhomogeneous broadening obtained from REP
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fits, while the red solid line is the sum of these curves. All simulated curves were multiplied by a
factor of 3 for presentation purposes (d) Comparison of experimental Raman spectrum of the
individual (14,8)@(19,14) DWCNT excited at 746 nm (top blue curve) and the calculated Raman
spectra with ERS peaks having different inhomogeneous broadening due to interaction with the

environment, namely 0, 50, 100 and 150 meV.

We then measured Raman spectra in the range from RBLM to G-band by exciting the UP-
DWCNT sample at 737 nm (1.68 eV), as shown in Figure 6¢ (black curve). The spectrum is also
compared with the reference solvent spectrum (blue curve) of a 2% solution of sodium
deoxycholate (DOC) in D>O measured in identical conditions. The UP-DWCNT spectrum
contains the contributions from the RBLMs (100 — 400 cm™), intermediate frequency modes [71]
(400 — 1100 cm™), D-band (~1300 cm™) and the intense signal from largely overlapping G-band,
M-band [72] and D’-band above 1500 cm™. Using the colored dashed lines, we also show in Figure
6¢ the predicted positions of ERS peaks corresponding to three My; transitions from Figures 6a,b.
Interestingly, we do not observe any distinctive ERS features in the spectrum. This fact may be
explained if we simulate the ERS peaks by using the linewidth and intensity values obtained from
REP fits (see blue, red and yellow solid curves at the bottom of Figure 6¢). Superimposing these
ERS curves results in a featureless background (red solid line), which illustrates the effect of multi-
chirality in macroscopic samples. We want to point out that the experimental DWCNT spectrum
in Figure 6c¢ is not proof of the ERS signal detection, but on the contrary, emphasizes the difficulty

of the measurements on the mixed-chirality macroscopic DWCNT samples.

To get more insights into the ERS behavior in macro samples containing just one DWCNT
chirality, we again modeled ERS lines using the example of individual free-standing DWCNT
(14,8)@(19,14) (top solid blue line in Figure 6d). The effect of inhomogeneous broadening on the

ERS was estimated using the Voigt functions with a varying Gaussian linewidth from 0 to 150
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meV (see bottom four curves in Figure 6d). It becomes evident that above 50 meV, the ERS peak
becomes too broad for practical detection. We, therefore, conclude that the successful observation
of ERS features in macroscopic DWCNT samples should be possible only when they are
sufficiently sorted, ideally to the single chirality level, or have well-separated electronic transitions
and minimum possible inhomogeneous broadening (below ~ 50 meV). These conclusions should
apply both for macroscopic mixed-chirality DWCNT solutions and DWCNT powders and thin
films since the major difficulties in detecting ERS signals are common for both solid and liquid

samples.

5. Conclusions

In this work, we report the observation of the ERS signal in individual index-identified
DWCNTs having all types of electronic configurations with metallic layers. By comparing
SWCNT and DWCNT data, we show that the increased dielectric screening in DWCNTS is most
likely responsible for the suppression of the intensity of ERS peaks, in some cases leading to their

complete disappearance from the Raman spectra.

Besides, we probe the ERS process in a macroscopic mixed-chirality ultra-pure DWCNT
sample. It is found that the ERS lines are not distinguishable due to the large overlap between ERS
peaks from different DWCNT chiralities present in the multi-chirality sample leading to a broad
featureless background. We propose that observing ERS lines at the macroscale should be possible
when the DWCNT samples can be sufficiently sorted, ideally to the single chirality level, or have

well-separated electronic transitions and minimal inhomogeneous broadening.

Finally, we adapt a structural characterization procedure based on the ERS for DWCNTSs

with the dielectric screening and IET effects. The obtained results can be generalized to the
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structural description of other 1D VDW heterostructures based on metallic SWCNTSs [30] if they

have similar dielectric properties as DWCNT systems.
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Section S1. Details of the DWCNT structure identification procedure

We characterized the structure of individual free-standing DWCNTSs following either the
electron diffraction (ED) based method from Ref. [1] or by combining Rayleigh and Raman
spectroscopic information [2]. Tables S1.1 and S1.2 summarize the (n,m) indices of the studied
DWCNTs and the indexation method used. The first column introduces the notation, e.g.,
DWCNT-1, that will be used throughout this Sl for referring to specific DWCNTs. The ED
patterns of the studied DWCNTSs were previously provided in the Supplementary Materials of Ref.

[3].

Table S1.1. List of the studied DWCNTSs with metallic layers.

# (Nin,Min) @ (Nout,Mout) ! n'\(jllzﬁggn Cclfr:?i(gt:?;:icon Source
DWCNT-1 (14,1)@(15,12) ED SC@M Ref. [3]
DWCNT-2 (14,2)@(22,4) ED M@M Ref. [3]
DWCNT-3 (11,8)@(19,10) Rayleigh+Raman M@M Ref. [4]
DWCNT-4 (14,8)@(19,14) ED M@SC Ref. [3]
DWCNT-5 (14,5)@(26,1) ED M@SC Ref. [3]
DWCNT-6 (18,2)@(19,13) ED SC@M Ref. [3]
DWCNT-7 (18,6)@(21,14) ED M@SC Ref. [3]
DWCNT-8 (22,13)@(39,2) ED M@SC Ref. [3]
DWCNT-9 (17,14)@(26,14) ED M@M Ref. [3]
DWCNT-10 (17,14)@(28,12) ED M@SC Ref. [3]
DWCNT-11 | multiple candidates | Rayleigh+Raman SC@M this work
DWCNT-12 | multiple candidates Rayleigh+Raman M@SC this work
DWCNT-13 | multiple candidates | Rayleigh+Raman SC@M this work
DWCNT-14 | multiple candidates | Rayleigh+Raman SC@M this work
DWCNT-15 (11,6)@(18,9) ED SC@QM Ref. [3]

Table S1.2. List of the studied DWCNTSs with purely semiconducting layers.

# (nin, min)@(nout, mout) ! nh(;llee)t(ﬁélgn C(Er:?lgl:?g;fon Source
DWCNT-16 (10,6)@(14,13) Rayleigh+Raman SC@SC Ref. [5]
DWCNT-17 (16,2)@(16,14) ED SC@SC Ref. [3]
DWCNT-18 (14,1)@(21,4) Rayleigh+Raman SC@SC Ref. [3]
DWCNT-19 (30,1)@(27,19) ED SC@SC Ref. [3]
DWCNT-20 (13,5)@(18,11) Rayleigh+Raman SC@SC this work
DWCNT-21 (22,17)@(30,20) ED SC@SC this work




Section S2. Complete set of Rayleigh, RBLM and G-band spectra for
investigated DWCNTSs

DWCNT-1: (14,1)@(15,12), SC@M
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Figure S2.1. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(14,1)@(15,12). The peak at ~1.72 eV in the Rayleigh spectrum corresponds to the electron-
phonon sideband of the S transition.

0.2

Table S2.1. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (14,1)@(15,12) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In ho| Sh | s® | sk % | Ses
SWCNT | 0.841 | 1671 | 2504 | 3735 | - .
DW(1) | 0.788 | 157 | 2309 | 3588 | - .
DW(-1) | 0789 | 1.571 | 2.394 | 3592 | - .

(14,1)@(15,12)
SCi@M

Out | Mfj | MPin | Mgz | Mgzu | Mgy | Mgy
SWCNT | 1467 | 1498 | 2673 | 2778 | - -
DW(1) | 1413 | 1.443 | 2617 | 2695 | - -
DW(-1) | 1.413 | 1444 | 2615 | 2.721 - -




DWCNT-2: (14,2)@(22,4), M@M
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Figure S2.2. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(14,2)@(22,4).

