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in water, report Wim Wenseleers and
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Effect of Water Filling on the Electronic and Vibrational
Resonances of Carbon Nanotubes: Characterizing Tube Opening

by Raman Spectroscopy**

By Wim Wenseleers,* Sofie Cambré, Jelena éulin, August Bouwen, and Etienne Goovaerts

Insertion of various compounds into single-walled carbon
nanotubes (SWCNTSs) is a challenging approach for the design
of one-dimensional nanostructures with novel functionalities.
It has already been shown that fullerenes as well as other
organic and inorganic compounds can be introduced in
SWCNTs.!l Molecular dynamics simulations have suggested
that water can also enter the SWCNTs despite the hydropho-
bic nature of the CNT wall, and that even very fast transport
can take place.”) Very recently, remarkably efficient water
transport through nanotube membranes was observed,”) and
also the use of water-filled CNTs as nanovalves to control gas
flow inside CNTs was demonstrated.!! Monitoring and opti-
mization of the accessibility of the nanotubes are of prime im-
portance in these different applications. In spite of the many
reports concerning the opening/filling of CNTs, a quantitative
evaluation of the tube opening for the different processes is
still not available. SWCNT opening has been shown to occur
as a side effect in various acid-based purification methods and
has been intensively studied with electron microscopy.’! A
series of experimental studies including nuclear magnetic res-
onance (NMR),®! X-ray diffraction (XRD),”! IR spectrosco-
py,[S] and neutron scattering,[g] have demonstrated that water
can enter SWCNTs, by probing the encapsulation induced
changes in the water. Raman scattering of H,O vibrations and
the tangential modes of CNTs indicate adsorption/desorption
of water on CNTs, however no quantitative information on
the CNTs could be obtained.'") Very recently, Longhurst and
Quirke!"! calculated that filling of CNTs with water would
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lead to an upshift of the radial breathing mode (RBM) of the
CNTs by 2-6 cm™". Here, we show that the RBM resonant
Raman features of empty and water-filled SWCNTSs can be
very well resolved, even in measurements on bulk solutions,
provided the nanotubes are solubilized using bile salt surfac-
tants.'?! Furthermore, the vibrational and electronic shifts and
damping upon filling are accurately determined for a series of
SWCNTs. With this knowledge we show that resonant Raman
spectroscopy can be used as a quantitative ratiometric tech-
nique to monitor the opening and closing of CNTs under dif-
ferent treatments.

The electronic properties of CNTs depend critically on their
structure,® which is uniquely defined by the chiral indices
(n,m). Resonance Raman scattering (RRS) is a powerful tech-
nique to study CNTs, because the RBM frequency (wyi,) of
the CNTs is directly related to the diameter of the tube:
Wyib = c1/D+c,, where D is the nanotube diameter. Different
values for the constants have been reported, among which
¢1=223.5 nmem™ and ¢;=12.5 cm™ are the most commonly
used." RRS was applied to bundles or individual nanotubes,
either in solution or on various substrates. Recently, various
studies reported upshifts of w;, due to environmental
changes such as the interactions with surfactants that were
used for the solubilization of CNTs.I'”!

By using a bile salt, sodium deoxycholate (DOC), to solubi-
lize the CNTs in D,O, the different spectral features of empty
and water-filled CNTs can be very well resolved. A 2D map
of RRS spectra as a function of laser wavelength is shown in
Figure 1 for two such samples. Compared to other surfac-
tants,'® these bile salts are more effective in obtaining high
concentrations of individually solubilized CNTs,'>!7) which is
also important for the separation of different CNT types.!"™!
The surfactants form very well ordered micellar structures
around the CNTs, leading to highly resolved electronic transi-
tions and a high resolution (ca. 2.5 cm™) for the RBMs in
solution, in optical absorption and RRS, respectively.[u]

In an ongoing investigation of wavelength-dependent RRS
of DOC-solubilized SWCNTs, unexpected splittings were ob-
served for a number of well-isolated peaks in the Raman map.
Such a bimodal distribution of tubes of the same chiral index
could, a priori, be ascribed to either 1) the interactions of left-
and right-handed tubes with the chiral bile salt or 2) the pres-
ence of closed (empty) and open (water-filled) tubes. We now
investigate this splitting in detail by looking at several CNT
materials, which were treated in different ways to deliberately
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Figure 1. a) 2D Raman map of raw SWCNTs (S1) and c) air oxidized and
acid treated SWCNTs (S2). b,d) Fitted data of S1 and S2 for: (9,7),
(10,5), (11,3), and (12,1), empty (O) and D,O-filled (A) tubes.

open or close the tubes. As we will show below the variations
of relative intensities of the two peaks, belonging to the same
type of CNTs, verifies the latter hypothesis.

