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In this paper we discuss the environmental effects on
the radial breathing mode (RBM) spectra of Single Wall
Carbon Nanotubes (SWNTs). We have shown that the
environmental effect on the radial breathing mode fre-
quencies can be explained by Van-der-Waals interac-
tions. We here explore these interactions concerning its
(n, m) dependence and curvature effects.

Furthermore, most of the optical transition energies
available in the literature (E*) are downshifted with re-
spect to the optical transition energies for super-growth
(S.G.) tubes (E2-C-). The effect on transition energies
can be understood considering the effect of the dielectric
constant of the medium in the excitonic optical transi-
tion.
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In this paper we discuss the environmental effects on
the radial breathing mode (RBM) spectra of Single Wall
Carbon Nanotubes (SWNTs). We have shown that the
environmental effect on the radial breathing mode fre-
quencies can be explained by Van-der-Waals interac-
tions. We here explore these interactions concerning its
(n, m) dependence and curvature effects.

1 Introduction The effects of different kinds of envi-
ronments on the properties of single wall carbon nanotubes
(SWNTs) have been extensively discussed [1]. Most of the
difficulties are directly related to the absence of a reference
material, establishing the standard properties. In this work
we have studied, using resonance Raman spectroscopy,
a sample composed by super-growth (S.G.) SWNTs that
seems to fulfill such reference requirement. First, the S.G.
optical transitions energies (EZ-SZ-'G') are upshifted from all
the data available in the literature [2—15]. Since the di-
electric constant (¢) of the environment decreases F;, this
result indicates the S.G. SWNTs represent a system with
smallest ¢, i.e. ¢ — 1 [16]. Second, the radial breathing
mode frequencies for specific (n, m) SWNTs measured in
the S.G. sample (wSy,) are redshifted from all the results
published in the literature [2—11]. Since tube interaction is
expected to increase wrpwm, this result also indicates the
S.G. SWNTs exhibit the weakest interaction with the envi-
ronment. Furthermore, recently it was shown that the rela-

Furthermore, most of the optical transition energies
available in the literature (EL*) are downshifted with re-
spect to the optical transition energies for super-growth
(S.G.) tubes (E$-C-). The effect on transition energies
can be understood considering the effect of the dielectric
constant of the medium in the excitonic optical transi-
tion.
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tion wrpm = A/d; + B between the WE{];}M and tube di-
ameter (d;) follows the equation wiSy; = 227/d;, which
is in perfect agreement with the elastic property of graphite
and with a negligible environmental effect (B ~ 0) [18].
By comparing wp:Sy; with other wrpy values reported in
the literature, coming from SWNTs surrounded by differ-
ent types of environments, it was shown that the non-null
B constant can be modeled considering the Van-der-Waals
interactions between the SWNTs walls and the surround-
ing material [17,18]. Here, we discuss the ElslG and we
point to several details about the Van-der-Waals potential
mediating the interaction between SWNTs and their envi-
ronment.

2 Experimental details The sample we have used
was synthesized using a special water-assisted CVD
process, baptized “super-growth” process, generating
millimeter-long and high-purity SWNTs. Besides the
length, the “super-growth” SWNTs exhibit a broad diame-
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ter distribution (d; from 1 to 4 nm) and all tube chiralities
(0° < 6 < 30°). The tubes are vertically aligned from
a silicon substrate to form a very sparse material, where
SWNTs represent only 3.6% of the total volume [19-22].

To determine both the optical transition energies F;;
and the radial breathing mode frequencies wrpnm of each
SWNT type, we have used the resonance Raman scatter-
ing technique with a tuneable laser excitation. Two triple-
monochromator Raman spectrometers, equipped with cou-
pled charge device (CCD) detectors, were used in the back-
scattering configuration to perform the measurements - a
Dilor XY for experiments in the visible range and a SPEX
in the near infrared range. We used a total of 125 differ-
ent excitation laser energies (ArKr, Ti:Sapphire and Dye
lasers) from 1.26 eV to 2.71 eV. The light reaches the sam-
ple from the top and the laser power density at the sample is
maintained constant and low enough not to produce heat-
ing effects (1 mW focused with an 80X objective in the
visible, and 25 mW focused with a 10 cm focal distance
length in the infrared). A tungsten halogen lamp and 4-
Acetamidophenol (tylenol) are used for calibration in the
visible and infrared, respectively.

