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We measured the optical properties of mixed-valent vanadium oxide nanotubes to
investigate the charge degrees of freedom in these novel materials. The electronic structure
strongly resembles that of other bulk, low-dimensional, and molecular vanadates. The 1.2-
eV band is assigned as a superposition of V4+ d f d and V4+ f V5+ charge-transfer excitations,
and the features above 3 eV are attributed to O 2p f V 3d charge-transfer excitations. The
5-eV excitation shows a modest sheet distance dependence, red-shifting with increasing sheet
distance. We find that the optical gap is ∼0.56 eV at room temperature and ∼0.65 eV at 4.2
K. It does not depend systematically on tube size. At the same time, selected V-O-V
stretching modes sharpen and red-shift with increasing sheet distance. We attribute these
trends to the microscopic manifestations of strain, which changes with curvature. A low-
frequency mode is observed at 113 cm-1, which is assigned as the radial breathing mode of
the VOx nanotubes.

I. Introduction

Nanophase materials represent a field of fundamental
interest because this unique class of compounds is
connected with interesting solid-state physical and
chemical properties that can be exploited for a variety
of practical applications. The tubular structure provides
a high aspect ratio, access to different contact regions,
and the ability to assemble into more complex archi-
tectures. These characteristics make nanotubes very
promising candidates for the realization of highly
functional, effective, and resource-saving devices such
as single-electron transistors, sensors, capacitors, and
storage/release systems.1-3 The discovery of carbon
nanotubes revolutionized fundamental science at the
nano scale.4 More recently, the synthesis of inorganic
fullerene-like materials such as MoS2, WS2, BN, TiO2,
NiCl2, VOx, and NbS2 has attracted attention.5-18

Among these interesting materials, the VOx nanotubes
are especially important because of their tunable physi-
cal and chemical properties.18-23

As a transition metal, vanadium displays a number
of oxidation states and can thus form a wide variety of
single- and mixed-valent compounds with different
properties.24 The VOx (x ∼ 2.4) tubes of interest here
are mixed valent. They contain nearly equal numbers
of V4+ and V5+ cations.20-22 It is this mixed-valence
character that seems to cause the VOx sheet to “wrap”.
Thus, the VOx nanotubes (VONT) are actually scrolls,
consisting of vanadate layers between which organic
molecules are intercalated.19-23 The amine functions as
a structure-directing agent. The distance between the
layers of the scroll, typically called the “sheet distance”,
correlates linearly with the size of the template, provid-
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ing an opportunity to tune the size of the tubes.20 At
this time, the vanadium oxide layer is thought to be a
double-sheet structure based on VO6 octahedra and VO4
tetrahedra, similar to that in BaV7O16 and (en)-
V7O16.25,26 The VO6 building-block units are so bent and
elongated in the VONTs that they are effectively square
pyramids. Indeed, structural renderings by Wörle et
al.26 emphasize the latter point by showing sheets of
VO5 square pyramids and VO4 tetrahedra; the sixth
oxygen atom, which would complete the octahedral
coordination, is more than 2.4 Å away from the central
V atom. Both corner- and edge-sharing arrangements
appear in the structure.25,26 The VONTs also display
important electrochemical and optical limiting behavior,
making them amenable to device applications.27,28 Two
such examples are battery materials (Mn2+ intercalated
VONTs) and molecular electronics (VONTs coated car-
bon nanotubes).29 It is notable that other inorganic
nanotubes have also attracted attention because of their
performance as SEM tip materials30 and as a result of
their unique mechanical properties.31

The electronic structure and vibrational properties of
inorganic fullerene-like materials are of great current
interest. Theoretical predictions of strain energy, optical
gap, and electronic structure have focused on Si- and
P-based tubes, NbS2, MoS2, WS2, GaN, GaSe, and BN
nanostructures.32-40 In GaSe, GaN, and MoS2, the
energy gap is predicted to increase toward the bulk
value as the tube diameter increases, whereas the strain
energy decreases with increasing tube diameter.35,37,38

In black phosphorus tubes, the gap also increases with
chiral angle.40 In BN nanotubes, vibrational property
predictions suggest that the modes will red-shift with
increasing tube diameter.41 The frequency of the radial
breathing mode is of special interest and is predicted
to increase with decreasing tube diameter.41 Broad and
complementary spectroscopic measurements of inor-
ganic fullerene-like materials have been more sparse.
The optical properties of selected model materials