Table S2.2. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (14,2)@(22,4) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In M1, M{in MZ3L M35y M3, Miy
SWCNT 1.941 2.307 2.900 4.150 - -
DW(1) | 1872 | 2238 | 2786 | 4.064 - i
DW(-1) | 1.853 | 2207 | 362 | 4182 - i

(14,2)@(22,4)
M@M

Out MITL | Mith | M3 | M3 | M3y | My
SWCNT | 1370 | 1508 | 2426 | 2.894 | 3.038 | 3.891
DW(1) | 1312 | 1455 | 2385 | 2.842 | 3.017 | 3.839
DW(-1) | 1316 | 1451 | 2369 | 2839 | 2974 | 3.837




DWCNT-3: (11,8)@(19,10), M@M
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Figure S2.3. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(11,8)@(19,10).
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Table S2.3. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (11,8)@(19,10) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In M1, M{in MZ3L M35y M3, Miy
SWCNT 1.936 2.024 3.228 3.527 3.626 4171
DW(1) 1.856 1.984 3.098 3.454 3.24 4.081
DW(-1) | 1.863 | 1941 | 3.167 | 3413 | 3516 | 3.981

(11,8)@(19,10)
M@M

Out MITL | Mith | M3 | M3 | M3y | My
SWCNT | 1.342 | 1.411 | 2447 | 2682 | 3.159 | 3.589
DW(1) | 1.269 | 1357 | 2417 | 2629 | 315 | 3.534
DW(-1) | 1289 | 1.357 | 2378 | 2629 | 3.133 | 3534




DWCNT-4: (14,8)@(19,14), M@SC
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Figure S2.4. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(14,8)@(19,14).

Table S2.4. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (14,8)@(19,14) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values

are given ineV.

In M1 | Mifn | M3 | MBu | M3 | Mi3y i

SWCNT | 1.693 | 1.801 | 2912 | 3.280 | 3.462 | 4.132 -

DW(1) | 1.651 | 1.794 | 2.862 | 3.224 | 3.406 | 4.203 -

DW(-1) | 1634 | 1.737 | 2.862 | 3.207 3.4 4.043 -

(14,8)@(19,14)
M@SC2

out | sy | sy | s | s | osa | osae | sy
SWCNT | 0.468 | 0.830 | 1.686 | 1.981 | 2.700 | 2.837 | 3.507
DW(1) | 0.447 | 0.766 1.599 1.917 2.633 2.772 3.437
DW(-1) | 0.407 0.77 1.625 1.917 2.639 2.786 | 3.445




DWCNT-5: (14,5)@(26,1), M@SC
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Figure S2.5. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(14,5)@(26,1).

Table S2.5. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (14,5 @(26,1) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In MiL | Mifn | M3 | M@y | M3 | Mi3y
SWCNT | 1.821 | 2.040 | 2.948 | 3.695 - -
DW(1) | 1761 | 1.976 | 2.873 | 3669 | - -
DW(-1) | 176 | 1.976 | 2.869 | 3.62 : ]

(14,5)@(26,1)
M@SC1

out | s | sy | sg | spt | smt | s
SWCNT | 0.487 | 0.943 1684 | 2.294 | 2.562 3.407
DwW(1) | 0.427 | 0.881 1.623 | 2.233 | 2.497 3.346
DW(-1) | 0.427 | 0.881 1.623 | 2.233 | 2.499 3.346




DWCNT-6: (18,2)@(19,13), SC@M
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Figure S2.6. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(18,2)@(19,13).
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Table S2.6. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (18,2)@(19,13) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In 1 S5 S5 Sk SE S
SWCNT | 0.660 | 1.290 | 2.140 | 3.018 - -
DW(1) | 0.609 | 1.188 | 1.982 | 2.881 - -
DW(-1) | 0.611 | 1.192 | 2.054 | 2.887 - -

(18,2)@(19,13)
sC1@M

out | Mgt | Mgy | mgs | mgs | mgy | mgy
SWCNT | 1.255 1.292 2.339 2.463 3.096 3.322
DW(1) 1.201 1.236 2.283 2.349 3.035 3.287
DW(-1) | 1.202 1.238 2.283 2.407 3.031 3.251




DWCNT-7: (18,6)@(21,14), M@SC
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Figure S2.7. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(18,6)@(21,14).

Table S2.7. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (18,6)@(21,14) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In M1 | Mifn | M3 | MBu | M3 | Mi3y i
SWCNT | 1516 | 1.658 | 2.636 | 3.119 | 3.209 | 4.089 -
DW(1) | 1574 | 156 | 2.605 | 2.983 | 3.162 | 3.83 i
DW(-1) | 1.457 1.572 2.54 3.011 3.223 3.949 -

(18,6)@(21,14)
M@SC1

out | st | s | s | ospt | osmt | osgi | s
SWCNT | 0.434 | 0.803 1.554 1953 | 2471 2.882 | 3.125
Dw() | 0.371 0.73 1.489 1.919 2.402 2.843 | 3.049
DW(-1) | 0.374 | 0.741 1.492 1.891 2.403 2.818 3.017

10



DWCNT-8: (22,13)@(39,2), M@SC
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Figure S2.8. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(22,13)@(39,2).

Table S2.8. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (22,13)@(39,2) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In M{i, | Mty | M3, | M3y M%L M%H -

SWCNT | 1.150 1.191 2.163 2.301 2.901 3.153 -

DW(1) 1.092 1.132 2.098 2.237 2.825 3.081 -

DW(-1) | 1.094 | 1.132 | 2.101 | 2.238 | 2.83 | 3.083 | -

(22,13)@(39,2)
M@SC1

out | sy | sy | s | s | osa | osae | sy
SWCNT | 0.330 0.631 1.201 1.586 1.945 2.435 2.492
DW(1) 0.269 0.57 1.14 1.524 1.884 2.373 2.428
DW(-1) 0.269 0.57 1.14 1.525 1.884 2.374 2.429
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DWCNT-9: (17,14)@(26,14), M@M
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Figure S2.9. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(17,14)@(26,14).

Table S2.9. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers of
DWCNT (17,14)@(26,14) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values
are given ineV.

In MY, MYy M3, M3 M35, M35y
SWCNT 1.304 1.325 2.432 2.502 3.214 3.341
DW(1) 1.161 1.14 2.203 2.489 2.801 3.243
DW(-1) 1.215 1.182 1.98 2.292 3.24 3.046

(17,14)@(26,14)
M@M

Out MY, | MPie | Mgn | M3mm | Mgy | Mgsy
SWCNT | 1016 | 1.051 | 1939 | 2060 | 2.649 | 2.869
DW(1) | 0946 | 0984 | 2091 | 1.993 | NA | 2790
DW(-1) | 0.960 | 0988 | 1.843 | 1995 | 3.051 | 2.800
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DWCNT-10: (17,14)@(28,12), M@SC
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Figure S2.10. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for DWCNT
(17,14)@(28,12).

Table S2.10. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers
of DWCNT (17,14)@(28,12) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values

are given ineV.

