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¶Budapest University of Technology and Economics, Műegyetem rkp. 3., Budapest,
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Abstract

Molecules encapsulated in nanotubes have been
an interesting area of research for chemical re-
actions in confined spaces with huge potential
for applications in the fields of hydrogen storage
or targeted catalytic reactions.

We show that phonon polaritons of boron ni-
tride nanotubes (BNNT) enhance the near-field
vibrational spectra of molecules in close prox-
imity to the surface. By encapsulating C60

fullerene in BNNTs, we can reach a sensitiv-
ity level of a few hundred molecules. Further-
more, we show by the photopolymerization of
C60 that products of chemical reactions inside
the tubes can be identified, so long as their vi-
brational signatures lie in the reststrahlen band
of the BNNT.
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Chemical reactions in confined spaces have
been explored with regard to various applica-
tions ranging from targeted catalytic reactions
to quantum cascade lasers and high-energy
technologies.1 The outcome of these reactions
is determined by multiple factors including the
restricted number of orientations due to steric
hindrance and also by the influence of the host
system on the enclosed molecules. In this paper
we demonstrate the possibility to investigate
the products of chemical reactions between en-
capsulated molecules in nanosized cavities with
20 nm spatial resolution. This small-scale in-
vestigation allows us to study the correlation
of chemical transformations with topology or
other variables in the local environment.

The method of choice for the measurement
is scattering type near-field optical microscopy
(s-SNOM) which is a unique tool to analyze
nanoscale optical phenomena in a variety of ma-
terials. The s-SNOM device (NeaSNOM, Nea-
spec GmbH) is an atomic force microscope us-
ing a metallic tip (Arrow-NCPt, Nanoworld)
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in intermittent contact mode. Laser illumi-
nation is coupled in and focused on the tip
by an off-axis parabolic mirror. Near-field in-
formation is isolated using an interferometric
pseudo-heterodyne detection technique.2 This
detection scheme makes it possible to collect
both the amplitude (A) and the phase (φ)
of the scattered light resulting from the tip-
sample interaction. The near-field absorption
is calculated as A3sin(φ3),

3,4 where the sub-
script refers to the demodulation on third har-
monic of the vibrating AFM tip (see Support-
ing Information). Both amplitude and phase
response of the scattered light from the sample
are measured relative to the substrate. While
any excitation that influences the scattered
light could be detected by this method, most
studies concentrate on collective excitations
and their interferences. Advances were made
on plasmon-polariton modes in graphene,5,6

phonon-polariton modes in hexagonal boron ni-
tride (hBN),7–11 alpha-phase molybdenum tri-
oxide (α-MoO3)

12 and even the hybrid phonon-
plasmon modes of stacked hBN-graphene sys-
tems.13 In a previous publication14 we iden-
tified clusters of a few hundred metal atoms
in single-walled carbon nanotubes (SWNT)
based on their free-electron (Drude) absorp-
tion. Molecular vibrations remained more elu-
sive, most reports being about polymer films,
macromolecules or molecules attached to an an-
tenna surface.15–19 Hyperspectral Raman mea-
surements by Gaufrés et al.20 set a lower de-
tection limit of ten α-sexithiophene molecules
encapsulated in SWNTs, but direct infrared de-
tection at this scale has not yet been performed.

Here we present measurements on few-
molecule scattering spectroscopy, specifically
on C60 fullerene molecules encapsulated in
boron nitride nanotubes (scheme in Fig. 1, for
TEM images of the nanotubes after encapsula-
tion see Supporting Information). Considerable
enhancement of the near-field interaction is de-
tected when the molecules are spatially confined
in BNNTs. The enhancement makes it possi-
ble to follow chemical reactions in the confined
space, by identifying the products of photopoly-
merization (dimers and trimers) based on their
spectral bands in the reststrahlen band of the

nanotubes.

