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’ INTRODUCTION

Carbon nanotubes (CNTs) are ideally suited for the encap-
sulation of chemical species, with many possible applications.1�7

It is therefore clear that effective experimental tools are required
for the characterization of the encapsulated species. Transmis-
sion electron microscopy (TEM),5,8�10 infrared (IR) spectros-
copy,9,11�13 Raman spectroscopy,5,9,10,14,15 and nuclear mag-
netic resonance (NMR) spectroscopy16,17 are experimental
techniques widely used to characterize molecules encapsulated
inside CNTs. In the case of vibrational spectroscopy, shifts in the
position of IR- and Raman-active bands of encapsulated mol-
ecules or shifts in the vibrational spectroscopic features of CNTs
are usually considered as evidence for encapsulation.9�14,18 The
corresponding changes in IR or Raman intensities received little
attention, partly due to the difficulty of carrying out proper
reference measurements.

However, IR, Raman, and NMR spectroscopic methods rely
on the interaction of probe molecules with electromagnetic
fields. Electronic structure calculations suggest that fullerenes
and CNTs, due to the high polarizability of the delocalized
π-electrons, can screen electric fields similar to a Faraday cage.19�27

By the same token, CNT sidewalls are able to dielectrically screen
electric charges in their vicinity.28 For instance, it was shown
theoretically that single-wall CNTs (SWCNTs) can screen
dipoles of water chains by a factor of 4 independent of the tube
or chain length,22,29 and the dipole moment of a water molecule

inside the fullerene C60 was predicted to be reduced roughly
3-fold.20 Setyowati et al. explained the reduction of IR vibrational
intensities of some vibrational modes of macromolecules ad-
sorbed on the outside of CNT sidewalls30 by the appearance of
image dipoles in analogy with IR signal reduction of molecules
adsorbed on metal surfaces.31

It is therefore rather surprising that the magnitude of the IR
intensity screening for molecules endohedrally adsorbed in CNTs
has never been estimated. In practice, we find that molecules
“strongly” bound to CNTs are quasi-invisible to IR, and we
theoretically investigated the cause of such “screening”. Acetone,
diethyl ether, and n-heptane were selected as probe molecules,
since these molecules have distinct desorption energies on
different sites of CNT bundles32,33 and desorb molecularly from
SWCNTs (see Figure S1 in the Supporting Information). The
difference in desorption energies for molecules adsorbed
on different adsorption sites of CNTs allows for the selective
removal of species adsorbed less strongly (e.g., multilayers
adsorbed outside the tubes, i.e., exohedrally) by flash-heating,
leaving behind more strongly adsorbed molecules (e.g., in
endohedral, groove, and interstitial sites) for spectroscopic
investigation.
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ABSTRACT:Combined temperature-programmed desorption
and IR studies suggest that absorption cross sections of IR-
active vibrations of molecules “strongly” bound to single-wall
carbon nanotubes (SWCNTs) are reduced at least by a factor of
10. Quantum chemical simulations show that IR intensities of
endohedrally encapsulated molecules are dramatically reduced,
and identify dielectric screening by highly polarizable SWCNT
sidewalls as the origin of such “screening”. The observed
intensity reduction originates from a sizable cancellation of
adsorbate dipole moments by mirror charges dynamically
induced on the nanotube sidewalls. For exohedrally adsorbed molecules, the dielectric screening is found to be orientation-
dependent with a smaller magnitude for adsorption in groove and interstitial sites. The presented results clearly demonstrate and
quantify the screening effect of SWCNTs and unequivocally show that IR spectroscopy cannot be applied in a straightforward
manner to the study of peapod systems.
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’EXPERIMENTAL SECTION

Materials, Sample Preparation, and Pretreatment. SWCNTs
produced by the high-pressure carbon monoxide (HiPco) method34