In Ti | Mitu | M3 | M3y | ME3 | M -

SWCNT | 1.304 | 1.325 | 2432 | 2502 | 3.214 | 3.341 -

DW(1) | 1.210 | 1.246 | 2.302 | 2.315 | 3.036 | 3.273 -

DW(-1) | 1.237 | 1.232 | 2318 | 2.378 | 3.201 | 3.179 -

(17,14)@(28,12)
M@SC1

Out ST1' | S | sS35' | s3i' | Ss5' | Sg' | S
SWCNT | 0.372 | 0.701 | 1.348 | 1.737 | 2.170 | 2.623 | 2.773
DW() | 0.317 | 0.634 | 1.281 | 1.671 | 1.984 | 2556 | 2.738
DW(-1) | 0.313 | 0.637 | 1.284 | 1673 | 2.094 | 2558 | 2.617
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DWCNT-11: SC@M
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Figure S2.11. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for
DWCNT-11.
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Table S2.11. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers
of DWCNT-11 with equal and opposite handedness, shown as DW(1) and DW(-1), respectively.
SWCNT energies were estimated using the formula from Ref. [6], while those of DWCNT layers
were calculated using the adapted code from Ref. [7]. The "std" and "mad" stand for standard
deviation and mean absolute deviation. All energy values are given in eV.

SC1l@M

In st S5 SH St Sg St
SWCNT 0.668 1.276 2.184 2.96 3.157 4,023
std 0.011 0.021 0.055 0.059 0.106 0.134
DW(1) -0.061 -0.071 -0.067 -0.072 -0.064 -0.081
mad 0.002 0.008 0.008 0.008 0.019 0.016
DW(-1) -0.060 -0.071 -0.071 -0.080 -0.079 -0.084
mad 0.001 0.005 0.007 0.014 0.025 0.017
Out M3y 3T M35t M3, M3 M3
SWCNT 1.217 1.287 2.247 2.485 2.955 3.389
std 0.02 0.016 0.052 0.048 0.089 0.088
DW(1) -0.053 -0.053 -0.053 -0.053 -0.054 -0.052
mad 0.001 0.000 0.003 0.000 0.008 0.001
DW(-1) -0.053 -0.053 -0.054 -0.053 -0.055 -0.053
mad 0.000 0.000 0.001 0.000 0.003 0.001
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DWCNT-12: M@SC
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Figure S2.12. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for
DWCNT-12.
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Table S2.12. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers
of DWCNT-12 with equal and opposite handedness, shown as DW(1) and DW(-1), respectively.
SWCNT energies were estimated using the formula from Ref. [6], while those of DWCNT layers
were calculated using the adapted code from Ref. [7]. The "std" and "mad" stand for standard
deviation and mean absolute deviation. All energy values are given in eV.

In 1L fin M35, My My, Mi%y
SWCNT 1.866 2.035 3.054 3.631 3.803 3.978
std 0.072 0.067 0.182 0.173 0.114 0.124
DW(1) -0.068 -0.064 -0.063 -0.071 -0.080 -0.063
mad 0.030 0.014 0.045 0.018 0.048 0.020
DW(-1) -0.067 -0.074 -0.071 -0.102 -0.063 -0.095
mad 0.016 0.020 0.059 0.044 0.067 0.047
M@SC1
Out 7T 37 ST S s2r Sar
SWCNT 0.505 0.950 1.758 2.286 2.697 3.334
std 0.010 0.026 0.030 0.069 0.069 0.126
DW(1) -0.061 -0.063 -0.063 -0.062 -0.064 -0.061
mad 0.002 0.002 0.003 0.002 0.009 0.002
DW(-1) -0.061 -0.062 -0.063 -0.062 -0.064 -0.062
mad 0.000 0.001 0.002 0.002 0.005 0.002
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DWCNT-13: SC@M
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Figure S2.13. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for
DWCNT-13.
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Table S2.13. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers
of DWCNT-13 with equal and opposite handedness, shown as DW(1) and DW(-1), respectively.
SWCNT energies were estimated using the formula from Ref. [6], while those of DWCNT layers
were calculated using the adapted code from Ref. [7]. The "std" and "mad" stand for standard
deviation and mean absolute deviation. All energy values are given in eV.

In it S5 SH St Sg St
SWCNT 0.67 1.265 2.201 2.924 3.181 3.948
std 0.017 0.041 0.062 0.113 0.122 0.186
DW(1) -0.061 -0.068 -0.068 -0.070 -0.073 -0.079
mad 0.002 0.012 0.014 0.009 0.018 0.017
DW(-1) -0.061 -0.072 -0.070 -0.082 -0.073 -0.086
mad 0.001 0.009 0.009 0.019 0.020 0.023
SC1@M

Out M3y 3T M35 M3, M3 M3,
SWCNT 1.224 1.286 2.265 2.477 2.984 3.37
std 0.026 0.022 0.06 0.061 0.104 0.105
DW(1) -0.053 -0.053 -0.053 -0.053 -0.053 -0.053
mad 0.001 0.001 0.003 0.001 0.011 0.002
DW(-1) -0.053 -0.053 -0.054 -0.053 -0.055 -0.053
mad 0.000 0.001 0.002 0.001 0.005 0.001
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DWCNT-14: SC@M
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Figure S2.14. Rayleigh spectrum (left) and RBLM and G-band Raman spectra (right) for
DWCNT-14.
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Table S2.14. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers
of DWCNT-14 with equal and opposite handedness, shown as DW(1) and DW(-1), respectively.
SWCNT energies were estimated using the formula from Ref. [6], while those of DWCNT layers
were calculated using the adapted code from Ref. [7]. The "std" and "mad" stand for standard
deviation and mean absolute deviation. All energy values are given in eV.

In it S5 SH St Sg St
SWCNT 0.492 0.928 1.718 2.24 2.647 3.282
std 0.007 0.013 0.036 0.046 0.079 0.104
DW(1) -0.061 -0.066 -0.065 -0.064 -0.063 -0.069
mad 0.001 0.005 0.004 0.004 0.009 0.007
DW(-1) -0.060 -0.064 -0.063 -0.067 -0.065 -0.071
mad 0.001 0.003 0.002 0.005 0.007 0.008
SC1@M
Out M3y 3T M3 M3, M3 M3
SWCNT 0.987 1.029 1.884 2.025 2.578 2.835
std 0.014 0.011 0.04 0.034 0.068 0.063
DW(1) -0.053 -0.053 -0.053 -0.053 -0.053 -0.053
mad 0.000 0.000 0.001 0.000 0.003 0.001
DW(-1) -0.053 -0.053 -0.053 -0.053 -0.053 -0.053
mad 0.000 0.000 0.000 0.000 0.001 0.000
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DWCNT-15: (11,6)@(18,9), SC@M

The absorption spectrum of (11,6)@(18,9) DWCNT was previously reported in Ref. [8]
(see Fig. 4.23 and Table 4.10). Its fit gives the following DWCNT transition energies: Sz" = 1.36
eV, M11.% = 1.46 eV, M1y = 1.52 eV, M2 %'= 2.60 eV, S33" + Sas" =2.77 + 0.04 eV, Moo

=2.88eV.

Table S2.15. Optical transition energies for isolated SWCNTSs and van-der-Waals coupled layers
of DWCNT (11,6)@(18,9) with equal and opposite handedness, shown as DW(1) and DW(-1),
respectively. SWCNT energies were estimated using the formula from Ref. [6], while those of
DWCNT layers were calculated using the adapted code from Ref. [7]. The transition energy values

are given ineV.