Tube opening

sonication + chemical etching

Sublimation filling

C60 + high vacuum + 600 °C

Photopolymerization

532 nm laser

Dimers Trimers

Reaction products

Figure 1: Schematic diagram showing the
chemical steps presented in this article. The
steps are as follows: cleaning and opening, en-
capsulation of C60 molecules and photopoly-
merization with 532 nm laser, resulting in
presumably mostly dimerized and trimerized
fullerene molecules

Layered materials such as hexagonal boron ni-
tride show anisotropy in their dielectric func-
tion, thus the dielectric function is different for
the in-plane and out-of-plane direction. Hexag-
onal boron nitride has two vibrational phonon
modes in the mid-infrared region. Since BN
is a polar material, the transverse and longi-
tudinal vibrations are far apart in frequency,
resulting in two reststrahlen bands (similar to
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the reststrahlen band in bulk materials) char-
acterized by <(εa) < 0, where a refers to either
the in-plane (‖) or the out-of-plane (⊥) com-
ponent of the dielectric tensor. The anisotropy
in hBN results in a scenario where in a given
reststrahlen band only one of these two values
is negative, while the other one is positive. The
isofrequency curves in such a material are thus
hyperbolic as opposed to ellipsoidic. In the rest-
strahlen band ranging from 1378 cm−1 to 1610
cm−1, <(ε‖) < 0 and <(ε⊥) > 0 which describes
an open hyperboloid and is referred to as Type-
II hyperbolic response. In this region the dielec-
tric function can be described by

εa(ω) = εa,∞

(
1 +

ω2
a,LO − ω2

a,TO

ω2
a,TO − ω2 − iωγa

)
(1)

where a =‖,⊥ and the parameters are ε∞ =
4.52, ωLO = 1610 cm−1, ωTO = 1378 cm−1 and γ
= 5 cm−1.19 To describe the optical properties
of BNNTs, we treat the nanotubes as rolled-
up hBN planes of one or two layers (see Sup-
porting Information for TEM images), there-
fore in cylindrical coordinates εr = ε⊥ and
εθ = εz = ε‖.

10 Phillips et al.21 studied the
dielectric function of BNNTs and treated the
system as a hollow cylinder filled with air using
an effective medium theory. In our case, since
the diameter of our tubes is much smaller, ef-
fective medium approximation gives negligible
correction.

In this upper reststrahlen band region, where
hyperbolic phonon polaritons can propagate,10

the electric field of the excited polariton is per-
pendicular to the nanotube surface. This ori-
entation of the additional electric field aligns
with the near field of the illuminated tip. We
suggest that this interplay between the excit-
ing and the polaritonic electric field causes the
enhancement of the scattered signal originating
not only from the nanotubes but also from the
molecules inside.

Furthermore, the hyperbolic nature of the
boron nitride nanotubes means that there is no
cutoff frequency of the hyperbolic phonon po-
laritons that are allowed to propagate in the
material. Since the hyperbolic phonon polari-
ton wavelength is inversely proportional to the

number of layers of the boron nitride host,
in few-layered BNNTs this leads to extreme
confinement of electromagnetic fields. These
confined fields may explain the detected tip-
induced hyperbolic phonon polariton resonant
near-field coupling to the molecular vibrations.

Fig. 2 shows near-field absorption maps of a
single, 3.5 nm diameter filled nanotube at three
different illumination wavenumbers. At 1350
cm−1 no considerable contrast is seen as this
wavenumber is below ωTO and thus below the
upper reststrahlen band. At the TO phonon
wavenumber 1378 cm−1, the near-field absorp-
tion contrast is rather high everywhere along
the nanotube, as one would expect. At 1428
cm−1, which corresponds to one of the T1u ab-
sorption bands of C60, high-contrast regions are
observed along the nanotube, although less uni-
form than at the phonon mode frequency (1378
cm−1). Since this signal is not present in non-
filled nanotubes, we assign it to the encapsu-
lated C60 molecular clusters. The results indi-
cate efficient, albeit non-uniform filling.

To demonstrate the near-field enhancement
effect of the BNNT, we have also measured C60

without the BNNT host. Fig. 3 shows the com-
parison of the near-field absorption signal of 8–
10 nm high C60 islands with the filled and un-
filled areas of the nanotube of Fig. 2. Spectra
are acquired by tuning the infrared laser in the
range 1330 – 1450 cm−1. The optical signal val-
ues from measurement points taken above the
silicon substrate are averaged and treated as
the reference signal. Measurement points above
the nanotube are also averaged and then nor-
malized to the reference signal. Marked spots
in Fig. 2b indicate the positions used for ex-
traction of the spectra shown in Fig. 3. The
fullerene absorption at 1428 cm−1 is missing
from the measurements on the C60 islands de-
spite the considerably higher amount of mate-
rial under the tip. This confirms the amplifi-
cation of the near-field signal measured in the
presence of BNNT in the appropriate wavenum-
ber range (above ωTO).