(Carbon Nanotechnologies Inc., Houston TX) were air HCl purified in-
house as described elsewhere.33 Before introduction into the ultra-high-
vacuum (UHV) chamber, SWCNTs were sonicated in acetone (Fisher,
ACS grade) for 1 h and then deposited by the drop-and-dry method
onto aW-grid (Alfa Aesar, 100mesh, 0.002 in. wire diameter) in a flow of
preheated air (∼330K). A fast response thermocouple (K-type, Omega)
was spot-welded directly to the W-grid, which was then clamped to a
metallic sample holder.35 Analogous sample holders equipped with dewars
were used in the temperature-programmed desorption (TPD) and IR
experiments, allowing the temperature to be controlled from ∼90 to
1400 K. Experiments were also performed on SWCNTs produced by the
arc-discharge method (see the Supporting Information, section 1.3).
After deposited sample was dried in a flow of hot air, its optical density
was checked (∼0.7�1.6 OD at 2000 cm�1), the sample was placed
inside the vacuum chamber and evacuated overnight to <10�8 Torr. To
clean the SWCNTs and decompose oxygen functionalities that might limit
access to endohedral sites, SWCNTswere heated at 900 K for 30 min and
then cooled to ∼90�100 K under high vacuum.33,36,37 After air/HCl
purification SWCNTs have significant surface area exposed (Figure S9,
Supporting Information), while vacuum annealing further opens access
to the endohedral sites.33,36,37 Before adsorbing probe molecules, the
sample was flash-heated to 900 K and the temperature was quenched
back to ∼90�100 K.
TPD and IR Studies. The adsorbates were liquids (ACS reagent or

HPLC grade). Before they were dosed in the vacuum chamber, the
liquids were degassed by several (∼4�7) freeze�pump�thaw cycles.
The desired amount of adsorbate was dosed at ∼10�6 Torr through a
leak valve to the sample cooled to 100 K. The background pressure
before and after dosing was∼5� 10�9 Torr. The heating rate was 2 K/s
in all experiments. For TPD�MS experiments, samples were heated
from 100 to 900 K with simultaneous collection of selected masses
(AccuQuad RGA 300, Stanford Research Systems) corresponding to the
most abundant fragments of the adsorbate. For control purposes, all
masses in the 1�100 amu range were collected simultaneously in a number
of experiments, and molecular desorption of adsorbates was verified in
all cases (Figure S1 in the Supporting Information). The IR spectrum of
the sample before adsorption of gases was used as a background in the IR
experiments. After the desired amount of adsorbate was dosed to the
sample, the spectrum was collected at 4 cm�1 resolution with an FTIR
(Fourier Transform infrared) spectrometer (Tensor 27, Bruker). The
flash-heating of gases in the IR experiments was done by heating the
sample from∼100 K to the desired temperature (170 K for ethyl ether,
175 K for acetone, and 225 K for n-heptane). The objective of the flash-
heating was the desorption of species having low desorption energy
(adsorbed exohedrally and in multilayers).

’COMPUTATIONAL METHODS

As in our previous studies,33,38�40 we employed the damped London
dispersion-augmented41 self-consistent-charge density-functional tight-
binding42 (SCC-DFTB-D)method as the underlying quantum chemical
potential for the theoretical calculations of acetone�SWCNT model
systems. We employed DFTB parameters optimized for vibrational fre-
quency calculations.43�45 Equilibrium geometries were determined using
stringent optimization criteria. All optimized geometries were character-
ized as minima on the potential energy surface by performing harmonic
vibrational frequency analysis using analytical Hessians. The details of
the IR spectral simulation are given in the Supporting Information,
section 2.1. The employed methodology has been demonstrated43,45�47

to give accuracy comparable to that of conventional DFT methods;
test calculations reproduced reasonably accurate vibrational frequencies

