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ABSTRACT

Liquid-phase adsorption of tetracene and phenanthrene on a single-walled carbon nanotube (SWCNT) was examined. Tetracene adsorption

was more than six times greater than that of phenanthrene. X-ray photoelectron spectroscopic examination clearly showed that tetracene and
phenanthrene molecules efficiently coated the SWCNT external surfaces. The remarkable difference between the adsorption amounts of tetracene

and phenanthrene was caused by the nanoscale curvature effect of the tube surface, resulting in a difference in the amount of contact
between the molecule and the tube surface. The adsorption of tetracene and phenanthrene caused a significant higher frequency shift in the

radial breathing mode (RBM) of the Raman band of the SWCNT, indicating an intensive -7 interaction between these polycyclic aromatic
hydrocarbons and the external SWCNT surface.

A single-walled carbon nanotube (SWCNT) is composed of Hence, liquid-phase adsorption may be a better way to coat
a single graphene tube and caps, and it has a surface-sensitivilhie SWCNT surface with PAH molecules. However, we
nature! 2 New methods that can control the physical must, take into account an inherent point in the adsorption
properties of SWCNTSs (electronic, optical, magnetic, ther- of PAH molecules on a SWCNT surface. In contrast to
mal, mechanical, and chemical, etc. properties) are neededadsorption on a basal plane of graphite where PAH molecules
in order to be able to develop their potential applications. are known to adsorb laying flat (face-to-fadej,the PAH
Because the graphene tube structure is an array of carbormolecules’ molecular surface contact area with the curved
hexagons with ar-electronic structure similar to that of a tube wall of the SWCNT decreases markedly with a decrease
polynuclear aromatic hydrocarbon (PAH) molecule, coating in the tube’s diameter. It is essential to explain the effect of
of SWCNTs’ surfaces with PAH molecules may be one an SWCNT’s nanoscale curvature on the surface coating.
property control method. The adsorption of PAH molecules The smallest molecular widths of linear PAH molecules such
from solution, as performed in our study, has the advantageas naphthalene and tetracene are slightly less than 1 nm.
in the surface control of isolated SWCNTSs of tracking the Hence, the molecular geometry of PAH molecules is critical
chirality or the noncovalent functionalization. For example, to the adsorption on SWCNTs of-2 nm in diameter. We

a theoretical study by Zhao et &lsuggested that coupling  describe the adsorption of PAH molecules of different
betweens-electrons in SWCNTs and aromatic molecules geometry and size on SWCNTSs with a nanoscale radius tube
can cause changes in the electronic properties of a carborcurvature. Phenanthrene and tetracene molecules from tolu-
nanotube. There are gas-phase and liquid-phase adsorptioene solutions were adsorbed on SWCNT samples with mostly
routes for coating of SWCNTs with PAH molecules. The closed caps, and the adsorbed state of the PAH molecules
bundles can be untied and the PAH molecules’ coverage canon the SWCNTs' surfaces was examined using Raman
be carefully regulated to show the SWCNTs coverage- resonance spectroscopy and X-ray photoelectron spectros-
dependent properties in the case of liquid-phase adsorptioncopy (XPS)"~'! We expected the radial breathing mode
(RBM) of the Raman spectrum to be sensitive to the
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SWCNTs were treated with 15% hydrogen peroxide and 450

heated at 373 K for 35 min. Thermogravimetry revealed that =5 400 0

only 4% of the catalyst metal remained and there was & 350 L OOO

virtually no amorphous phase. The Raman spectra were %- 200 |

measured using a 532 nm frequency-doubled Nd:YAG laser g

(1.8 mW). The initial RBM of as-purified SWCNTSs showed g 200 ©

two peaks at 185 and 165 cf which, using the Kataura _g 200 é)

plot, corresponded to diameters of 1.35 and 1.50 nm, 2 150 +

respectively? 4 D-band intensity was almost nondetectable, S w0 &

confirming that the quantity of the amorphous phase in the }é s D L 2P
. . h . ®

sample was negligible. The nitrogen adsorption isotherm . @. . * o . .

gave 382 g of specific surface area, which is a charac-
teristic value of SWCNT bundles with mostly closed caps
and very few nanowindow openings. These characterization Ceq [PPM]
results are shown in the Supporting Information.