(11,6)@(18,9)
SC@M

in

in

in

In it S5 S33 S44 55 -
SWCNT | 0.889 1.444 2.912 2.967 4.127 -
DW(1) 0.783 1.354 2.816 2.709 4.028 -
DW(-1) | 0.806 1.373 2.795 2.707 3.943 -
Out MiL | Miin | M35 | My | ME5 | Mi3y
SWCNT | 1.420 1.504 | 2.551 2.839 | 3.233 3.759
DW(1) 1.424 1.450 2.537 2.785 3.332 3.702
DW(-1) | 1.366 1.450 | 2.489 2.785 3.311 3.701
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Section S3. Complete set of wide-range Raman and ERS data for investigated
DWCNTs

DWCNT-1: (14,1)@(15,12), SC@M
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Figure S3.1. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (14,1)@(15,12) DWCNT.
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Figure S3.2. All wide-range Raman spectra for (14,1)@(15,12) DWCNT. Labels show the
excitation wavelengths of the spectra.
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DWCNT-2: (14,2)@(22,4), M@M
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Figure S3.3. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (14,2)@(22,4) DWCNT.
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Figure S3.4. All wide-range Raman spectra for (14,2)@(22,4) DWCNT. Labels show the

excitation wavelengths of the spectra.
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DWCNT-3: (11,8)@(19,10), M@M
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Figure S3.5. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (11,8)@(19,10) DWCNT.
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Figure S3.6. All wide-range Raman spectra for (11,8)@(19,10) DWCNT. Labels show the

excitation wavelengths of the spectra.



DWCNT-4: (14,8)@(19,14), M@SC
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Figure S3.7. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (14,8)@(19,14) DWCNT.
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Figure S3.8. All wide-range Raman spectra for (14,8)@(19,14) DWCNT. Labels show the

excitation wavelengths of the spectra.
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DWCNT-5: (14,5)@(26,1), M@SC

Intensity (arb. units)

1 : 1 | |
15 1.75 2 2.25 2.5 2.75
Scattered Photon Energy (eV)

Figure S3.9. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (14,5)@(26,1) DWCNT.
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Figure S3.10. All wide-range Raman spectra for (14,5)@(26,1) DWCNT. Labels show the

excitation wavelengths of the spectra.
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DWCNT-6: (18,2)@(19,13), SC@M
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Figure S3.11. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (18,2)@(19,13) DWCNT.
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Figure S3.12. All wide-range Raman spectra for (18,2)@(19,13) DWCNT. Labels show the

excitation wavelengths of the spectra.

24



DWCNT-7: (18,6)@(21,14), M@SC
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Figure S3.13. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (18,6)@(21,14) DWCNT.
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Figure S3.14. All wide-range Raman spectra for (18,6)@(21,14) DWCNT. Labels show the
excitation wavelengths of the spectra.
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DWCNT-8: (22,13)@(39,2), M@SC
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Figure S3.15. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (22,13)@(39,2) DWCNT.
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Figure S3.16. All wide-range Raman spectra for (22,13)@(39,2) DWCNT. Labels show the

excitation wavelengths of the spectra.
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DWCNT-9: (17,14)@(26,14), M@M
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Figure S3.17. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (17,14)@(26,14) DWCNT.
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Figure S3.18. All wide-range Raman spectra for (17,14)@(26,14) DWCNT. Labels show the

excitation wavelengths of the spectra.
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DWCNT-10: (17,14)@(28,12), M@SC
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Figure S3.19. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)
plotted as a function of scattered photon energy for (17,14)@(28,12) DWCNT.
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Figure S3.20. All wide-range Raman spectra for (17,14)@(28,12) DWCNT. Labels show the

excitation wavelengths of the spectra.
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DWCNT-11: SC1@M
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Figure S3.21. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)

plotted as a function of scattered photon energy for DWCNT-11.
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Figure S3.22. All wide-range Raman spectra for DWCNT-11. Labels show the excitation

wavelengths of the spectra.
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DWCNT-12: M@SC
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Figure S3.23. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)

plotted as a function of scattered photon energy for DWCNT-12.
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Figure S3.24. All wide-range Raman spectra for DWCNT-12. Labels show the excitation

wavelengths of the spectra.
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DWCNT-13: SC@M
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Figure S3.25. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)

plotted as a function of scattered photon energy for DWCNT-13.
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Figure S3.26. All wide-range Raman spectra for DWCNT-13. Labels show the excitation
wavelengths of the spectra. The sharp peaks between 2500 and 4500 cm™ in the Raman spectra

measured at 492 nm correspond to the multi-phonon Raman lines[9].
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DWCNT-14: SC@QM
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Figure S3.27. Comparison of Rayleigh spectrum (top) and wide-range Raman spectra (bottom)

plotted as a function of scattered photon energy for DWCNT-14.
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Figure S3.28. All wide-range Raman spectra for DWCNT-14. Labels show the excitation

wavelengths of the spectra.
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DWCNT-15: (11,6)@(18,9), SC@M
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Figure S3.29. The wide-range Raman spectrum plotted as a function of scattered photon energy
for DWCNT-15. The vertical dashed line represent the energy of the M2z, of the DWCNT outer
layer obtained from the fit of absorption spectrum in Ref. [8] (see Table 4.10).
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Figure S3.30. The wide-range Raman spectrum for DWCNT-15. The label shows the excitation

wavelength.
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Section S4. Complete set of tunable Raman spectra and results of absorption
spectrum calculations for DWCNTSs (14,1)@(15,12) and (18,6)@(21,14)

DWCNT-1: (14,1)@(15,12), SC@M
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Figure S4.1. Raman spectra of DWCNT-1 (14,1)@(15,12) with ERS features measured in the
range 750 — 873 nm. These spectra are shown in the form of the REM in Figure 3a.

Table S4.1. Optical transition energies for DWCNT-1 (14,1)@(15,12) with equal and opposite
handedness calculated within an ab initio-based NTB approach [10]. The energy values are given
in eV and represent the raw NTB data from the recursion method, i.e., no upshift is applied and no
dielectric downshift is added.

In it S5 3 Sk
SWCNT | 061 | 132 | 2.18 -
DW(1) | 062 | 1.27 | 209 -
DW(-1) | 062 | 127 | 213

(14,1)@(15,12)
SCil@M

Out | MPf[ | Mifh | M350 | M3y
SWCNT | 1.17 | 121 | 225 | 232
DW(1) | 1.19 | 121 | 226 | 258
DW(-1) | 118 | 119 | 226 | 232
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Figure S4.2 (a) Electronic DOS and (b) absorption coefficient of DWCNT-1 (14,1)@(15,12) with
equal (DW(1), black line) and opposite (DW(-1), red line) handedness calculated within an ab
initio-based NTB approach [10]. The dotted line in (b) represents the weighted sum of absorption
coefficients of DWCNT layers in the absence of van der Waals interactions. The transition energies
are summarized in Table S4.1.

On the transition energy assignment of (14,1)@(15,12) DWCNT

In our previous work on the detection of PL from individual DWCNTSs [5], we assigned
two peaks at ~1.44 and ~1.54 eV in the Rayleigh spectrum of (14,1)@(15,12) DWCNT (e.g.,
Figure 1b in the main text) to M1 and Mun + S22 transitions, respectively. The main arguments
for this assignment were as follows:

i) the RBM REP of the (15,12) layer has two maxima at ~1.44 and ~1.54 eV (Figure S4.3, upper
panels) which may originate from M1 and My transitions, given their energies for non-
interacting layers are expected at 1.47 and 1.5 eV, respectively (see Table S2.1);

i) the best fit of the TO REP of the (15,12) layer can be obtained only when M1 and M1in
transitions are well separated (compare bottom panels in Figure S4.3a,b).