as well as IR intensities for pristine acetone48,49 and SWCNTs50,51

(Table S1 and Figures S10�S12,Supporting Information). Two types
of semiconducting chiral SWCNTs with similar chiral angles have been
used in our simulations: (6,5) (small diameter of 7.7 Å, model s) and
(11,9) (large diameter of 14.0 Å, model l) SWCNTs. The models were
open-ended and hydrogen-terminated and had a length of 10 Å. The
HOMO�LUMO gaps were small but finite, with 1.18 eV for s and 0.50
eV for l. Groove sites and interstitial channels were modeled using two
and three SWCNTs, respectively, aligned side by side. Possible combi-
nations of s and l models result in three different groove sites (ss, ls, and
ll) and four interstitial channels (sss, lss, lls, and lll). Analogous
molecular models were employed in our previous studies of aceto-
ne�SWCNT interactions.33,39 Atomic partial charges in isolatedmolecules
(referred to as q) as well as in the molecule�SWCNT complexes
(referred as to q~) and the corresponding dipole moments were
determined using Mulliken population analysis, which is the standard
procedure in the SCC-DFTB framework. The difference between these
two sets of charges is denoted as Δq and can be interpreted as charge
fluctuation upon complex formation. Clearly, the charges and their
fluctuations are dynamical quantities that vary during molecular vibra-
tions. Here, we are particularly interested in the variation of atomic
partial charges during the CdO bond stretch (referred to as δq). For
details, see the Supporting Information, section 2.2. The charge fluctua-
tions defined here will prove very useful to analyze the behavior of the IR
intensities upon the complex formation. During the calculation of the
vibrational frequencies and the corresponding eigenmodes, the hydro-
gen atoms terminating the SWCNT models were assigned masses of
10 000 amu to effectively remove their contributions from the spectra
following the methodology applied in ref 47.

’RESULTS AND DISCUSSION

IR and TPD Studies. Combined TPD and FTIR studies of
acetone adsorbed on SWCNTs suggest that the cross sections of
the ν(CdO) vibration (Figure 1) and other IR-active modes
(Figure S5, Supporting Information) for “strongly” adsorbed
acetone are significantly reduced in comparison with cross
sections of more “weakly” adsorbed acetone. When 100 lang-
muirs of acetone is dosed to SWCNTs, the subsequent TPD
spectra reveal two major peaks (Figure 1a). The peak at 300 K
(“strong” physisorption) can be assigned to acetone desorption
from endohedral sites, grooves, and accessible interstitial chan-
nels of SWCNTs.33,39 The peak at 144 K (“weak” physisorption)
can be assigned to desorption of acetone from SWCNT exohe-
dral sites and multilayers.33 The amount of “weakly” adsorbed
acetone (red area under the 144 K peak) is ∼10 times smaller
than the amount of “strongly” adsorbed acetone (blue area under
the peak at 300 K) (Figure 1a), suggesting that flash-heating to
200 K will eliminate “weakly” adsorbed acetone (∼10% of total
adsorbed acetone), leaving strongly adsorbed acetone (∼90%).
In addition, it is possible that the flash-heating also causes
conversion of “weakly” bound species to “strongly” bound
species that desorb with a peak at 300 K. We do not have direct
evidence for this scenario; however, we discuss later its possible
consequences.
Following the 100 langmuir dose of acetone on SWCNTs, the

IR bands characteristic of physisorbed acetone were observed,
with the most intense band at 1709 cm�1 assigned to the
carbonyl bond (CdO) stretchingmode (Figure 1b, black curve).
On the basis of TPD results, one would expect a∼10% decrease
in intensity of IR bands of acetone after removal of the “weakly”
bound form by flash-heating to 200 K (Figure 1b, blue curve).
However, an astounding ∼90% decrease in intensity was
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observed (Figure 1b, green curve). Consequently, the intensity
of the ν(CdO) vibration of acetone adsorbed exohedrally or in
multilayers is ∼10 times more intense than the ν(CdO)
vibration of “strongly” adsorbed acetone (see Figure 1). A similar
screening effect was observed for other acetone IR-active modes

(Figure S5, Supporting Information). IR screening was also
observed for acetone, ethyl ether, and n-heptane adsorbed on
SWCNTs produced by arc-discharge (see the Supporting In-
formation, section 1.3). It appears that all IR modes of “strongly”
adsorbed molecules are screened to similar degrees. Given that

Figure 2. (a�c) Induced Mulliken charges Δq for acetone adsorbed endohedrally in a small nanotube (6,5) (endo_s), exohedrally on the (6,5)
nanotube with the CCCOplane of acetone parallel to the SWCNTwall (exo_s_PP), and exohedrally with the CdObond perpendicular to the SWCNT
wall (exo_s_UP). (d�f) Dynamic charge fluctuations δq of the endo_s, exo_s_PP, and exo_s_UP complexes. (g) Theoretical vibrational IR spectra of
endo_s, exo_s_PP, and exo_s_UP. IR intensities are given relative to the gas-phase acetone ν(CdO) band intensity scaled to unity. Corresponding
plots for large-diameter tubes are given in the Supporting Information, section 2.4.