3 Optical transition energy analysis The radial
breathing mode region of each Raman spectra is composed
by a convolution of several Lorentizians, each Lorentizian
representing a different SWNT specie which is in res-
onance with the laser energy. Due to the broad energy
range, we measured 125 Raman spectra with different ex-
citation laser energies. By fitting each of the spectra with
Lorentizians we have clearly assigned the (n, m) indices of
197 different SWNT. The resonance profiles for the other
(n,m) tubes in this range overlap to each other and no
clear assignment was possible. This method of assignment
is extensively discussed in the literature [9,11,23]. Figure
1 shows a general view of the experiment.

In Fig. 1(a) the 125 resonance Raman spectra were
used to generate a two-dimensional plot giving the Ra-
man intensity as a function of the laser excitation energy
(Elaser) and radial breathing mode frequency (wrpm). A
Raman peak appears at a given wrpym whenever Ejgser
reaches the optical transition energy (F;;), i.e. when res-
onance is established for a given carbon nanotube in the
sample. Figure 1(b) is a plot of all £3-C- as a function
of Wik ESC is ranging from EY| up to E§; (here S
stands for semiconducting tube, otherwise M will be used
for metallic tubes). Figure 1(c) gives the Kataura plot for
SWNTs. All the wrpy values were obtained using the re-
lation wrpm = 227/d; [18] and the E;; values were ob-
tained by fitting the F5-- in Fig. 1 using the equation [11]:

D 0.812
Eii(p,dy) = 1.0745 |14 0.467 log ——=
(p, dy) a &/,

ey
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Figure 1 (color online) (a) 2D color map showing the S.G.
SWNT RBM spectral evolution as a function of excitation laser
energy. The intensity of each spectrum is normalized to the
strongest peak. (b) Plot of all transitions energies (E5 ©*) experi-
mentally obtained as a function of wrswm. (¢) The Kataura plot for
S.G. SWNTs. The transition energies were calculated using Eq.
(1), that is obtained by fitting the available £ (panel (b)) and
plotted as a function of wrswMm, given by wrem = 227/d; [18].
In (b) and (c) the gray stars stand for metallic tubes, the black bul-
lets stand for type I semiconducting tubes and the opened bullets
stand for type II semiconducting tubes.

where p is defined as 1,2, 3, ..., 8 for EY,, ES,, EM,....Es,
respectively. The 3, values for the lower(upper) £
branches are -0.07(0.09), -0.18(0.14), -0.19(0.29), -
0.33(0.49), -0.43(0.59), -0.6(0.57), -0.6(0.73) and -0.65(?)
forp = 1,2,3, ..., 8, respectively. To calculate E;; higher
than E} (p > 3) the term 0.059p/d; has to be added to the
Eq. (1). A detailed discussion about equation 1 is found in
references [11,23].

In order to understand the effect of the environment on
E$:G we have compared our results with others available
in the literature. Figure 2 shows the difference between F;;
from the literature (E%*) and E5-C- as a function of tube
diameter. The energy difference (AE;; = EL* — E$G)
has an average dependence on d; (see black solid curve
in Fig. 2). We tried to separate the information according
to chiral angle (see the inset in Fig. 2), 2n + m families,
the SWNTs type and E;; transition levels, but no specific
trends could be observed .

In Fig. 2, except for the star symbols that come from
Rayleigh scattering [15], all the other AFE;; are negative,
i.e. the E;; values for the water-growth assisted sample
measured here are higher than all the values published in
the literature. This result suggests we measured the optical
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Figure 2 The difference between E;; obtained from the literature
(E%*) and E;; from this work (E5 ") are plotted as a function
of d;. Each symbol represents data from a different reference (see
legend). The black solid line is a guide to the eye for the average
value of AFE;. The inset shows AFE); as a function of chiral angle
(0). No dependence with chiral angle or 2n + m families are
observed.

properties of pristine SWNTSs in a dielectric constant envi-
ronment of ¢ — 1. As predicted by Miyauchi et al. [24],
an increase of the dielectric constant of the environment
generates a downshift in £;;. The usually obtained results
(e = 2.2) generates a downshift of about ~ 40 meV, that
should depend on d;, exactly as observed in our experi-
ment.