However, new absorption spectrum calculations (Table S4.1) suggest an alternative
assignment: M11. and My1n transitions of the outer (15,12) layer are overlapping at 1.44 eV, while
the peak at 1.54 eV is solely due to the Sy, transition. This interpretation can be supported by
previous studies on isolated metallic SWCNTSs [11] which established that the value of [Miix - MiiL|
is least sensitive to environmental interaction. As a first approximation, it may be true also for the
interlayer interactions in DWCNTSs at least in what concerns the dielectric screening effect.
Therefore, considering the transition energies of air-suspended (15,12) SWCNT (Table S2.1), we
obtain M11n - M1 = 0.032 eV. Given the experimental error, we should expect My in the
DWCNT-1 at 1.47~1.50 eV. Combined with the fact that the intensity of M11n should be much
lower than M1, the former can correspond to the side peak of the 1.44 eV peak. In this
interpretation, the appearance of the second maxima in the RBM REP at ~1.54 eV (Figure S4.3,
upper panels) can be due to the mechanical coupling of inner and outer layers as previously
reported for DWCNTS [12,13]. The behavior of the TO REP of the (15,12) layer is more difficult
to understand but can also be related to the coupling between the layers.
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In summary, we carefully considered all arguments in favor of both interpretations, but at this
moment we cannot discriminate unambiguously between them. Therefore, we marked the
possibility of two assignments with asterisks in Figure 1b, Figure 2a, and Figure 3b. We note that

considering one or the other doesn't change the conclusions drawn here or in Ref. [5].

a) Fit with close M”L and M11H transitions

b) Fit with separated M11L and M11H transitions
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Figure S4.3. REPs of RBM, LO- and TO-modes for (15,12) layer of the DWCNT-1
(14,1)@(15,12). The fit of the LO and TO REPs with (a) two close M11 and Mu1n transitions and
(b) two separated M1 and Musn transitions.
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DWCNT-7: (18,6)@(21,14), M@SC
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Figure S4.4. Raman spectra of DWCNT-7 (18,6)@(21,14) with ERS features measured in the

range 705 — 816 nm. These spectra are shown in the form of the REM in Figure 3c.

Table S4.2. Optical transition energies for DWCNT-7 (18,6)@(21,14) with equal and opposite
handedness calculated within ab initio-based NTB approach [10]. The energy values are given in
eV and represent the raw NTB data from the recursion method, i.e., no upshift is applied and no

dielectric downshift is added.

(18,6)@(21,14)
M@SC1

In M1 | Mifn | M35 | MB | M3 | Mi3y -
SWCNT | 1.23 1.33 2.30 2.67
DW(1) 1.19 1.32 2.31 2.55 - - -
DW(-1) | 1.21 | 129 | 223 | 261 - - -

Out Sout Sout S;(;);l;lt Sg‘ll.lt Sggt Sggt S_(7)l71t
SWCNT | 0.31 0.61 1.19 1.53 2.02 241 2.76
DW(1) 0.31 0.60 1.19 1.57 2.02 2.46 2.75
DW(-1) 0.31 0.59 1.20 1.53 2.02 241 2.69
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Figure S4.5. (a) Electronic DOS and (b) absorption coefficient of DWCNT-7 (18,6)@(21,14) with
equal (DW(2), black line) and opposite (DW(-1), red line) handedness calculated within ab initio-
based NTB approach [10]. The dotted line in (b) represents the weighted sum of absorption
coefficients of DWCNT layers in the absence of van der Waals interactions. The transition energies
are summarized in Table S4.2.
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Section S5. Details on the Rayleigh data processing and fitting procedures

The experimental Rayleigh spectra were first converted from wavelength to energy scale
using the Jacobian transformation, as described in Ref. [14]. Then, each spectrum was fitted by a
least-squares optimization procedure with the following complex optical susceptibility function
[15]:

IRayleigh = ws(l)(inlz + |Xout|2)

N1

— Z A::n + in
Xin = £, w;'n " w— iyii"/z Xnon-res
N2 Aiout
Xout = ; (A)l-out o iy{’”t/z + ngfz—res

where Ak, ok, vk (K = in, out) correspond to the amplitude, resonance frequency and
linewidth of the complex Lorentzian function, respectively. The total number of transitions N1 and
N2 and their approximated energies were estimated based on the SWCNT energies from the Atlas
[6] and the shifts due to van der Waals electronic coupling [7] (see Tables in Section S2). The
xmTes and y 2ot~ modeled by real linear functions represent the effective non-resonant
contributions of the transitions outside of the measured experimental range. These contributions
were shown to be essential to account for the observed asymmetry of Rayleigh spectrum features

[15].
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Section S6. Details on the ERS data processing and fitting procedures

We present here the details of the processing and fitting of the wide-range Raman spectra presented
in Sections S3-S4.

Data processing. First, we subtracted the background spectrum from all Raman spectra measured
on the Acton SP2500 spectrometer to remove the artifact at ~ 400-500 cm™ (Figure S6.1). Besides,
we correct all Raman spectra measured in the NIR (shown as REMs in Figure 3 and in Section S4)
for the instrument response and laser power variation during the measurements.
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Figure S6.1. Result of the background subtraction for a DWCNT.

Data fitting. We fitted the wide-range Raman spectra for the given DWCNT simultaneously, i.e.,
by sharing peak parameters between all spectra, with the following function:

N1 N2
Raman _ phonon ERS
pamen = S ppven S s gy

where IJ-R‘”"“” is the intensity of the j-th Raman spectrum, Fuig is a linear function representing the
remaining background, F"*"°"and FERSare Lorentzian functions for phonon and ERS lines,
respectively defined as:

Aphonon
thonon _ i
i - 2 2
__ _.phonon phonon
(x w; ) + (O.Syi )
ERS
F}I{E‘RS — Ak

(x — wER®)2 4 (0.5yFRS)2

where P OmO" yPROMOT | APROTOT | (ERS = £(Aaser), VERS, AERS are phonon frequency, phonon
linewidth, phonon line amplitude, ERS frequency at the given excitation wavelength Aiaser, ERS
linewidth and ERS amplitude, respectively. The ERS frequency (in cm™) for a given spectrum (i.e.
at the excitation wavelength Aiaser in nm) is determined from the Mii energy in eV by:
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107 M,
Yk = T 0.000124

The examples of the simultaneous fit for DWCNT-4 and DWCNT-10 are shown in Figure S6.2.
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Figure S6.2. Simultaneous fit results for DWCNT-4 (upper) and DWCNT-10 (bottom). Solid black
and red curves represent experimental and fitted spectra, respectively. Solid and dashed colored
lines correspond to the phonon and ERS peaks, respectively.
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Role of interference effects between ERS and phonon lines. Saito et al. [16] previously
predicted that the quantum interference between ERS and RBLM (or G-band) leads to the
frequency shifts and changes in the lineshape (from symmetric to asymmetric) of the phonon lines.
These changes become more pronounced if the intensity of ERS peaks is large relative to phonon
peaks. However, we find that in DWCNTSs, the ERS line due to its suppressed intensity leads to
minor changes in the phonon properties. For instance, it is evidenced in Figure S6.3, where the
frequencies of RBLM and G-band barely change as a function of excitation wavelengths.
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Figure S6.3. RBLM (left) and G-band (right) regions of Raman spectra of DWCNT-1 measured
with 300 grooves/mm grating at 699.9, 750, 768.2, 771, 780, 785.2, 792, 800, 807, 815, 822, 837,
845, 852, 861.4, 865.9, 872.9 and 885 nm (from top to bottom).
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Section S7. Table with results of the ERS fitting for DWCNTSs

We note that we chose to present the results of the ERS data fit in the form of intensity
(height) ratio Iers/ILo because it allows the direct comparison with the available literature data on
SWCNTSs. The broad LO mode was chosen for reference since it is considered representative of
metallic SWCNT [17], and from our experience it is much easier to identify it in the rich G-band
spectra of DWCNTSs. The only problem may occur with the armchair SWCNTs, where the LO
mode is absent, but we did not observe such chiralities in our experimental data set. On the other
hand, choosing the narrow TO mode for the reference may complicate the analysis of (close) zig-
zag metallic DWCNT layers, where the narrow TO component is absent or hard to identify due to
the overlap with the narrow LO modes of semiconducting layers.