Figure 1. Screening of IR cross sections of the ν(CdO)mode of acetone adsorbed on HiPco SWCNTs. (a) According to TPD, the amount of acetone
adsorbed on sites with low desorption energy (peak at 144 K) is∼10% of the total amount of acetone desorbing after a 100 langmuir dose. Previously,
the peak at 144 K was assigned to exohedral adsorption and adsorption in multilayers.33 The rest (∼90%) is “strongly” bound acetone, peak at 300 K,
previously assigned to endohedral adsorption.33 (b) After adsorption of 100 langmuirs of acetone (black curve) and following flash-heating to 200 K, one
would anticipate a ∼10% decrease in IR intensity (blue curve), while experimentally a ∼90% decrease in intensity was observed (green curve). (c)
Schematic bundle of SWCNTs. The red arrow indicates sites with “weakly” adsorbed acetone (exohedral þ multilayer adsorption), and blue arrows
indicate sites with “strongly” adsorbed acetone (endohedral, groove, and accessible interstitial sites).33,52

http://pubs.acs.org/action/showImage?doi=10.1021/ja108903u&iName=master.img-001.jpg&w=339&h=287
http://pubs.acs.org/action/showImage?doi=10.1021/ja108903u&iName=master.img-002.jpg&w=350&h=161
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not all adsorbate vibrational modes deform the molecule in the
same direction relative to the carbon nanotube walls, this finding
suggests that the orientation of the “strongly” bound adsorbates
does not play a crucial role for the screening effectiveness.
Theoretical IR Spectra, Partial Atomic Charges, and Di-

pole Moments. Quantum chemical simulations confirm the ex-
perimentally observed dramatic IR screening for acetone ad-
sorbed endohedrally inside single SWCNT model systems. In
agreement with experiment, the computed IR intensities depend
strongly on the adsorption site of acetone and its relative orientation
to the tube wall. If acetone is absorbed endohedrally (endo), its
IR activity is almost completely suppressed (see Figure 2g, black
curve. A discussion of acetone dimensions relative to the available
space inside small diameter tubes is given in the Supporting
Information). In contrast, for acetone adsorbed exohedrally
(exo), its vibrational bands become orders of magnitude more
intense (see Figure 2g, red and blue curves) with magnitudes
depending on the mutual alignment of the acetone molecular
plane and the CNT sidewall. This behavior can be explained in
terms ofmirror charges (and consequentlymirror dipolemoments)
induced by the adsorbed acetone on the nanotube walls.
To visualize the image charges induced on the SWCNTsidewalls,

we analyzed two types of quantities: (i) charge redistributionΔq
upon formation of the acetone�SWCNT complex and (ii) charge
fluctuations δq during the CdO vibration. Figure 2 displaysΔq,
δq, and simulated IR spectra for acetone adsorbed on the s
SWCNT model systems endohedrally (endo_s, left panel), exo-
hedrally with PP conformation (exo_s_PP, middle panel), and
exohedrally with UP conformation (exo_s_UP, right panel). Here,
“PP” indicates a planar parallel orientation of the CCCO plane of
acetone with respect to the CNT sidewall, and “UP” indicates an
upward-pointing perpendicular orientation of the acetone CdO
bond with respect to the nanotube sidewall (for further details,
see Figure 3). First, we note that the induced charges Δq are
approximately 10% of the partial atomic charges q. As can be
inferred from Figure 2, the induced Mulliken charges Δq on the
atoms of acetone are consistent with atomic electronegativities,
while those on the carbon atoms of the SWCNT are simply the
mirror charges induced by the vicinity of acetone atoms. Note