One of the most frequently used purification procedures,
which is also generally considered to be very effective in
opening CNTs, is based on air oxidation and HCI treatment
followed by annealing to remove functional groups intro-
duced by the chemical treatment.'”) The following CNT sam-
ples were prepared and compared with the as-received raw
SWCNTs (sample S1), all solubilized in D,O with DOC (see
Experimental). After air oxidation and acid treatment (S2),
samples were annealed under high vacuum at 770°C (S3) or
1100 °C (S4). 2D Raman maps were recorded for S1 and S2
over the wavelength range from 755 to 835 nm (Fig. 1). By
comparing with the predicted values!'¥! for the RBM fre-

MATERIALS

quency and the excitation energy in the studied range, we can
identify the second electronic transitions of the following
semiconducting tubes: (9,7), (10,5), (11,3), and (12,1). Their
chiral angles range from nearly armchair (n,n) to almost zig-
zag (n,0) (diameters, D, and chiral angles, a, listed in Table 1).
Figure 2a presents the Raman spectra of S1-S4 excited at
785 nm.

For each type of CNTs in the raw sample (S1) a pair of Ra-
man peaks, which are shifted relative to each other both in vi-
brational and in electronic frequency, is observed (Fig. 1). The
effect is most pronounced for the (9,7) and the (10,5) tube.
There is a clear difference between samples with (S2) and
without (S1) chemical treatment. For S1, the left peak of a
pair has the largest peak intensity, while for S2 only the one
on the upper right is present in the spectrum. From the combi-
nation of these two samples we can affirm that in S1 a large
fraction of the tubes are closed and thereby empty, while for
S2 almost all of the tubes that we observe here are opened
and thereby accessible for filling with water. Because both
samples are solubilized in D,O using the same surfactant, this
effect cannot be attributed to interactions with the external
environment so this is unambiguous evidence of water filling.

For the analysis of the maps in Figure 1 we performed a 2D
fit of the peaks with the following function (Fig. 1b and d):

I(wr,wr) =< Fyin(wr) Fe(wr) €))

depending on the Raman shift, wg, and excitation laser fre-
quency, wr. Here, F,;, is a Lorentzian centered at the RBM
frequency wy;p, With vibrational damping factor, Iy, corre-
sponding to the full width at half maximum (FWHM). For the
excitation dependence we used the differential Raman cross
section given by!?"!

1 1 2
op —; — iy op —ou —w; —ily

Fy(wp) = (2)

where [ gives the electronic damping. Raman enhancement
is expected to occur when A matches an electronic transi-

Table 1. Summary of all observed RBM frequencies, w,;,, and transition energies, E, =fic,,, obtained from the fits of the Raman spectra. w\;, and E,
give the empirical values obtained from the literature [14] using ¢; =223.5 nmcm™ and ¢,=12.5 cm™". The diameter, D, chiral angle, a, and the frac-

tions of filled tubes (see also in text) are listed for each type of CNTs.