(MoS2, WS2, and a selected VONT) have been studied
over a limited energy range28,42 In tubular MoS2 and
WS2, the gap is lower than the corresponding bulk
material, in line with the aforementioned theoretical
predictions.42 Photoluminescence emission of Y2O3:Eu
nanotubes is also different from that in the bulk,
displaying important surface structure and excitation
wavelength effects.43 Vibrational property measure-
ments show broadened (MoS2, WS2, and HfS2),5 red-
shifted (CdSe),44 or identical (NbSe2) phonon modes
compared with analogous bulk materials.5

To investigate the charge degrees of freedom in
vanadium oxide nanotubes and to understand the effect
of sheet distance on the vibrational and electronic
properties, we measured the optical absorption spec-
trum of a series of VONTs over a wide energy range. In
these materials, the sheet distance is analogous to tube
diameter (discussed above), as it controls the “winding”
of the scroll. The sheet distance was adjusted with
various amine templates, allowing us to alter the tube
size. Thus, the effect of sheet distance on the optical
properties could be examined. An additional motivation
for this work is to provide an accurate picture of the
electronic structure of VONTs, which can be used to
understand the optical limiting mechanism in these
materials.28 Since the dynamics are very sensitive to
local strain, we also seek to understand the effect of the
sheet distance on the tube distortion by studying the
vibrational properties of these materials.

II. Experimental Methods
A. Nanotube Synthesis and Sample Preparation. The

vanadate nanotubes were prepared by an initial sol-gel
reaction followed by hydrothermal treatment.21,22 V2O5 and an
appropriate amine template (CnH2n+1NH2 with n ) 4-18) were
mixed in a 1:1 molar ratio in ethanol and stirred for 3 h in
air. The mixture was then hydrolyzed under vigorous stirring
followed by aging, which led to the formation of a yellow
suspension. Subsequent hydrothermal treatment for 7 days
resulted in a black powder. The product was washed with
ethanol, diethyl ether, and water to remove excess amine and
any decomposed products. The material was then dried under
vacuum at 80 °C for 12 h. The nanotubes (henceforth abbrevi-
ated as Cn-VONT, where Cn refers to the number of carbon
atoms in the structure-directing amine) were prepared with a
variety of different amine templates, allowing control over the
sheet distance. The tubular morphology of the product was
confirmed by transmission electron microscopy, and the sheet
distance was determined by X-ray diffraction. For our materi-
als, the sheet distance varied between ∼15 and 35 Å.

The VONTs were mixed with pure KCl powder.45 and
pressed at 20000 psi to form isotropic pellets for transmission
measurements. Different loading levels (∼0.05, 0.03, and 0.02
wt %) were employed as needed to obtain optimum sensitivity
over the full energy range of our investigation. The VONTs
were also pressed into pellets for reflectance measurements.
In the latter, no matrix material was used.

B. Spectroscopic Measurements. Infrared transmittance
and reflectance experiments were carried out over a wide
energy range (from 4 meV to 7 eV; 30-56 000 cm-1) using a
series of spectrometers including a Bruker IFS 113V Fourier
transform infrared spectrometer equipped with a bolometer
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detector, a Bruker Equinox 55 Fourier transform infrared
spectrometer equipped with a microscope attachment, and a
modified Perkin-Elmer Lambda-900 grating spectrometer. A
pure KCl pellet was employed as the reference during trans-
mittance experiments, whereas an aluminum reference mirror
was used during reflectance measurements. Our resolution
was 2 cm-1 in the infrared and 2 nm in the optical regime.

Absorption was calculated from both transmission and
reflectance measurements. This separate and independent
determination of the lossy part of the optical response has
several advantages, as discussed below. The absorption coef-
ficient was obtained from the measured transmittance as R )
(-1/hd) ln T, where h is the loading of Cn-VONT in the pellet
and d is the pellet thickness.46,47 The optical absorption
coefficient was also calculated from the measured reflectance
using a Kramers-Kronig analysis.46,48 Here, R represents the
lossy part of the dielectric response. Excellent agreement was
obtained for the absorption, using the two different methods.
Standard peak-fitting techniques were employed to assess
sheet distance-dependent trends, as appropriate.49