that an infinitely long, isolated nanotube is electrostatically neutral.
However, the large number ofmirror point charges on the SWCNT
and relatively large distances between the centers of the positive
and negative charge are still capable of producing sizable dipole
moments. The energy required for the charge redistribution is
almost negligible, owing to the large polarizability of the nanotube
and the small magnitude of the induced charges. We point out
that the model systems selected are not formally metallic, indicating
that metallicity is not a required property for CNTs to display
nearly perfect dielectric screening.
We find that the degree of IR intensity screening follows the

order endohedral. exohedral adsorption with acetone in the PP
conformation, while complexes with acetone adsorbed exohed-
rally in the UP conformation experience an enhancement of the
IR intensity (Figure 2). This closely resembles the situation en-
countered in IR spectroscopy of adsorbates onmetal surfaces.31,53,54

Figure 3. Theoretical IR intensities of the acetone ν(CdO) mode at around 1796 cm�1 for acetone�SWCNT complexes with different UP or PP
equilibrium conformations (see the structures on the right) relative to the gas-phase acetone ν(CdO) band intensity.

Table 1. Absolute Values of Dipole Moments (D) for the
Acetone�SWCNT Complexes as Well as Their Acetone and
SWCNT Componentsa

μ(total) μ(acetone) μ(SWCNT)

acetone 2.330 2.330

s 0.011 0.011

l 0.338 0.338

endo_s 0.140 2.469 2.589

endo_l_PP 0.612 2.405 1.996

endo_l_UP 0.877 2.317 1.444

exo_l_PP 1.359 2.303 1.322

exo_s_PP 1.518 2.329 0.865

exo_s_UP 3.057 2.461 0.609

exo_l_UP 3.120 2.504 0.633
aNote the quite different orientations of the dipole components in some
complexes. s, small-diameter SWCNT (6,5); l, large-diameter SWCNT
(11,9); UP and PP, perpendicular and parallel orientations of CdO
mode to SWCNT wall, respectively; endo and exo, endohedral and
exohedral adsorption of acetone, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/ja108903u&iName=master.img-003.jpg&w=449&h=208
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Themagnitude of intensity reduction strongly varies, as shown in
Figure 3. The intensity ratio between the gas-phase IR intensity
(=1.0) and that in endo_s (∼0.005) is∼180, while the analogous
ratio in the case of acetone adsorbed on large (11, 9) nanotubes
(exo_l_UP) is only∼0.5. It is found that, in the case of exohedral
complexes, the total dipole moment (see Table 1) and the
intensity (Figure 3) are reduced when the CdO bond is parallel
(PP) to the wall and that the total dipole moment and the
intensity are constructively enhanced when the CdO bond is
perpendicular (UP) to the wall. The larger diameter l CNT
model is more efficient in screening of endo- and exohedrally
adsorbed acetone with the PP conformation (screening occurs
parallel to the sidewall) than the small-diameter s CNT model.
The dielectric screening reduces the total dipole moment from

2.33 D in the gas phase to 1.52 D (∼1.5-fold reduction) for the
exo_s_PP form and to 0.14 D (∼17-fold reduction) for the
endo_s configuration (Table 1). The actual magnitude of the
acetone dipole moment in the complexes varies only slightly
from the gas-phase value (Table 1). Almost all the shielding effect
originates from the induced dipole moment on the nanotube.
According to the theoretical results, the shielding for endohedral
adsorption is not perfect (Figure 2), possibly due to the finite
length of the SWCNT models used in the calculations. Never-
theless, those results explain the intensity patterns in the IR spectra
(Figure 1).
Analogous theoretical simulations were performed for com-

plexes where acetone is adsorbed in groove sites or interstitial
channels. For groove site adsorption, we categorized the possible
complex structures into two classes: (i) PP with the CdO bond