Dyib @b Aoy, Tup[a] Ex E% AEp, Ta D a Fraction of filled CNTs [%]
(£0.50) (£030)  (£0.50) (+0.0010) @1.0)  (20) (3)
em™ [em [em™ [emT [eV] [eV] [meV] [em™] [nm] s1 s2 s3 S4
9,7 216.40
©.7) 21514 3.7 219 15605 ggees 07 B 020 25870 55 97 89 57
D,0®@(9,7) 219.57 395 1.5502 267
10,5 226.24
(10.5) 2531 292 246 15699 5633 j06 231 0502 19010 83 97 94 59
D0@(10,5) 229.16 4.80 1.5593 257
13 232.65
(1.3) 23300 198 238 15574 g455 7 197 y0136 1174 40 100 74 39
D0@(11,3) 234.63 3.38 1.5503 229
(12,1) 236.13 2.26 1.5465 181 .
Do®U21) 23806 8717 193 407 153s; 15455 78 ,io 09948  3.96 50 100 82 54

[a] Corrected for instrumental resolution (FWHM =0.84 cm™). Observed linewidths are ca. 0.20 cm™ wider.
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Figure 2. Resonant Raman spectra at Aece=785 nm (black) for a se-
quence of chemically and thermally (a), and ultrasonically (b) treated
samples (see text). Fits (green) are a sum of Lorentzian peaks for empty
(red) and filled tubes (blue). Two extra peaks (see Experimental) were
used to fit the contribution from other CNTs (grey).

tion of the CNTs, fAw;, or when the scattered energy,
fhiwr, —hoyi,, matches this transition. However, for electronic
damping parameters comparable to wy;, the coherent sum of
the terms in Equation 2 leads to a single peak. Equation 2 as-
sumes that the intermediate electronic states participating in
the Raman scattering process are excitons, which are believed
to dominate the optical transitions in SWCNTs.”!! The para-
meters from the fits of the 2D maps are listed in Table 1. wyip,
W, and I were determined from the 2D fits of the spectra,
while the vibrational widths, I';,, were determined more ac-
curately from Lorentzian fits of single (1D) Raman spectra
(Fig. 2). More detailed information on the fitting procedures
can be found in the Experimental section.

The vibrational frequency shift Awy;,, caused by the water
filling was determined for all four types of nanotubes and is
shown in Table 1. These shifts are within the range of theoret-
ical predictions,'!! especially when taking into account that
the shift can be expected to scale up with increasing diameter
(calculations by Longhurst and Quirke!'!l are for a (22,0)
tube). There is a significant difference between the observed
shifts for the different nanotubes. While the chirality of the
tubes is varying drastically, the diameter is only changing by

www.advmat.de
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ca. 10 %. The observed differences in shifts are clearly larger
than can be expected within a continuum model (as that of
Wang et al.’¥), given the very small diameter variation, and
therefore indicate a different ordering of the water molecules
in the different CNTs.

In Figure 3 the resonance excitation profile (REP) of empty
and water-filled (10,5) tubes are shown together with the fit
obtained with Equation 2. Other REP line shapes have been

o (10,5)
= D,0@(10,5)

0.8

0.6

0.4

0.2 1

Raman intensity [arb. u.]
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T 1 T T T T T 1 T T ' T 7
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Excitation energy [eV]

Figure 3. Resonance excitation profile (REP) of the Raman peaks togeth-
er with the fit obtained from the parameters from Table 1 for empty (OJ)
and water-filled (10,5) tubes (M). The arrows indicate the positions of
the two contributions to the REP (see Eq. 2).

considered in literature, assuming band-to-band transitions,
that is, uncorrelated electrons and holes, for which the square
root of both terms in Equation 2 should be taken.”?l How-
ever, when the electronic damping [, is comparable to the
vibrational frequency wy;, one cannot discriminate between
both models, since they lead to nearly identical line shapes,
albeit for about 1.28 times smaller I values. We also tried fit-
ting the REPs to an inhomogeneous broadening model (sum
of two Gaussian line shapes). Interestingly, the observed REP
linewidth is smaller than can be obtained with such a model,
proving that homogeneous damping is dominant.

The shift in electronic excitation energy, AE,,, is very clear
and its value is listed in Table 1 for the different types of
CNTs. In the literature®®! shifts of the order of 20-40 meV
were observed by photoluminescence spectroscopy for
MnTe,-filled SWCNTs. Although the shifts we observe here
are much smaller, indicating weaker interactions, we can take
advantage of the well-resolved vibrational shifts that fully sep-
arate the signals from empty and filled tubes. Our findings
show that water molecules in the tubes influence the electron-
ic band structure of the CNTs, depending on the CNT type.