Although the 300 K optical properties of the VONTs are
likely to be of greatest interest to the battery and nonlinear
optics community, we also performed variable temperature
experiments to investigate the more fundamental aspects of
the electronic structure of these materials. The search for size-
dependent trends in the optical gap received particular atten-
tion. The low-temperature spectroscopies were carried out with
a continuous-flow helium cryostat and temperature controller.
Well-known effects of reduced temperature include line width
reduction and the sharpening of the optical gap.50-52

III. Results and Discussion
A. Electronic Structure of the VONTs. Figure 1

displays the 300 K optical absorption spectrum of C8-
VONT, calculated from a Kramers-Kronig analysis of
the reflectance spectrum.46 The spectrum shows several
reproducible, fairly prominent, broad bands, which are
centered at ∼1.2, 3.9, 5.0, and 7.0 eV. The feature at

∼1.2 eV is assigned as the superposition of both V d f
d and V4+ f V5+ charge-transfer excitations. The
features centered at 3.9, 5.0, and ∼7.0 eV are assigned
as O 2p f V 3d charge-transfer transitions. The inset
shows a close-up view of the 5.0-eV excitation, which
changes modestly with sheet distance.53 This red-shift
with increasing sheet distance is very unusual, different
from traditional strain-induced red-shifting in other
inorganic fullerene-like materials.32-40 Unfortunately,
the challenging crystal structure combined with the lack
of theoretical work on the VONTs precludes a detailed
explanation of this trend. We speculate that the 5-eV
excitation is strongly polarized in the radial direction.
This supposition can be checked, once oriented samples
are available, and the result may connect it with the
observed sheet distance effect. The optical gap, 2∆, is
determined by making a linear extrapolation of the
leading edge of the absorption band down to zero energy.
For C8-VONT, we find 2∆300K ∼ 0.54 eV. At low
temperature, the gap sharpens and moves to higher
energy. The shape of the optical gap is similar to that
of other synthetic metal materials.54-57

The sheet distance dependence of the optical gap is
important for understanding the electronic structure of
the VONTs. For several model materials, 2∆ is predicted
to decrease from the bulk value with decreasing tube
diameter.35,37,38,40 This trend can be understood as the
strain dependence of the electronic states in these
compounds.5 However, in our materials, changes in the
sheet distance, analogous to the aforementioned tube
diameter modifications, have no systematic effect on the
optical gap (Table 1). On average, the gap, 2∆, is ∼0.56
eV at 300 K and ∼0.65 eV at 4.2 K. We suspect that
the insensitivity of the optical gap to sheet distance is
related to the large diameter (∼100 nm) of the VONTs.58

Upon substitution of different amine templates, there
is only modest change in curvature. Thus, the potential
effect of microscopic strain is minimized in the VONTs.

Comparing the absorption spectrum of C8-VONT to
that of other vanadates, we find that the VONTs show
a striking resemblance to several model materials,
including VO2, R′-NaV2O5, and Na2V3O7 (Figure 2),59-63
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Figure 1. 300 K absorption spectrum of C8-VONT. The inset
shows a close-up view of one of the high-energy excitations,
which changes modestly with sheet distance. In the inset, the
curves are offset for clarity.

Table 1. Optical Gap of Different VONTs

material sheet distance (Å) 2∆300K
a (eV) 2∆4.2K

a (eV)

C4-VONT 15.82 0.58 0.64
C6-VONT 17.37 0.59 0.70
C8-VONT 22.98 0.54 0.58
C12-VONT 27.25 0.57 0.63
C14-VONT 29.54 0.58 0.68
C16-VONT 31.38 0.56 0.70
C18-VONT 35.28 0.54 0.64

average value 0.56 0.65
a The error bar on 2∆ is 5% at 300 K and 3% at 4.2 K.
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despite substantial differences in structure and charge.
The absorption spectrum also resembles that of the
molecule-based magnet K6[V15As6O42(H2O)]‚8H2O.64 In
bulk VO2, tubular Na2V3O7, and molecular K6[V15-
As6O42(H2O)]‚8H2O, all transition metal atoms have a
+4 charge. In these materials, the feature centered at
∼1.2 has been assigned as a localized d f d transition
between ground and excited states, split by a crystal
field.62-64 Assignment of the 1-eV excitation and the
higher energy sidebands in ladder-like R′-NaV2O5,
however, has been controversial due to the mixed-
valence character of this material.59,60,65 The 1-eV
excitation is currently attributed to V4+ f V5+ charge-
transfer excitations on the V-O-V rung.60,65