parallel to the plane defined by the two tube axes and (ii) UPwith
the CdO bond pointing upward and perpendicular to the plane
defined by the two tube axes. For the interstitial site adsorption,
we considered only one structure with acetone located in the
plane perpendicular to the tube axes and the CdObond pointing
away from the channel center, which appears to be energetically
favorable in comparisonwith other possible conformations. Figure 4
depicts induced Mulliken charges Δq, dynamic charge fluctua-
tions δq, and the calculated IR spectra for model systems com-
posed of an acetone molecule adsorbed on a bundle of aligned s
SWCNTs. The corresponding results obtained with l and mixed
s/l SWCNT models are presented in the Supporting Informa-
tion. The analysis of the induced charges for acetone adsorbed
inside grooves and interstitial sites shows that the magnitudes of
Δq and δq are of the same order as in the case of a single-tube
exohedral site adsorption, but the mirror charges are spread
among all participating nanotube components. Therefore, it is
not surprising that the IR spectra shown in Figure 4 are similar to
those discussed earlier for the single-tube exohedral complexes.
Figure 5 summarizes simulated IR intensities of the acetone
ν(CdO)mode. For groove sites, it is found that the degree of the
ν(CdO) IR signal reduction/enhancement and its dependence
on the orientation of the CdO bond display characteristics very
similar to those discussed above for single-tube exohedral adsorp-
tion sites. For the interstitial sites, the IR signal always experi-
ences a reduction with a magnitude comparable to that of the
groove PP complexes, which can be explained by the competition of
the IR enhancement and reduction effects due to simultaneously
occurring relative UP and PP acetone�SWCNT conformations.

Figure 4. Induced Mulliken charges Δq (a�c) and dynamic charge fluctuations δq (d�f) of acetone adsorbed (from left to right) on a groove site
constructed using two small nanotubes (6,5) with the CdO axis parallel to the trough (groove_ss_PP), on a groove site constructed using two small
nanotubes (6,5) with the CdO axis perpendicular to the trough (groove_ss_UP), and in interstitial sites constructed using three small nanotubes (6,5)
(interstitial_sss). (g) Theoretical vibrational IR spectra of the groove_ss_PP, groove_ss_UP, and interstitial_sss models with IR intensities given
relative to the gas-phase acetone ν(CdO) band intensity scaled to unity.

http://pubs.acs.org/action/showImage?doi=10.1021/ja108903u&iName=master.img-004.jpg&w=338&h=283
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Table 2 lists the calculated dipole moments for the aceto-
ne�SWCNT bundle complexes as well as their individual
components. In close analogy with the single-tube adsorption
(see Table 1), the dipole moment magnitudes for the acetone
component located in various environments remain practically
constant. Again, almost all the shielding effect originates from the
image dipole moment induced on the SWCNT sidewall by the
adsorbate.
Implications of IR Reduced Cross Sections of Molecules

Adsorbed on SWCNTs. We have shown experimentally that
molecules (acetone, diethyl ether, n-heptane) adsorbed presum-
ably endohedrally, in grooves, and in accessible interstitial channels
of SWCNTs, produced by different techniques (arc-discharge
and HiPco), have reduced effective IR cross sections in compar-
ison withmolecules adsorbed exohedrally and inmultilayers. The
theoretical simulations of acetone�SWCNT complexes confirm
the experimentally observed dramatic reduction of IR vibrational
cross sections for molecules encapsulated in carbon nanotubes
and, to a lesser degree, of molecules adsorbed in interstitial channels

and exohedrally in grooves when their transition dipole moments
are aligned parallel to the walls of the SWCNTs. The results of
theoretical consideration of endohedrally adsorbed acetone suggest
that the intensity of the ν(CdO) mode should be reduced at
least 10-fold (Figure 3), well in agreement with experiment
(Figure 1a). We believe that the desorption peak observed at
300 K (Figure 1a) was composed mainly of endohedrally adsorbed
acetone with a possible admixture of acetone at groove sites and
accessible interstitial channels.33 The fraction of acetone mol-
ecules adsorbed in groove sites and accessible interstitial chan-
nels might be responsible for the weak peak observed in the IR
spectrum after flash-heating (Figure 1b). For acetone located in
groove sites, with parallel dipole orientation, and interstitial chan-
nels, the simulated IR intensity reduction is relatively small, reaching
maximally 50% (Figure 5). Clearly, if a large portion of the
“strongly” adsorbed acetone molecules were located in these
sites, the experimentally observed IR signal in Figure 1b would be
significantly larger. This conjecture is supported by the fact that
for adsorption in groove sites and interstitial channels, the simula-
tions (Figure 4) predict quite different degrees of screening for
various vibrational modes of acetone, which is in contrast with
the experiment, where all the modes seem to be uniformly screened
(Figure S5, Supporting Information). Hence, adsorption in mainly
endohedral sites is consistent with experiment as the simulated
screening is quite uniform for all vibrational modes of encapsu-
lated acetone.
As mentioned above, the low-temperature adsorption may