Together with the shifts of the vibrational and electronic
resonances, a broadening of the spectral features is ob-
served. For the empty tubes, I, reaches the line width of
ca. 2.2-2.5 cm™ (comparable with our previous observa-
tions[lzl). I'yip increases drastically due to the water filling.
Also electronic broadening takes place. Although the error
on the parameter I is quite large (because the damping

Adv. Mater. 2007, 19, 2274-2278
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I is of the order of wy;), the damping for the filled tubes
is always larger.

Knowing this, we can use Raman spectroscopy as a tool to
quantify the opening of the CNTs that are present in the solu-
tion. Having determined the electronic resonance positions
and widths once and assuming that the Raman cross section
integrated over the electronic and vibrational frequencies is
not strongly influenced by the water filling, it is sufficient to
measure a Raman spectrum at a single wavelength to quantify
tube opening in other samples. The area under each of the
Lorentzian components of the 1D Raman spectra should be
weighed with a factor depending on the relative position of
the laser line compared to the electronic resonance. In partic-
ular, for Raman spectra at an excitation wavelength of
785 nm and for these specific CNTs (Fig. 2), the ratios of this
factor for open (water filled) over that for closed (empty)
tubes were obtained from the 2D fits of S1 and S2: 1.42 for
(9,7), 1.10 for (10,5), 1.32 for (11,3), and 1.50 for (12,1).

The percentage of water-filled CNTs is shown in Table 1 for
each CNT type. After air oxidation and acid treatment (S2),
almost all the CNTs in the solution are filled, proving that this
procedure is very effective in opening the CNTs. After an-
nealing the nanotubes at different temperatures (S3,54), few-
er tubes are filled with water, showing that heating at elevated
temperatures closes the CNTs again. Although one might ex-
pect that the pristine CNTs (S1) are closed, the Raman spec-
tra indicate that on average 46 % of the CNTs are opened. In
the preparation of these samples we used an ultrasonic treat-
ment in a simple bath sonicator to improve the solubilization
of the CNTs. To test whether even this mild ultrasonic treat-
ment affects the opening of the CNTs, we explored different
ultrasonication times at the start of the solubilization: 0 min
(S5), 15 min (S6),2 h (S7), and 19 h (S8).

From Figure 2b, it is obvious that ultrasonic treatment of
the CNTs during solubilization opens a large fraction of the
CNTs. Without ultrasound (S5) 90 % of the tubes remain
empty, while after only 15 min (S6) of ultrasound 40 % of the
tubes are filled with water. After 2 h (S7) and 19 h (S8) of ul-
trasonic treatment, the fraction of opened tubes increases to
57 % and 66 %, respectively. Our results show that ultrasound
is the most effective in the beginning of the procedure and
that the tube opening saturates for longer treatment times.
This indicates that some SWCNTs are readily cut by sonica-
tion, while other, for example, shorter and/or defect-free
CNTs, remain unaffected by ultrasonic treatment, in agree-
ment with the conclusion from recent atomic force microsco-
py (AFM) studies.”” We also observed that ultrasound has
much less effect on already individually solubilized tubes
(sonication applied after centrifugation; spectra not shown).
Thus, another factor that may add to the saturation effect, is
that initially more aggregates are present, which are cut more
effectively. After 15 min of sonication with a tip sonicator,
52 % of the tubes are opened, which is in between the results
for 15 min and 2 h of bath sonication. This shows that using a
simple bath sonicator when dissolving CNTs, can already
drastically damage them. Furthermore, also the stirring during

Adv. Mater. 2007, 19, 2274-2278
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the solubilization has to be done very gently because stirring a
sample (slowly) for one month, instead of three days resulted
in 40 % of opened tubes, comparable with S6.

To conclude, in this Communication we have shown that
water filling has significant effects on the vibrational and elec-
tronic properties of SWCNTSs, which depend on the diameter
and/or chirality of the CNTs. These effects can be used to
monitor tube opening easily and quantitatively by using
Raman spectroscopy on bulk solutions, which resolves the
RBM peaks of empty (closed) and water-filled (open) tubes.
We found that air oxidation and acid treatment indeed is very
effective in opening nearly all of the SWCNTs, but also a sim-
ple ultrasonic treatment can open a significant fraction of the
CNTs. High-temperature vacuum annealing is shown to be ef-
fective in closing the SWCNTSs. The ability to probe even the
weak interactions of water molecules with specific CNT types
can be of great value to the understanding of the fast water
transport through CNTs, and also opens interesting perspec-
tives for the investigation of CNTs filled with other materials.