Table S7.1. Results of the ERS data fitting for investigated individual DWCNTSs. For each (n,m)
chirality, the diameter d, uncertainty in diameter od (relevant for DWCNTSs characterized by
optical spectroscopy), interlayer distance Ar, chiral angle 6, the cutting line index p (L or H stand
for the lower and higher transitions), laser excitation energy E., experimental transition energy
Eers and energy separation dE = E_ — Egrs are given. Ru and oRH correspond to the ratio (lers/lLo)
and its uncertainty (two standard deviations), respectively; wio is the frequency of the LO phonon.

DWCNT n | m{d (nm)jod (nm)| & (°) [LayerlAr (nm)
(14,1)@(15,12) |15|12|1.834| 0.000 [26.33| out |0.3486
(14,1)@(15,12) |15|12|1.834| 0.000 [26.33| out |0.3486
(14,1)@(15,12) |15|12|1.834| 0.000 [26.33| out |0.3486
(14,1)@(15,12) |15|12|1.834| 0.000 [26.33| out |0.3486
(14,2)@(22,4) |14 1.182| 0.000 |6.59| in |0.3581
(14,2)@(22,4) |14 1.182| 0.000 |6.59| in |0.3581
(14,2)@(22,4) |14 1.182| 0.000 |6.59| in |0.3581
(14,2)@(22,4) |14 1.182| 0.000 |6.59| in |0.3581
(14,2)@(22,4) |14 1.182| 0.000 |6.59| in |0.3581
(14,2)@(22,4) |14 1.182| 0.000 |6.59| in |0.3581
(14,2)@(22,4) |22 1.898| 0.000 |8.21 | out |0.3581
(14,2)@(22,4) |22 1.898| 0.000 |8.21 | out |0.3581
(14,2)@(22,4) |22 1.898| 0.000 |8.21 | out |0.3581
(14,2)@(22,4) |22 1.898| 0.000 |8.21 | out |0.3581
(14,2)@(22,4) |22 1.898| 0.000 |8.21 | out |0.3581
(14,2)@(22,4) |22 1.898| 0.000 |8.21 | out |0.3581
(11,8)@(19,10) |11 1.294| 0.000 [24.79 in |0.3520
(11,8)@(19,10) |11 1.294| 0.000 {24.79 in |0.3520
(11,8)@(19,10) |11 1.294| 0.000 {24.79 in |0.3520
(11,8)@(19,10) |11 1.294| 0.000 [24.79 in |0.3520
(11,8)@(19,10) |19 1.998| 0.000 |19.84| out |0.3520
(11,8)@(19,10) |19 1.998| 0.000 |19.84| out |0.3520
(11,8)@(19,10) |19 1.998| 0.000 |19.84| out |0.3520
(11,8)@(19,10) |19|10|1.998| 0.000 |19.84| out |0.3520
(14,5)@(26,1) (14| 5|1.336| 0.000 [14.70, in |0.3701
(14,5)@(26,1) (14| 5|1.336| 0.000 [14.70, in |0.3701
(14,5)@(26,1) (14| 5|1.336| 0.000 [14.70, in |0.3701
(14,5)@(26,1) (14| 5|1.336| 0.000 [14.70, in |0.3701
(18,2)@(19,13) |19|13|2.182| 0.000 [23.82| out |0.3443
(18,2)@(19,13) |19|13|2.182| 0.000 [23.82| out |0.3443
(18,2)@(19,13) |19|13|2.182| 0.000 [23.82 out |0.3443
(18,2)@(19,13) |19|13|2.182| 0.000 [23.82| out |0.3443
(14,8)@(19,14) |14| 8 |1.510] 0.000 [21.05| in |0.3680
(14,8)@(19,14) |14| 8 |1.510] 0.000 [21.05| in |0.3680
(14,8)@(19,14) |14| 8 |1.510/ 0.000 [21.05| in |0.3680
(14,8)@(19,14) |14| 8 |1.510/ 0.000 [21.05| in |0.3680