lead to a nonequilibrium distribution of adsorbates; e.g., easily
accessible exohedral sites (low desorption energy) might be already
saturated, while endohedral sites (desorption energy) are still not
filled completely. Flash-heating to 200 K (Figure 1) can lead only
to partial desorption of exohedrally adsorbed species, while some
of the molecules can migrate to endohedral sites. However, in
this case the estimated screening effect would be even stronger.
Although the effect reported here does not come as a surprise

given the large number of studies on Faraday shielding21�27 and
static dipole screening20,22,29 in the literature, the dramatic magni-
tude of the IR cross section reduction for molecules adsorbed in
CNTs and their bundles has never been reported before and is
quantified here for the first time. The effect of screening was not
explicitly considered in previous publications.9,11�13

’SUMMARY

The presented experimental data suggest that molecules
“strongly” bound to SWCNTs have effective cross sections of
IR-active modes that are reduced at least by a factor of 10 in
comparison with molecules adsorbed exohedrally (Figure 1).
This screening effect occurs with different choices of adsorbed
molecules and nanotubes (Supporting Information, section 1.3).
Quantum chemical simulations of IR spectra confirm the more
than 10-fold reduction of IR cross sections for endohedrally
adsorbed molecules (Figure 3) and up to 2-fold reduction for
molecules adsorbed in interstitial channels. Species adsorbed
exohedrally or in groove sites may experience only partial
screening or constructive transition dipole moment enhance-
ment, depending on the relative orientation of their transition
dipole moments to the tube sidewall (Figures 3 and 5). IR
intensity reduction for groove and interstitial sites is comparable
in magnitude to adsorption on single-tube exohedral sites. Accord-
ing to the simulated IR spectra, the metallicity (size of the
HOMO�LUMO gap) of the SWCNT models does not play a

Table 2. Absolute Values of Dipole Moments (D) for the
Acetone�SWCNTBundle Complexes asWell as Acetone and
SWCNT Components of the Complexes

μ(total) μ(acetone) μ(SWCNTs)

acetone 2.330 2.330

ss 0.537 0.537

ls 0.382 0.382

ll 0.705 0.705

sss 0.545 0.545

lss 0.537 0.537

lls 0.970 0.970

lll 1.697 1.697

groove_ss_PP 1.692 2.338 1.199

groove_ss_UP 2.791 2.434 0.485

groove_ls_PP 1.635 2.351 1.292

groove_ls_UP 2.721 2.467 0.565

groove_ll_PP 2.143 2.300 1.846

groove_ll_UP 2.284 2.433 0.583

interstitial_sss 1.788 2.614 0.879

interstitial_lss 2.204 2.622 0.570

interstitial_lls 2.640 2.544 0.771

interstitial_lll 1.666 2.559 1.841

Figure 5. Theoretical IR intensities of the acetone ν(CdO) mode at
around 1796 cm�1 for acetone�SWCNT bundle complexes at opti-
mized geometries relative to the gas-phase acetone ν(CdO) band
intensity.

http://pubs.acs.org/action/showImage?doi=10.1021/ja108903u&iName=master.img-005.jpg&w=240&h=109
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role in the observed screening effect. Our findings have impor-
tant implications for the spectroscopy of CNTs. The dramatic
reductions of IR cross sections can amount effectively to the
observed screening effect, making the molecules adsorbed inside
CNTs practically invisible to IR and possibly to other experi-
mental techniques utilizing electromagnetic radiation.
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