The VONTs are also mixed-valent, suggesting that
the feature at ∼1.2 eV may share certain characteristics
with R′-NaV2O5. In our case, however, the band seems
to arise from two sources, and we attribute it to the
superposition of both V d f d and V4+ f V5+ charge-
transfer excitations. Evidence for this dual assignment

comes from both spectral and structural data. From the
spectral point of view, both the band shape as well as
the trend with decreasing temperature point toward
contributions from two very different excitations in C8-
VONT. At 300 K, the band consists of two peaks: a
weak feature at ∼0.8 eV and a stronger feature centered
at 1.2 eV. The 0.8 eV feature blue-shifts with decreasing
temperature and combines with the 1.2-eV band at base
temperatures. It is useful to recall that charge-transfer
transitions often exhibit substantial temperature de-
pendence, whereas on-site d f d excitations show more
subtle effects. This difference suggests that the feature
centered at 0.8 eV can be attributed to a V4+ f V5+

charge-transfer excitation and the larger 1.2-eV feature
assigned as a V d f d excitation. Note that the d f d
excitation is formally La Porte forbidden. It appears in
the spectrum of the VONTs due to symmetry breaking
around the chromophore, which relaxes the selection
rules on excitations within the d manifold.66 This kind
of selection rule relaxation appears in a number of
model vanadates.61-64 Structural data also support the
dual assignment of the ∼1.2-eV band. As discussed
previously, the mixed-valent chromophore units display
both edge- and corner-sharing arrangements.25,26 Only
the edge-sharing units are likely to engage in charge
transfer with appreciable oscillator strength; corner-
sharing will likely not provide sufficient overlap for
related excitations to appear in the spectrum. Combined
with the La Porte forbidden on-site V d f d excitations,
we can therefore account for the two oscillators that
constitute the ∼1.2-eV band.

The higher energy spectral features of the VONTs
also display strong similarities with the aforementioned
model vanadates, but the response is not identical
(Figure 2). The structures at 3.9, 5.0, and ∼7.0 eV,
previously identified as O 2p f V 3d charge-transfer
excitations in the VONTs, are present in the spectra of
the bulk, ladder, and molecular materials.59-64 However,
the ∼3.2-eV excitation that appears in the response of
all other vanadates is not apparent in the spectrum of
C8-VONT (Figure 2) or the other VONTs. Future
electronic structure calculations may be able to explain
the absence of this feature in the VONTs.

Armed with an understanding of the electronic prop-
erties of the VONTs, we are now in a better position to
shead light on the mechanism of optical limiting be-
havior in these materials.28 Briefly, the findings of Xu
et al. are that optical limiting is observed when the
system is pumped at 532 nm (2.3 eV) but not when the
system is pumped at 1064 nm (1.16 eV).28 This is
obviously different from the broadband nature of the
limiting effect in carbon.67,68 On the basis of these
observations and the assignment of a 460-nm (2.7 eV)
optical gap, the authors attribute the optical limiting
effect to a two-photon process.28 In this work we show,
however, that the average optical gap of the VONTs is
∼0.56 eV at 300 K, much less than that assumed by Xu
et. al. The proposed two-photon mechanism28 is there-
fore not consistent with this new picture of the electronic
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Figure 2. 300 K optical absorption spectrum of C8-VONT as
compared with the room-temperature absorption spectra of
VO2,61 the polarized optical conductivity of R′-NaV2O5

59,62 and
the variable temperature absorption spectra of Na2V3O7.63
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structure, suggesting that it may be useful to consider
alternate mechanisms for the optical limiting behavior
in these materials. It is also useful to note that even if
we assume that the band structure and gap assignment
of the previous authors is correct, alternate explanations
may be applied to their results. For instance, 532-nm
excitation may promote a carrier into a virtual or
“trapped” state, close to the conduction band, so that
subsequent thermal excitation can take place. Low-
temperature measurements could rule out this possibil-
ity. Pumping at a different energy, where thermal
processes are unlikely (for instance, 1.9 eV), may also
help to test the plausibility of this mechanism. Finally,
we note that 1064-nm (1.16 eV) light will be absorbed
into the band centered at ∼1.2 eV (Figure 1). For some
reason, this seems to be an inappropriate choice from
the point of view of optical limiting, perhaps forcing the
system into a “wrong” excited state. On the other hand,
532-nm (2.3 eV) pumping successfully generates an
optical limiting response in the VONTs, a result that
may be related to the relatively low absorption window
of the VONTs in this energy range. Electronic structure
calculations, once available, may offer additional mecha-
nistic insight.