Experimental

As-produced arc-discharge CNTs were obtained from Nanoledge
(raw, batch P00508D), DOC (99 %) from Acros Organics, and D,O
from Aldrich (99.9 at % D), and used as received. The applied open-
ing procedure was based on a combination of air oxidation and HCl
treatment and was a slight modification of a procedure described in
the literature [19]. Best results were obtained as follows: as-received
CNTs were heated in air at 365 °C for 1 h, followed by ultrasonication
in 37 % HCI at 60°C for 1 h. The solid was washed with deionized
water using a polycarbonate filter (5 pm pore size, Whatman). Finally,
the material was heated under high vacuum at different temperatures:
770°C (S3) for 30 min or 1100 °C (S4) for 1 h. CNT samples after dif-
ferent treatment steps were used to prepare solutions of individually
isolated tubes as described previously [12]: 1.5 mL of a 1% w/v solu-
tion of DOC in D,0O was added to 5 mg of CNT material and gently
stirred for three days. Every day the samples were treated ultrasoni-
cally for 30 min in a bath sonicator (BRANSONIC, 1510E-MTH,
70 W, 42 kHz). Afterwards, the solutions were ultracentrifuged (4 h
at 120000 g, Kontron Centrikon T-1080 with swing-out rotor) to re-
move any residual bundles. The higher density of D,O helps to sepa-
rate isolated tubes from bundles [16a]. For samples S5-S8 10 mg of
CNT material was added to 3 mL of a 1% w/v solution of DOC in
D,0. S6 was bath-sonicated for 15 min, S7 for 2 h, and S8 for 19 h. In
the next step S5-S8 were gently stirred until the total preparation time
was three days. The so-obtained solutions were centrifuged 24 h at
16.000 g (Sigma 2-16KCH with swing out rotor), which we found to
yield comparable results to the previously used ultracentrifugation.
Tip sonication was performed using a Sonics Vibra-Cell (20 kHz)
ultrasonic tip operated at 100 W. Raman spectra were recorded in
backscattering (Fig. 2) or 90° geometry (Fig. 1) using a Dilor XY800
triple spectrometer with liquid nitrogen cooled charge-coupled device
(CCD) detection. A tunable Ti:Sapphire laser (Spectra-Phy-
sics 3900S) pumped by an Ar" laser (Spectra-Physics 2020) was used
for the excitation. For the 2D Raman map, the wavelength was varied
from 755 to 835 nm in 5 nm steps. At each wavelength CCl, was mea-
sured for wavelength calibration. Spectra were normalized over the
intensity of the broad background present in the spectra to correct for
slight variations in laser power and alignment. Comparison with the
intensity of CCly signals shows that this background follows the same
laser wavelength dependence (ca. 1/4*) within experimental error.
The 2D fits were performed as follows: as a first step the spectrum of
sample S2 was fitted with four peaks corresponding to the different

www.advmat.de

2277



2278

_ ADVANCED

MATERIALS

types of filled CNTs (marked A in Fig. 1b and d). For each fit two ex-
tra peaks were used to account for other types of CNTs that have
their Raman peaks outside the range shown in Figure 1 (grey lines in
Fig. 2). (The two peaks are a superposition of tubes belonging to the
series with 2n+m =28, 29.) The positions and line widths of the four
types of filled CNTs were then fixed to fit the spectrum of S1 with
8+2 different peaks. Afterwards, the positions and line widths of the
empty CNTs (marked O in Fig. 1b and d) were used to fit S2 with
8+2 peaks. The fits of the 2D Raman maps were made for different
starting parameters and compared to the 1D fit of the Raman spectra
(Fig. 2), from which the vibrational widths were determined more ac-
curately. As a final step also the REP of each tube was fitted and the
values for I, obtained in this way were in very good agreement with
those derived from the 2D fits.
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