To estimate the detection sensitivity obtained
by encapsulation, we calculate the volume of
the measured region and the number of C60

molecules actively participating in the near-
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Figure 2: a. AFM image of the C60 filled
nanotube. The nanotube diameter is approx-
imately 3.5 nm. b. Optical absorption maps
at three different wavenumbers. Absorption is
calculated as described in the Supporting Infor-
mation. At each wavenumber, the upper map
is that of a filled nanotube while the lower map
is of an unfilled one. On the 1428 cm−1 map
marked spots indicate the positions where spec-
tra were obtained (Fig. 3). The colorscale on
all the optical maps is the same as on the re-
spective (filled or unfilled) 1378cm−1 map.
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Figure 3: Near-field spectra measured on
C60@BNNT and C60 islands on Si. Spectra were
measured at nanotube positions marked by the
dashed circles in Fig. 2b. BNNT phonon modes
(1378 cm−1) and C60 modes (1428 cm−1) are
marked with vertical lines. Comparison with
the spectrum measured on C60 islands shows
the lack of both modes in the absence of BNNT.

field scattering process. An upper limit on the
number of C60 molecules in the measured vol-
ume of the nanotube is approximately 160 (see
Supporting Information).

As a reference, the black curve on Fig. ??
shows near-field measurements taken on C60

nanoislands of 10 nm height dropcasted on Si
surface. Since without BNNT, no signal is de-
tected at 1429 cm−1 no enhancement factor can
be calculated.

To put this number in perspective, the same
amount of C60 in a far-field measurement would
give an absorption value in the 10−17 range,22

clearly below the detection limit of any far-field
spectroscopic method.

In an attempt to identify further encapsulated
species, we have induced a photopolymerization
reaction between the C60 molecules using a vis-
ible (532 nm) laser focused on the near-field
measurement spot. After the initial measure-
ment of the original C60@BNNT system we illu-
minated the same spot with the visible laser for
5 hours, then carried out an identical near-field
spectroscopy scan. Upon illumination with the
laser, C60 molecules undergo photopolymeriza-
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Figure 4: a) Spectra taken on the same section of a C60@BNNT before and after intense green
laser illumination. Vertical lines show the vibrational modes of different oligomers of C60, where n
denotes the degree of polymerization. New, narrow peaks appear at wavenumbers corresponding
to polymerized C60 denoted by the vertical lines at 1360, 1385 (n=3), 1420 (n=2) and 1429 (n=1)
wavenumbers. The (C60)3 trimer mode outside of the reststrahlen band does not give a new peak.
b) Boron nitride dielectric function, showing the lower energy side of the upper reststrahlen band
(shaded region). The modes in the shaded reststrahlen band region are detectable, while the trimer
mode outside is not.

tion resulting mainly in photodimers and pho-
totrimers. The photopolymerization products
have distinctive vibrational features that were
studied extensively by far-field techniques.23–28

Fig. 4a compares results before and after illu-
mination. The C60 monomer peak is still visible
but an additional mode appears at 1420 cm−1

and the peak around 1378 cm−1 becomes split
and heavily distorted. According to DFT cal-
culations and measurements from reference 29,
these peaks correspond to dimer and trimer ab-
sorption modes. The complexity of the higher
trimer peak and the nanotube peak may be
caused by interaction between the two vibra-
tional modes. It is important to note that the
lower trimer absorption band does not appear
in our spectrum, as the energy of this vibration
is outside of the reststrahlen band, as seen in
Fig. 4b.

The absence of vibrational features below ωTO
confirms the active role of BNNT in the near-
field absorption process, by providing the ro-

bust phonon-polariton excitation close to the
molecular excitations. The interacting, coupled
excitations (approximated by harmonic oscilla-
tors) may result in the observed enhancement.
The electronic field at the surface of the nan-
otubes in the reststrahlen band region is per-
pendicular to the surface, resulting in better
coupling to the molecular excitations.

In conclusion, we have shown that small-
molecule infrared spectroscopy on only hun-
dreds of molecules is possible if the absorption
process is supported by the phonon-polariton
mode of the encapsulating boron nitride nan-
otube. The boron nitride cavity also enables
observation of few-molecule chemical processes
(in this case photopolymerization), that is es-
pecially interesting for improving the insight
into more industrial areas such as hydrogen
storage, spintronics and energy-related appli-
cations.1 The simplicity of the filling process
makes filled boron nitride nanotubes appealing
candidates for the investigation of chemical pro-
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cesses in nanotubes.
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