Adsorption isotherms of tetracene and phenanthrene fromFigure 1. Adsorption isotherms of phenanthrei®) @nd tetracene
toluene solution were measured on SWCNTs dispersed by(©) from toluene solution on SWCNTs.
ultrasonication. The absolute quantities of the PAH molecules
in the solutions were regulated to less than the monolayer
adsorption on the SWCNTSs’ surfaces. We first approximated
the total surface area of isolated SWCNTs to be around
1890 nt/g.’® Vials containing SWCNTs soaked in PAH
solutions of different concentrations were ultrasonicated and
equilibrated in a shaker bath at 293 K and 100 rpm. The
concentration difference of PAH in the solution measured
by UV—vis spectrophotometry before and after adsorption
was used to determine the adsorption isotherms. Adsorption
coating of SWCNTs with pentacene was carried out ad-
ditionally, although we could not determine the adsorption
isotherm because the solubility of pentacene in toluene was

too low. We expected pentacene to interact strongly with .
. eaks of pure phenanthrene and tetracene are situated on the
SWCNT26-18 |n all cases, the SWCNTSs were filtrated from P pure p

equilibrated solution and later examined in a dried state using_?r:ghs(;;lgd(;:gthe ; i:g)r: ;rldbeiﬁ;-izg 2;06%583\(;?3 Zzpve\zlglrlagg ethoef
XPS and Ra_”_‘a” resonance spectroscopy. The XPS experlE:iisappearance of the graphite peak after surface coverage
mental conditions were the same for all sam_ple_s and were ., he opserved. This is clear evidence of surface coating
as follows: acceleration tension 10 kV, emission current of the external SWCNT surface with PAH molecules. A
10 mA (Mg7 Ka. X-ray source), room temper_a_ture, and strong interaction between the SWCNT surface and these
vacuum 10 Pa. Raman spectroscopy conditions Were papingjecules was confirmed using Raman spectroscopy.
perforrr_]ed under the same con_dltlpns as the Raman measure- The Raman RBM band on PAH-adsorbed SWCNTSs in a
ments in the above characterization part. dry state was measured to understand the adsorbed state of
Adsorption isotherms of phenanthrene and tetracene arepaH molecules. Figure 4 shows changes in the Raman RBM
shown in Figure 1. Remarkably different adsorption behavior spectra of SWCNTs containing different amounts of the three
was observed. The amount of phenanthrene adsorbed (5Qdsorbates. Here, the adsorption amount is shown in terms
mg/g) is very small compared with the adsorbed amount of of the surface coverage, which is derived from the adsorbed
tetracene. This remarkable difference may be associated Witrhmount, molecular surface area, and Speciﬁc surface area of
the molecular size and geometry difference between thethe SWCNTS, assuming that the adsorption was face-to-face
molecules. Tetracene is a long four-ring molecule with a adsorption (1.98< 10-8 m? phenanthrene and 2.4910-18
large 7r-electron system, which makes it more suitable for m? tetracene). A clear higher frequency shift of the peak at
adsorption byr—x interactions along the nanotube axis than 185 cnt! was observed in both cases. The peak at 165-cm
phenanthrene. disappears with the adsorption of phenanthrene and tetracene
Figure 2 shows the contact model of phenanthrene, even at a low coverage rate. At the same time, the G- and
tetracene, and pentacene with the surface SWCNT (diameteD-bands did not change. Consequently, this marked change
1.5 nm) under the assumption that the molecular axis alignsis inherent to the RBM mode. On average, the shift of the
with the tube axis. The tube model was (13,9), a chiral 185 cnt? peak was 8 cmt. The extinction of the 165 cm
nanotube that was calculated to be the most likely type of peak was also confirmed in the pentacene-adsorption treated
nanotube to correspond to a predominant RBM peak of 185 sample (Supporting Information).
cm L. As the phenanthrene molecule does not have a simple Recently, Zhang et &P reported that individual nanotubes
rectangular structure, it cannot make flush contact with the layered on silicon wafer substrate are influenced by the

0.0 1.0 2.0 3.0 4.0

curved SWCNT surface. On the other hand, tetracene can
make a good contact with the SWCNT surface. The level of
contact between the molecule and tube surface gives an
indication of the strength of ther—m interaction. The
aromatic ring number of the two PAH molecules contacting
with the SWCNT surface is as follows: 4 rings for tetracene
and 2.5 for phenanthrene. Therefore, the adsorption amount
difference is probably due to the—s contact difference
between the molecules.