4 The Van-der-Waals potential mediates the in-
teraction between SWNT and their environment
A lot of efforts have been made to understand the envi-
ronment effects on wrpn. Recently, we showed that the
Van-der-Waals potential mediates the interaction between
SWNTs and their environment [18]. The relation between
wiShy and d; was found to be wi$y; = 227/d;, which
is accordance with the elastic property of graphite [25,
26]. The difference between wkity  and wi:Sh; (Awrpm =
whits | — wiShp) is a diameter dependent relation given by:

1 1 61-v2) K]
A =270 (= — |+ 212
RBM (dt [dg T En ég} ’

2

where [6(1 - v2)/ER] = 26.3A%/eV and K/s? is an ad-
justable parameter [18,27].

www.pss-b.com

Figure 3 Difference between wrpm data from the literature
(wiit) and wrpem data from this work (wS:Sy;) as a function
of wisir. Each symbol represents data from a different reference
(see legends). The black solid line is a fit to the data using the Eq.
(2). The gray and the dashed lines are, respectively, the fit consid-
ering only curvature effects and curvature effects plus pressure
contributions [27]. The black symbols stand for semiconducting
tubes and the gray symbols stand for metallic tubes. The inset
brings the same plot but now the black symbols stand for type
I semiconducting tubes and the gray symbols stand for type Il
tubes.

Figure 3 shows Awgrpy plotted as a function of wiSh;.
The black solid line is a fitting proposed in [18] using Eq.
(2) with K/s% = (2.2 4 0.1) meV/A*. The Van-der-Waals
interactions happen between the SWNT 7 orbital and 7 or
o orbital of the environment system [28]. Therefore it is
reasonable to wonder if it makes sense to consider curva-
ture effects or even pressure on the tube wall due to en-
vironment surrounding. Curvature effects are expected to
influence the system only for small diameters tubes (d; <
1.2nm), where re-hybridization of the 7 and o orbital in
the SWNT structure is significant. Such re-hybridization
can change both the interaction strength of the Van-der-
Waals potential and the tube C-C bound strength [28—30].
To account for the curvature effects, we have included in
Eq. (2) an extra term equals to A/d?, as a first approxima-
tion. After fitting the data, the constant A was found equals
t0 0.7 4 0.2 n'm? and the result is the gray solid line in Fig.
3, showing us an improvement compared to the result com-
ing from the Eq. (2). Furthermore, the hydrostatic pressure
on the tube wall is expected to change wrpn by about 10%
of Awgpm [29]. The result of the fitting including both
curvature and pressure effects is shown in Fig. 3 by the
dashed curve. The improvement is negligible considering
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the data spread in larger diameter tubes (d; > 1.2nm), but
for smaller diameter tubes, o — 7 hybridization plays a role
in the tube-environment interaction. These results demon-
strate that the Eq. (2)) is enough to describe our results.
No difference in Awrgwm could be observed between
metallic and semiconducting nanotubes interactions with
the environment, as evidenced by the black and gray sym-
bols in Fig. 3 (the black symbols stand for semiconducting
tubes and gray symbols stand for metallic tubes). Theoreti-
cally, such a difference could exist because of the free elec-
trons present in the electronic structure of metallic tubes
[30]. The inset in Fig. 3 also shows that no difference could
be observed between type I and II semiconducting tubes
(the black symbols stand for type I and the gray stand for

type II).

5 Conclusions In this work we study the role of the
environment in the Raman spectra of SWNTs. We com-
pare the optical transition energies obtained from “super-
growth” SWNTs with others in the literature, showing that
all the transition energies for the “super-growth” SWNTs
are upshifted by about 40meV from the values in the lit-
erature, suggesting that the “super-growth” SWNTs are
surrounded by vacuum. The difference between EX* and
E$:G shows some dependence with tube diameter, but
no chirality dependence was observed. The interaction be-
tween SWNTs and their environment is mediated by the
Van-der-Waals potential [18]. Because of the nature of the
interactions, curvature effects could be important. Here we
show an improvement on fitting the data considering a
1/d? dependence that occurs for higher frequency RBMs
wrBM I.e. for smaller diameter tubes (d; < 1.2 nm. The
pressure due the environment on the SWNT wall does not
significantly contribute to the wrpnm changes.
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