Eers dE (EV) Ry ORKH EL(eV) L0 (cm‘l)
1.44| 0.212 | 0.218 | 0.091 |1.650| 1568.6
1.44| 0.022 | 16.066 |10.186* | 1.460 | 1568.6
2.63] 0.079 | 0.228 | 0.029 |2.710| 1568.6
2.68 0.029 | 0.180 | 0.069 |2.710| 1568.6
1.86| 0.351 | 0.124 | 0.014 |2.210| 1547.4
1.86| 0.101 | 0.215 | 0.025 [1.960| 1547.4
1.86| 0.021 | 0.734 | 0.219 [1.880| 1547.4
2.15/ 0.369 | 0.039 | 0.017 |2.520| 1547.4
2,15/ 0.179 | 0.018 | 0.013 |2.330| 1547.4
2.15/ 0.059 | 0.038 | 0.017 |2.210| 1547.4
1.35 0.254 | 0.259 | 0.022 |1.600| 1577.0
1.35 0.114 | 1.313 | 0.253 |1.460| 1577.0
147 0.133 | 0.217 | 0.023 [1.600| 1577.0
1.47| -0.007 | 2.778 | 0.564 |1.460| 1577.0
2.34) 0.182 | 0.019 | 0.006 |2.520| 1577.0
2.34| -0.008 | 0.083 | 0.021 |2.330| 1577.0
1.90] 0.433 | 0.156 | 0.069 |2.330| 1521.9
1.90] 0.063 | 0.365 | 0.162 [1.960| 1521.9
1.96| 0.373 | 0.340 | 0.129 |2.330| 1521.9
1,96/ 0.003 | 1.286 | 0.448 [1.960| 1521.9
1.36| 0.244 | 0.546 | 0.064 |1.600| 1572.3
2.38| 0.334 | 0.047 | 0.015 |2.710| 1572.3
2.38| 0.154 | 0.092 | 0.008 |2.530| 1572.3
2.38| -0.046 | 2.404 | 0.243 |2.330| 1572.3
181 0.401 | 0.175 | 0.102 |2.210| 1545.5
1.81] 0.151 | 0.000 - 1.960 | 1545.5
1.96| 0.249 | 0.202 | 0.034 |2.210| 1545.5
1.96| -0.001 | 0.087 | 0.007 [1.960| 1545.5
2.25 0.275 | 0.013 | 0.003 |2.520| 1572.4
2.25 0.085 | 0.113 | 0.006 |2.330| 1572.4
2.25 -0.035 | 0.600 | 0.055 |2.210| 1572.4
2.37] 0.152 | 0.063 | 0.004 |2.520| 1572.4
1.59| 0.372 | 0.000 - 1.960 | 1542.2
159 0.292 | 0.130 | 0.012 [1.880| 1542.2
159 0.192 | 0.373 | 0.044 |1.780| 1542.2
159 0.072 | 0.920 | 0.047 |1.660| 1542.2
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(14,8)@(19,14) [14] 8 [1.510] 0.000 [21.05] in |0.3680[3[ L [1.59] 0.012 | 2.086 | 0.278 |1.600| 1542.2
(14,8)@(19,14) [14] 8 [1.510] 0.000 [21.05] in |0.3680[3|H[1.74] 0.218 | 0.031 | 0.039 |1.960| 1542.2
(14,8)@(19,14) [14] 8 [1.510] 0.000 [21.05] in |0.3680[3|H[1.74] 0.138 | 0.334 | 0.016 |1.880| 1542.2
(14,8)@(19,14) [14] 8 [1.510] 0.000 [21.05] in |0.3680[3|H[1.74] 0.038 | 0.838 | 0.067 |1.780| 1542.2
(14,8)@(19,14) [14] 8 [1.510] 0.000 [21.05] in |0.3680[3|H[1.74] -0.082 | 0.631 | 0.170 |1.660| 1542.2
(18,6)@(21,14) [18] 6 [1.694| 0.000 [13.90] in |0.3476[3| L [1.53] 0.046 | 1.526 | 0.114 |1.580| 1561.0
(18,6)@(21,14) [18] 6 [1.694] 0.000 [13.90] in |0.34766[ L [2.64| 0.07 | 0.060 | 0.007 |2.710| 1561.0
(17,14)@(26,14)[17]14]2.105| 0.000 [26.80] in |0.3237]6| L [2.25] 0.462 | 0.000 - [2710] 15738
(17,14)@(26,14)[17]14]2.105| 0.000 [26.80] in |0.3237]6| L [2.25] 0.282 | 0.000 - [2530] 15738
(17,14)@(26,14)[17]14]2.105| 0.000 [26.80] in |0.3237]6|H[2.45] 0.26 | 0.000 - [2710] 15738
(17,14)@(26,14)[17]14]2.105| 0.000 [26.80] in |0.3237]6/H[2.45] 0.08 | 0.000 - [2530] 15738
(17,14)@(26,14)[26]14]2.752| 0.000 [20.17| out [0.3237]6| L [1.76] 0.45 | 0.000 - [2210] 15738
(17,14)@(26,14)[26]14] 2.752| 0.000 [20.17| out [0.3237]6| H[1.95] 0.262 | 0.000 - [2210] 15738
(17,14)@(28,12)[17]14]2.105| 0.000 [26.80] in |0.3392]6| L [2.27] 0.26 | 0.016 | 0.005 |2.530| 1572.2
(17,14)@(28,12)[17]14]2.105| 0.000 [26.80] in |0.3392|6| L [2.27] 0.06 | 0.590 | 0.032 [2.330| 1572.2
(22,13)@(39,2) [22]13]2.399| 0.000 [21.56] in |0.3677]6| L [2.14] 0.381 | 0.000 - [2520] 155838
(22,13)@(39,2) [22]13]2.399] 0.000 [21.56] in |0.3677]6[ L [2.14] 0.191 | 0.026 | 0.083 |2.330| 1558.8
(22,13)@(39,2) [22]13]2.399| 0.000 [21.56] in |0.3677|6| L [2.14] 0.071 | 0.058 | 0.189 |2.210| 1558.8
(22,13)@(39,2) [22]13]2.399| 0.000 [21.56] in |0.3677|6| H [2.20] 0.324 | 0.000 - [2520] 155838
(22,13)@(39,2) [22]13]2.399] 0.000 [21.56] in |0.3677]6H [2.20] 0.134 | 0.109 | 0.125 |2.330| 1558.8
(22,13)@(39,2) [22]13]2.399| 0.000 [21.56] in |0.3677|6|H[2.20] 0.014 | 0.010 | 0.172 |2.210| 1558.8
DWCNT-11 | - | - |2.208] 0048 | - |out | - |6/ L|2.19] 0.335 | 0.094 | 0.010 |2.520| 1575.6
DWCNT-11 | - | - |2.208/ 0048 | - |out | - |6/ L|2.19] 0.145 | 0.113 | 0.007 |2.330| 1575.6
DWCNT-11 | - | - |2.208/ 0048 | - |out | - |6/ L|2.19] 0.025 | 0.336 | 0.017 |2.210| 15756
DWCNT-11 |- | - |2.208] 0048 | - |out | - |6|H[2.31] 0.207 | 0.173 | 0.014 |2.520| 15756
DWCNT-11 | - | - |2.208] 0048 | - |out | - |6|H[2.31] 0.017 | 0.189 | 0.014 |2.330| 1575.6
DWCNT-13 | - | - |2.227| 0044 | - |out | - |6|L|2.08] 0437 | 0.017 | 0.012 |2.520| 1602.0
DWCNT-13 | - | - |2.227| 0044 | - |out | - |6|L|2.08] 0.247 | 0.060 | 0.063 |2.330| 1602.0
DWCNT-13 | - | - |2.227| 0044 | - |out | - |6/ L|2.08] 0.127 | 0.088 | 0.072 |2.210| 1602.0
DWCNT-13 | - | - |2.227| 0044 | - |out | - |6|H[2.17| 0.348 | 0.392 | 0.059 |2.520| 1602.0
DWCNT-13 | - | - |2.227| 0044 | - |out | - |6|H[2.17| 0.158 | 0.073 | 0.060 |2.330| 1602.0
DWCNT-13 | - | - |2.227| 0044 | - |out | - |6|H[2.17] 0.038 | 0.021 | 0.039 |2.210| 1602.0
DWCNT-14 | - | - |2.830/ 0025 | - |out | - |6/ L|1.88] 0.079 | 0.130 | 0.008 |1.960| 1572.1
DWCNT-14 | - | - |2.830{ 0025 | - |out | - |6/H|2.02] -0.063 | 0.000 - [1.960] 15721
(11,6)@(18,9) 18] 9 |1.864] 0.000 [19.11] out |0.34756| L [2.60] 0.115 | 0.055 | 0.019 |2.710| 1572.0

*the large value of 6Rw is due to the large uncertainty in the LO intensity determined from the fit
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Section S8. Table with results of the ERS data digitization for SWCNTSs

Table S8.1. Results of the ERS data digitization for SWCNTSs from the literature [18-20]. For
each (n,m) chirality, the diameter d, chiral angle 6, the cutting line index p (L or H stand for the
lower and higher transitions), laser excitation energy E., experimental transition energy Eers and
energy separation dE = E_ — Eggs are given. Ry and oRn correspond to the ratio (Iers/lILo) and its

uncertainty (determined from the pixels in the image), respectively.

n|mjdmm)| C°) | EL(V) | lers(pix) | lo(pix) | RH ORu | Ekers (eV) dE (eV)
23|14 | 253 |22.01 2.14 134 505 0.265 | 0.006 2.095 6 |L | 0.045
121 9 143 | 25.28 1.96 52 62 0.839 | 0.060 1.888 3| H| 0.071
121 9 143 | 25.28 1.96 69 62 1.113 | 0.068 1.817 3|L | 0142
13| 7 1.38 | 20.17 1.96 92 148 0.622 | 0.023 1.836 3|L | 0123
14| 5 134 | 14.70 1.96 124 150 0.827 | 0.024 1.837 3|L | 0122
15| 3 1.31 8.95 1.96 144 176 0.818 | 0.021 1.835 3|L | 0124
16| 1 1.29 3.00 1.96 141 161 0.876 | 0.023 1.834 3L | 0125
12 ] 9 143 | 25.28 2.33 18 17 1.059 | 0.242 1.884 3| H| 0.446
14| 5 134 | 14.70 2.33 41 40 1.025 | 0.101 2.044 3| H| 0.286
11| 8 129 | 24.79 2.33 18 12 1.500 | 0.425 2.028 3| H| 0.302
11| 8 129 | 24.79 2.33 32 12 2.667 | 0.671 1.936 3L | 039
12| 6 124 ] 19.11 2.33 62 241 0.257 | 0.012 2.155 3|H| 0175
12| 6 124 ] 19.11 2.33 32 241 0.133 | 0.012 1.956 3|L | 0374
13| 4 1.21 | 13.00 2.33 250 492 0.508 | 0.006 2.244 3| H| 0.086
13| 4 1.21 | 13.00 2.33 43 492 0.087 | 0.006 1.942 3|L | 0.388
141 2 1.18 6.59 2.33 117 426 0.275 | 0.007 1.949 3|L | 0381
171 5 156 | 12.52 1.96 34 130 0.262 | 0.022 1.793 3| H| 0.166
171 5 156 | 12.52 1.96 22 130 0.169 | 0.022 1.624 3L | 0335
13110| 156 | 25.69 1.96 10 135 0.074 | 0.021 1.750 3| H| 0.209
13110| 156 | 25.69 1.96 21 135 0.156 | 0.021 1.688 3|L | 0271
16| 1 1.29 3.00 2.33 52 229 0.227 | 0.013 2.182 3| H| 0.148
16| 1 1.29 3.00 2.33 25 229 0.109 | 0.012 1.823 3L | 0507
13| 7 1.38 | 20.17 2.33 39 29 1.345 | 0.163 1.979 3| H| 0351
13| 7 1.38 | 20.17 2.33 44 29 1517 | 0.177 1.826 3|L | 0504
13| 7 1.38 | 20.17 1.96 111 216 0.514 | 0.015 1.820 3L | 0139
141 5 134 | 14.70 2.33 37 84 0.440 | 0.037 2.066 3| H| 0.264
141 5 134 | 14.70 2.33 116 84 1.381 | 0.057 1.825 3L | 0505
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Section S9. Comparison of Iers/lLo ratios in individual free-standing SWCNTSs
and DWCNTs.