B. Vibrational Structure of the VONTs. Figure 3a
displays the 300 K vibrational response of C6-VONT.
The far- and middle-infrared absorption spectra display
a number of modes that can be conveniently divided into
four groups. These features are located at ∼113 cm-1,
between 150 and 400 cm-1, between 400 and 1000 cm-1,
and above 1000 cm-1. The modes above 1000 cm-1 are

attributed to those of the amine template. Using previ-
ous mode assignments of other model vanadates includ-
ing V2O5, R′-NaV2O5, Na2V3O7, and K6[V15As6O42(H2O)]‚
8H2O as well as the current understanding of the VONT
structure,25,26 the clusters located between 150 and 400
cm-1 and 400-1000 cm-1 are attributed to V-O bend-
ing and stretching, respectively.64,65,69 There are two
distinct axial stretching modes, a consequence of the
substantial difference in the two axial V-O bond
lengths, one of which is extremely long and weak. As
expected, the axial modes are relatively insensitive to
tube diameter effects. Selected equatorial stretching
modes do, however, depend on the sheet distance, as
detailed below. The isolated feature at 113 cm-1 (inset
of Figure 3a) is assigned as the radial breathing mode
of the tube and is also discussed in detail below. Our
mode assignments are summarized in Table 2.

We find that selected vanadium-oxygen stretching
modes are very sensitive to tube curvature. Figure 3b
shows a close-up view of two V-O-V stretching modes
as a function of sheet distance.70 The peak centered at
∼585 cm-1 appears to broaden with decreasing sheet
distance. This widening is somewhat of an optical
illusion, as discussed below. More modest sheet distance
effects are observed in the ∼490-cm-1 feature. To
quantify the changes in the vibrational properties with
sheet distance, we fit the various spectra with five model
oscillators over the frequency range of interest, 450-
700 cm-1. Figure 4a gives an example of a typical fit.71

The peak positions and integrated areas of the four
most important oscillators are shown in Figure 4b,c as
a function of sheet distance. The trends associated with
the ∼585-cm-1 feature are notable. The center peak
positions of oscillators 3 and 4 converge by ∼12 cm-1

over the range of our investigation (C4-VONT to C18-
VONT), whereas the center positions of oscillators 1 and
2 display a more modest frequency change, converging
by only ∼2 cm-1. The integrated areas of oscillators 3
and 4 increase and decrease with increasing sheet
distance, respectively, indicating a transfer of spectral
weight from the high-energy sideband (oscillator 4) to
the main peak (oscillator 3). This trend is consistent
with more pronounced (limited) site distinction on
smaller (larger) tubes. In contrast, the integrated areas

(69) Popova, M. N.; Sushkov, A. B.; Golubchik, S. A.; Mavrin, B.
N.; Denisov, V. N.; Malkin, B. Z.; Iskhakova, A. L.; Isobe, M.; Ueda, Y.
J. Exp. Theor. Phys. 1999, 88, 1186.

(70) The spectra have been normalized so that it is meaningful to
compare the integrated area.

(71) The fifth oscillator works as a background.

Figure 3. (a) 300 K infrared absorption spectrum of C6-
VONT. The inset shows a magnified view of the far-infrared
response. (b) Close-up view of two V-O-V stretching modes
as a function of sheet distance in the nanotubes.

Table 2. Vibrational Modes of C6-VONTa

peak frequency (cm-1) assignment

113 radial breathing mode
179 V-O bending
215 V-O bending
255, 273b V-O bending
341, 366, 381b V-O bending
486, 498b V-O-V (weak axial) stretchingc

585b,653,727 V-O-V (equatorial) stretching
790 V-O-V (equatorial) stretching
866 V-O-V (equatorial) stretching
945, 995b V-O (strong axial) stretchingd

a The features above 1000 cm-1 are related to the motion of the
amine template. b Indicates the main feature in a multipeak
cluster. c Oxygen is shared by two vanadiums. d Oxygen is not
shared by two vanadiums.
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of oscillators 1 and 2 (associated with the ∼490-cm-1

feature) are insensitive to sheet distance effects.
We attribute these trends to tube curvature effects.