We confirmed the adsorption coatings using X-ray photo-
electron spectroscopy. Figure 3 shows the Cls spectral
change with surface coverage. The spectra of the as-purified
SWCNTSs show a typical graphite peak at 284 eV, while the
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Figure 2. Adsorption models of PAH molecules on SWCNTSs ((a) phenanthrene, (b) tetracene, and (c) pentacene). PAH molecules are
assumed to be adsorbed in the way that the molecular axis is parallel to the nanotube axis.
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Figure 3. XPS Cl1s spectra of adsorption-treated samples compared to those of as-purified SWCNTs and pure crystalline adsorbate molecules
((a) phenanthrene, (b) tetracene) as a function of the surface coverage.

“mode hardening effect”, resulting in a higher frequency shift graphite) should be the so-called “bridge positions” like in
in the RBM bands. The change we observed in RBM bands the preceding benzene on SWCNT cabegure 5a illustrates
after adsorption treatment also induced a higher frequencythis position as the case of adsorption on the ideally flat
shift. Therefore, ther—z interactions between SWCNTs and  graphite surface. The-orbitals are slightly mismatched due
PAH molecules probably give rise to a kind of “mode 5 the repulsion of the negative charges. At the same time,
hardening effect’. In particular, the higher frequency shift 1,y 4rogen atoms in the PAH molecules are attracted by the
indicates that SWCNTs becomes stiffer after coating with negatively charged-systems inducing the “bridge” position.

PAH molecules. If the shift would increase with ”“”?ber of The SWCNTSs used in this study were mostly semiconducting
m-electrons, adsorption of tetracene is expected to induce & ccording to the shape of the-® band (Supportin
more remarkable shift because of the better moleeule g P PP 9

SWCNT contact. However, the observed shifts for tetracene Information). We selected the typical semiconducting chiral
and phenanthrene adsorption were almost the same. In thd™M = 139) na},notu_b_e for a model and have shown the
experimental coverage range, these PAH molecules shouldPossible “bridge” positions of PAH molecules aligned along
coat the surface of SWCNTs well, inducing the observed the nanotube axis in Figure 5b. Obviously, every single PAH
higher frequency shift. Numerous theoretical studies on the Mmolecule is likely to disturb the radial flexibility of a

stability of benzene molecules on SWCNT 22 support the  significant number of the aromatic rings in the tube structure,
above explanation. The most favorable adsorption states ofcausing the hardening of the RBM mode. This explains why
phenanthrene and tetracene molecules on SWCNT (orthe RBM shifts were very marked, even at the relatively low
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coverage. A preliminary X-ray diffraction study of the

a SWCNTs adsorption-treated under the conditions of the mass
ratios in solutions of 2:1= tetracene/SWCNT showed a
022 remarkable expansion of the intertubular spacing by 0.77 nm,
corresponding to the bilayer thickness of a tetracene molecule
(Supporting Information, Figures S4 and S5). A more
systematic study for pillaring of the SWCNT bundles with
PAH molecules is needed to design highly porous SWCNT
bundles of characteristic electronic properties.
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adsorbed sample (Figure S1). Raman spectrum of the as-

Raman shift [om™] purified SWCNTs at higher frequencies, G- and D-band

(Figure S2). Nitrogen adsorption isotherm on the as-purified
Figure 4. Raman RBM spectral changes of SWCNTs adsorbing SWCNTs samples (Figure S3). RBM of the pentacene
PAHSs with the surface coverage of the SWCNTSs by PAH molecules adsorption-treated sample (Figure S4). XRD patterns of the
((a) phenanthrene, (b) tetracene). o .

as-purified and tetracene adsorption-treated SWCNT samples
(inset: wide-scale XRD pattern of as-purified SWCNT with
intertubular peak marked) (Figure S5). Difference XRD
patterns of the tetracene adsorption-treated sample and as-
purified SWCNT samples (Figure S6). This material is
available free of charge via the Internet at http://pubs.acs.org.
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