About comparison of SWCNT and DWCNT data. As we mentioned in Section S7, presenting
the results of the ERS data fit in the form of intensity (height) ratio lgrs/lLo allows the direct
comparison with the available literature data on SWCNTSs. However, there are certain remarks to
be made:

SWCNT and DWCNT data should be analyzed by keeping in mind that they were obtained
under (possibly) different lab conditions (e.g., humidity, room temperature), which may
affect the presented values. In the future, the best approach would be to probe the same
chiralities in the SWCNT and DWCNT forms under the same lab conditions.

Some of the (n,m) chiralities in SWCNT and DWCNT from Table 1 (main text) were
measured at slightly different resonance conditions (e.g., values of dE = E_ — Eii) despite
the same laser excitation wavelengths were used. It is explained by the fact that electronic
transition energies in DWCNTSs are shifted by interlayer van der Waals electronic coupling.
Nevertheless, for large dE values, the resonance effect should be less important relative to
intrinsic factors like dielectric screening and IET (see slowly changing ERS intensity
values away from resonance in Figure 3b,d) and should not change the conclusions of the
work.

Finally, we discuss the possible origin of high lers/ILo values in SWCNTs [18-20] for EL
— Eii> 300 meV (Figure 2c, top panel) compared to DWCNT data. Since the ERS lines in
this spectral region overlap with the intense higher-order modes (e.g., 2D or G+2D), they
could be misinterpreted with some of the phonon modes during the fit. In the future, the
behavior of ERS lines in this spectral region should be studied further.

Dependence of Iers/ILo ratios on d and 8. We present in Figure S9 the dependence of the Iers/lLo
ratios on the diameter and chiral angle for SWCNTSs from the literature [18-20] and DWCNTSs
from this work.
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Figure S9. Dependence of Iers/lLo ratio on the diameter and chiral angle for SWCNTSs from the
literature [18-20] and DWCNTSs from this work. The error bars for DWCNTS correspond to two
standard deviations. White crosses indicate data points with E_aser - Eii <-0.01 eV obtained through

simultaneous fit of ERS peak tails in Stokes Raman spectra (SI Section S6; peak linewidths and
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positions in these cases were fixed by the parameters of the same ERS lines in other spectra with

ELaser - Eii > 0) and do not correspond to Anti-Stokes Raman spectra.
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Section S10. Dependence of Iers/lLo ratio on structural parameters of DWCNT
layers
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Figure S10. Dependence of Iers/lLo ratio on the resonance condition and structural parameters of
inner and outer layers of DWCNTSs. The error bars for DWCNTSs correspond to two standard
deviations. White crosses indicate data points with Eiaser - Eii < -0.01 eV obtained through
simultaneous fit of ERS peak tails in Stokes Raman spectra (SI Section S6; peak linewidths and
positions in these cases were fixed by the parameters of the same ERS lines in other spectra with

ELaser - Eii > 0) and do not correspond to Anti-Stokes Raman spectra.
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Section S11. Effect of curvature-induced bandgap on ERS lines

We calculated the curvature-induced bandgap values for all geometrically possible metallic
SWCNTSs with diameters below 3 nm using the equation [21]:

3y, az
E Yo c—c

gap = 1.4 cos(360)

The dependences of this bandgap value on the metallic SWCNT diameter and chiral angle are
plotted in Figure S11.1. In principle, if the Raman spectrum of a metallic SWCNT is excited under
condition EL — Mii < Egap, the ERS process is affected by the curvature-induced bandgap since
there are no low-energy excitons available for inelastic scattering. We show what it means in
practice by plotting the bandgap energy in terms of Raman shift (horizontal dashed lines labeled
100, 200 and 300 cm™) in Figure S11.1. SWCNTSs lying below the 100 cm™ dashed line have such
a bandgap that exciting them under the resonance conditions E. — Mii > Egap = 100 cm™ will always
result in the observation of ERS peaks above 100 cm™. On the other hand, we define all SWCNTs
above 100 cm™ as belonging to Zone I in Figure 5 (main text).
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Figure S11.1. Dependence of the curvature-induced bandgap opening in metallic SWCNTSs on the
diameter and chiral angle. The horizontal dashed lines show the bandgap energy in terms of Raman
shift.
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Section S12. Estimation of the interlayer charge transfer between the layers of
DWCNTs

The interlayer charge transfer density (in units of e/A) for the probed DWCNTs was calculated

using the formula from Zolyomi et al. [22]:

Qcr = —0.06 - Ar +0.23
The calculated Qcr values for inner and outer layers were then converted into units of e’/C atom
and are shown in Table S12.1 and Figure S12. The charge transfer necessary for the complete
quenching of ERS peaks in individual metallic SWCNTSs (Qct < 0.005 e/C atom) was previously
estimated by Farhat et al. [20] and is represented by the dashed line in Figure S12.

Table S12.1. Charge transfer density for investigated DWCNTSs calculated using the formula
from Zo6lyomi et al. [22].

Qin Qout
. . Din Dout <D> Ar (105 (105
# Nin Min (nm) Type Nout Mout (nm) Type (nm) (nm) e/C elC
atom) | atom)
1 14 1 1.137 1 15 12 1.834 0 1.486 0.349 88 55
2 11 6 1.169 2 18 9 1.864 0 1.517 0.348 89 56
3 14 2 1.182 0 22 4 1.898 0 1.540 0.358 62 38
4 11 8 1.294 0 19 10 1.998 0 1.646 0.352 70 45
5 14 5 1.336 0 26 1 2.076 1 1.706 0.370 29 18
6 18 2 1.494 1 19 13 2.182 0 1.838 0.344 75 52
7 14 8 1.510 0 19 14 2.246 2 1.878 0.368 29 20
8 18 6 1.694 0 21 14 2.389 1 2.041 0.348 61 43
9 17 14 2.105 0 26 14 2.752 0 2.429 0.324 82 63
10 17 14 2.105 0 28 12 2.783 1 2.444 0.339 61 46
11 22 13 2.399 0 39 2 3.134 1 2.767 0.368 19 14
6 %107
5 Complete ERS suppression
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Fig. S12. Estimation of the charge transfer between the layers of DWCNTSs according to Zélyomi
etal. [22]
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