From the structural point of view, tube curvature
increases as sheet distance decreases (from C18-VONT
to C4-VONT). When a two-dimensional sheet is wrapped
into the tubular morphology, equatorial bond lengths
and their motion will be especially sensitive to the
degree of radial distortion. Greater distortion will
manifest itself in the spectrum in several ways, typically
with mode shifting, line width changes, and site-
symmetry breaking. All are observed in the VONTs
(Figure 3b). The sensitivity of the 580-cm-1 feature to
sheet distance modification is therefore directly at-
tributable to the directional character of the V-O-V
equatorial stretching motion and the distortion of the
nanotube. The overall red-shifting with increasing sheet
distance, characteristic of a more relaxed lattice, is
especially pronounced. In contrast, axial bond lengths
(and their associated vibrational motion) are modified
only subtly due to distortion. Sheet distance effects on
the ∼490-cm-1 mode (related to the very long V-O-V
axial stretching motion in the sheet) are in line with
this supposition.

Previous far-infrared studies of other model vana-
dates indicate that the lowest frequency modes are not
due to localized vibrations of vanadium and oxygen
atoms, but instead are related to more complicated,
long-range external motions such as lattice motion, lib-
eration, or rattling.69,72 For instance, the 74-cm-1 feature
in V2O5 is assigned as a librational mode of the (V2O5)n
chains,72 the 90-cm-1 mode in R′-NaV2O5 is attributed

to translation of V2O5 units along the c axis,69 the 88-
cm-1 mode in Na2V3O7 is connected with the rattling
mode of Na+ inside the tubes,63 and the 85-cm-1 feature
in K6[V15As6O42(H2O)]‚8H2O is assigned as a rattling
mode of H2O inside the vanadium oxide cage.64 None of
these options offer a plausible assignment for the 113-
cm-1 feature in the VONTs. However, the morphology
of the VONTs suggests an interesting alternative.
Theoretical and experimental work indicate that, in the
tubular morphology, a low-frequency radial breathing
mode is expected. For instance, in single-wall carbon
nanotubes and BN tubes, the frequency of the radial
breathing mode is inversely proportional to the radius
of the nanotube, independently of the nanotube struc-
ture.73,41 For the BN tubes, this red-shifting is predicted
to be substantial, moving from 600 to 100 cm-1 as the
tube radius increases from 2.5 to 10 Å.41 A peak at 113
cm-1 is therefore the correct order of magnitude for
assignment as a radial breathing mode in the VONTs.
Considering the theoretical predictions, it is somewhat
disappointing to find that the 113-cm-1 feature does not
display any sheet distance dependence. We attribute
this lack of sensitivity to the small difference of sheet
distances compared with large tube diameters.

Conclusion
We report the optical properties of a series of mixed-

valent vanadium oxide nanotubes over a wide energy
range. The sheet distance was adjusted with various
amine templates, allowing us to alter the tube size.
Thus, the effect of sheet distance on the optical proper-
ties could be examined. The electronic structure of the
VONTs strongly resembles that of other bulk, low-
dimensional, and molecular vanadates. The 1.2-eV band
is assigned as a superposition of V4+ d f d and V4+ f
V5+ charge-transfer excitations, and the features above
3 eV are attributed to O 2p f V 3d charge-transfer
excitations. Evidence for the dual character of the 1.2-
eV band comes from both spectral and structural data,
in particular, the band shape as well as trends with
decreasing temperature. The 5-eV excitation shows a
modest sheet distance dependence, red-shifting with
increasing tube diameter. We find that the optical gap
is ∼0.56 eV at room temperature and ∼0.65 eV at 4.2
K. Although it varies with temperature, the optical gap
does not depend systematically on tube size. At the same
time, selected V-O-V stretching modes sharpen and
red-shift with increasing sheet distance. We attribute
these trends to the microscopic manifestations of strain,
which changes with curvature. A low-frequency mode
is observed at 113 cm-1, which is assigned as the radial
breathing mode of the VOx nanotubes.
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Figure 4. (a) Example fit of the 300 K spectrum of C6-VONT
in the range of the V-O-V stretching modes. Dashed lines
show the model Voight oscillators used in the fit. (b) Peak
positions of the fitted oscillators as a function of sheet distance.
(c) Integral areas of the fitted oscillators vs sheet distance.
Dashed lines guide the eye.
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